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“Thin” here: ~20nm for

. A
~400nm plasma ~ Skin depth $
wavelength d
h v
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- /’_\4/ Long range surface plasmon
=~ short range surface plasmon
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T1c. 4. Geometry and the dispersion relations for SPO of a

What happens when the layer becomes
metal film between two semi-infinite insulators (en=1—w,%/w?, R
e;=1). The analytical expressions for k2>k,, or k< k,, for the curves muc h t h inne r?

shown schematically here are (3.23b) and (3.18).
(<< skin depth)
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Dispersion relations
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kz (Imaginary)
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thickness >> skin depth

Dispersion relations

thickness ~ skin depth

Re(w)/w,

Ty
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; ‘ d=1pm - ‘ d=100 nm

“ENZ Mode”
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thickness << skin depth
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------ Flat dispersion?
0.8
e d=2 nm 1. Vassant, Marquier, Greffet et
06 [/ e al., Phys. Rev. Lett. 109, 237401
Y 5 (2012)
0.4 .
2. Vassant, Marquier, Greffet et
0.2/ al., Opt. Express 20, 23971 (2012)
,I___,f 3. Campione, Brener, Marquier,
0 1 2 3 4 Phys. Rev. B Rapid Commun. 91,

121408 (2015)
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The ENZ mode dispersion is a part of the long-range surface plasmon
dispersion that reaches the plasma frequency, where the metal dielectric

constant vanishes.
Campione, Brener,
Marquier, Phys. Rev. B
5 Rapid Commun. 91,
121408 (2015)
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«omae = ENZ Modes: E, is Constant and Large
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Campione, Brener,

Marquier, Phys. Rev. B
. Rapid Commun. 91,

121408 (2015)
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Field normalized to its value for d = 20nm
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Campione, Brener,
Marquier, Phys. Rev. B
Rapid Commun. 91,
121408 (2015)
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Rule of Thumb:
Condition for ENZ modes %P _ k, << 4 d <~ /I_P
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Campione, Brener,
Marquier, Phys. Rev. B
; Rapid Commun. 91,
121408 (2015)
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s absorption
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Vassant, Phys. Rev. Lett., 109, 237401 (2012)
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Vassant, Phys. Rev. Lett., 109, 237401 (2012)
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Vassant, Phys. Rev. Lett., 109, 237401 (2012)
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S e Coupling to Planar Metamaterials

MM resonators create strong optical fields that
lead to strong coupling
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Optical Phonons: Nano Letters 11, 2104 (2011)
Intersubband Transitions: Nature Communications 4, (2013)
Epsilon Near Zero modes: Nano Letters 13, 5391 (2013)
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Fundamentally different than tuning just by
changing a local permittivity!
Removal of carriers -> removal of ENZ mode
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Transmission
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Nano Letters 13, 5391 (2013)
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Summary

“Epsilon-Near-Zero” mode:

* Transverse surface mode. Close to the plasma frequency (or longitudinal
phonon...)
* Linear, almost flat, dispersion relation

e Large electric field: opportunity for enhancement of light-matter
interactions

ENZ Modes

Metafilms

Metamaterial resonators + semiconductor heterostructures + ENZ modes : platform for
tunable spectral behavior and variable coupling, enhanced nonlinearities etc.
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wsi —— Coupling to Berreman Modes
msen FrOM Free Space

Transmission vs angle (p-pol):
A sharp dip is observed in
transmission, where £~0
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Berf%man, Physical Review 130 (6), 2193 (1963).
McAlister and Stern, Physical Review 132, 1599 (1963).



— Thermal Emission: Berreman
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e absorptivity or an object snou e equal

Kirchhoff’s law of thermal radiation:
to its emissivity (A =€)

(a) Spectrally selective thermal emission
from an unpatterned film

Ultra-thin ENZ layer
(doped semiconductor)

Substrate
Heater —*

(b) Np = 1.1x10'° cm3 (c) Np =5.6x10!% cm?3
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Appl. Phys. Lett. 105, 131109 0 5000 10000 15000 0 5000 10000 15000
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(2014)
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Np = 1.1x10%° cm-?

N, = 5.6x1018 cm™

Bare GaAs

ATY

dependent absorptivity
Mmeasikaements
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Unpatterned semiconductor thin
films generate spectrally selective
thermal emission near the ENZ
frequencies.

Wavelength determined purely by
doping densities

An ENZ film works as a “leaky
wave antenna”

Appl. Phys. Lett. 105, 131109 (2014)
See also recent wotk by Z. Jacob
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 What are Berreman and Epsilon
Near Zero (ENZ) modes, what can
we do with them?
— Fundamentals

— ENZ modes: coupling to metamaterial
resonaftors

— Berreman modes: Thermal emission



