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Outline

 Metamaterials as a solution to the Terahertz (THz) Gap

 THz functionalities achieved in few-layered ultrathin

planar metamaterials

o Antireflection

o Perfect absorption

o Linear polarization conversion

o Anomalous reflection/refraction (generalized Snell’s law)

« Active THz Metamaterials
o modulator/switch
o active frequency tuning
o spatial modulator
o thermal and optical tuning using complex oxides

« Summary
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75 Metamaterials: A solution to the THz Gap
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J L Typical parameters:

Unit cell: 50 um
Outer dimension: 36 um

Line width: 4 wum
—‘ ‘» Split gap: 2 um

Resonance enhances THz interactions
*Modulators (AM, FM, PM)

| *Filters
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Y Bulk Metamaterials vs Planar Meta-Surfaces

Bulk metamaterials Meta-surfaces

O Effective material parameters: ¢, u, Z, n 1 Effective surface properties

U Feasible mostly at microwave frequencies 4 Any relevant frequency

O Difficult to fabricate in the optical regime 1 Planar structures: ease in fabrication
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40 Ultrathin Metamaterial Anti-Reflection Coating
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“w=) Ultrathin Metamaterial ARC: Experiments
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/ Metamaterial Perfect Absorbers: Trapped Light

Frequency (THz)
0.6 0.8 1.0 1.2 1.4
1.0 e —
- thickness

Theory

9 0.8 _'(”m)a calculation’
So06F—7 -
©

WS

(@] A _
204r 46

b

<02
0.0

Numerical

o 08 simulation -
O - 4
506
o L
d Zero transmission due to the metal S04}
ground plane <.l
O Minimizing reflection due to destructive ook @
interference of multi-reflection 06 08 10 12 14
4 Frequency (THz)
> Los Alamos Chen, Opt. Express 20, 7165 (2012). .,
Operated ;;‘:;’S Alamos National Security, LLC for NNSA .\ '.'b




Bandwidth Broadening for Metamaterial Absorbers

Simulations Experiments
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O Broadening the absorption bandwidth by multiplexing

/W
) Huang et al., Opt. Lett. 37, 154 (2012).
- Los Alamos J P ( )
NATI OHA:”LA:?BORATORY 13
Operated by Los Alamos National Security, LLC for NNSA U YA [ g7



——

N\
S
1.0 ————— | -
- Incidence ™ 1
0.8 |- angle:
C B )
S 06F
3 04l o
< R
0.2
0.0- I 1 I 1 I 1 I 1
06 0.7 08 09 10 11 1.2
Frequency (THz)
- Los Alamos

NATIONAL LABORATORY
EEEEEEE

m High Absorption over a Wide Incident Angle Range
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Huang et al., Opt. Lett. 37, 154 (2012).
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transmission
4 p,: cross-polarized reflection and transmission
O Single-layered metamaterial: polarization conversion is low
O Output waves are elliptically polarized
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Metamaterial Polarization Converter: Reflection

O Backed with a metal ground plane with appropriate thick
dielectric spacer

Ifﬁy O Multiple reflections contain both x and y components
”"'  The co-polarized multiple reflections interfere
»i

destructively, leading to minimal co-polarized reflection

J ,f/ O The cross-polarized multiple reflections interfere
constructively, leading to high cross-polarized reflection
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Reflected field: real part

Grady et al., Science 340, 1304 (2013).
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Metamaterial Polarization Converter: Reflection

N,
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» Los Alamos Grady et al., Science 340, 1304 (2013).
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==y Anomalous Refraction: Generalized Snell’s Law
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linear phase shift spanning a 21 range

- Los Alamos Grady et al., Science 340, 1304 (2013).
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x=) Near-Perfect Anomalous Refraction: Exp.
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Q At a specific frequency, the “refraction angle” is determined by
periodicity
d At 1.4 THz, the anomalous refraction carries 60% of the incident power
1 Measure the cross-polarized transmission vs. scanning angle
O Operate over a broad bandwidth
» Los Alamos Grady et al., Science 340, 1304 (2013).
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O Flat prism for beam steering

Phase based on

=1, m=0 2, m=0 [F3,m=0 4, m=0 [F2, m=2 , lens equation

P D ,

O Wave front shaping

Phase (degree)

8 6 4 2 0 2 4 6 8
Distance from center (mm)

) O Flat lens for beam focusing
» Los Alamos
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B ~ps by reducing the carrier lifetime (GaAs:ErAs nano superlattice)

fj Padilla et al., Phys. Rev. Lett. 96, 107401 (2006).
» Los Alamos Chen et al., Opt. Lett. 32, 1620 (2007).
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@ Optically Frequency Tunable Terahertz Metamaterials
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. Los Alamos Chen et al., Nature Photon. 2, 295 (2008).
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i Electrically Switchable Terahertz Metamaterials
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Chen et al., Nature 444, 597 (20006).
Chen et al., Nat. Photon. 3, 148 (2009).
7 Chen et al., Opt. Express 16, 7641 (2008).
h?ﬁﬁlgmgsv Chen et al., APL 93, 091117 (2008).
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B Each pixel consisting of hundreds of SRRs
B Resonance can be independently switched at each pixel
For high-speed terahertz imaging
- Los Alamos Chan et al., Appl. Phys. Lett. 94, 213511 (2009).
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‘ Thermally Tunable Metamaterials Using
\;ﬁi'ﬁ; Ferroelectric Substrate (Strontium Titanate)

« Substrate refractive index (dielectric constant)
decreases with decreasing temperature

« Resonance frequency red-shifts with decreasing

temperature
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°~LA9§.A'3!H8§ Singh et al., Opt. Lett. 36, 1230 (2011).

Operatedst;;t:s Alamos National Security, LLC for NNSA in s 'DO@J



4 PR PR R 10— | | |
P PR PR R R R R 0.8

¢ PR O R 5 |

¢ PR R R R ? 0.6

¢ PR R R € |

EEEREEEEE 3 0.4

P

VR R R A A 0.2 50 nm

R R R R R R R R R R R R 0ol . "nm\/180 nm
5ww5ammmmmmmm$ Ry —

Frequency (THz)

B Strong resonant response at low temperatures
B Resonance frequency strongly depend on the nano-scale thickness
B Need to take into account the kinetic inductance in YBCO metamaterials

, Singh et al., Nanophotonics 1, 117 (2012).
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Thermal & Optical Resonance Tuning in HTS Metamaterials

Thermal tuning Optical tuning
1.0 fr—r————————— 10— ————
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* 50 nm thick YBCO metamaterial

» Resonance strength and frequency are both tuned by temperature

« Imaginary conductivity plays a key role

« The resonance tuning is more significant in thinner YBCO metamaterials

fj Chen et al., PRL. 105, 247402 (2010).
» Los Alamos Singh et al., Nanophotonics 1, 117 (2012).
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Metamaterials will play an increasingly important role in THz S&T

O Few-layered ultrathin planar metamaterials can accomplish many
optical functionalities of bulk materials
» Ultrathin metamaterial perfect absorbers
» Ultrathin metamaterial antireflection coatings
» Thin film like metamaterial linear polarization converters
» Near perfect anomalous reflection/refraction: generalized Snell’'s law

U Electrically switchable THz metamaterials
» High modulation (intensity and phase) depth
» Integration into spatial modulator
» Broadband modulation

O Optically switchable, frequency tunable THz metamaterials
» Low optical fluence, high efficiency
» Ultrafast switching
» 20% frequency tunability

P » Temperature & optical tunability with complex oxide metamaterials

>
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