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Outline	
  

• Introduc#on:	
  metamaterials,	
  3D,	
  2D,	
  etc.	
  
• Metasurfaces	
  I:	
  some	
  terahertz	
  devices	
  
• Metasurfaces	
  II:	
  enhanced	
  IR	
  detectors	
  
• Metasurfaces	
  III:	
  a	
  “magne#c	
  mirror”	
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X-­‐rays,	
  T-­‐Rays,	
  Light,	
  Radio….	
  
All	
  are	
  Electromagne#c	
  Waves	
  

Frequency=c/λ	



visible	
  

(source:	
  wikipedia)	
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http://www.tkk.fi/Yksikot/Sahkomagnetiikka/kuvia/
Veselago2.jpg 

Viktor G. Veselago 

Materials	
  with	
  Nega#ve	
  Permi[vity	
  and	
  
Permeability?	
  

n2 = εµ

n = εµ

Permi@vity	
  (ε)	
  is	
  a	
  measure	
  of	
  how	
  an	
  electric	
  field	
  affects	
  and	
  is	
  
affected	
  by	
  a	
  dielectric	
  medium.	
  
Permeability	
  (µ)	
  is	
  the	
  degree	
  of	
  magneHzaHon	
  that	
  a	
  material	
  
obtains	
  in	
  response	
  to	
  an	
  applied	
  magneHc	
  field	
  

If	
  ε<0	
  and	
  µ<0	
  simultaneously,	
  from	
  considera#ons	
  of	
  wave	
  propaga#on,	
  
n	
  needs	
  to	
  be	
  nega5ve	
  	
  

Excellent	
  Review:	
  Science 305 (2004)  
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Nega#ve	
  Refrac#on	
  

(Courtesy,	
  N.	
  EngheQa)	
  

positive index of refraction  negative index of 
   refraction   

http://www.imagico.de/pov/metamaterials.php 
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“Transforma#on	
  Op#cs”	
  

David Smith, Duke 

Sir John Pendry 

Schurig,et al., Science 314, 977 (2006) 

•  For	
  RF	
  (~3GHz),	
  λ∼cm 

•  We	
  need	
  to	
  create	
  sub-­‐wavelength	
  
“inductors”	
  and	
  “capacitors”	
  

~XXmm	
  

http://www.multitel.be/newsletter/
mn72005/images/
nl3_Metamaterials_type1.jpg 

????	
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“Metasurfaces”	
  

Nature Photonics 8, 889 (2014)	
  

Boeing RF NIM 

3D	
   2D	
  

(Bonn)	
  

The	
  “Split	
  Ring	
  Resonator”	
  

ω0 =
1
LC

Resonant	
  Frequency:	
  

Even	
  for	
  different	
  shapes,	
  many	
  metallic	
  resonators	
  behave	
  like	
  LCR	
  circuits	
  (or	
  “antennas”)	
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Op#cal	
  Modulators,	
  Tunable	
  Filters	
  

8 

OpHcal	
  Modulators,	
  Thorlabs	
   Tunable	
  Filters	
   Microwave,	
  Lorch	
  

near-­‐IR,	
  Santec	
  
SpaHal	
  Light	
  Modulator	
  
Holoeye	
  

“TH
z” 

λ(µm) 

f (THz) 
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Metamaterials	
  <>	
  Semiconductors	
  
Metamaterials Semiconductor 

Optoelectronics 

Doping level [cm-3] 

R
e 

[ε
] 

A 

B 

n = ε
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•  SRRs	
  made	
  on	
  InSb	
  substrates	
  with	
  different	
  doping	
  
•  Experimentally	
  observed	
  doping	
  dependent	
  resonance	
  

o  A	
  resonance	
  shi9	
  of	
  1.15	
  um	
  (1	
  ×	
  1016	
  cm-­‐3	
  →	
  2	
  x	
  1018	
  cm-­‐3)	
  

Tuning	
  Metasurfaces	
  Using	
  Semiconductors	
  

APL	
  96,	
  1	
  2010	
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Remember	
  the	
  MOSFET?	
  

Metal gate 

Depletion 
region 

n+ GaAs 
(Nd = 5x 1018 cm-3) 

Al0.3Ga0.7As  
(30 nm) 

Increased reverse 
bias 

(hQp://ecee.colorado.edu/~bart/
book/mosintro.htm)	
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A	
  Single	
  Pixel	
  THz	
  Op#cal	
  Modulator	
  

Chen,	
  Nature	
  444,	
  597	
  (2006).	
  

This	
   works	
   by	
   increasing	
   the	
  
damping	
  (ε2,	
  loss).	
  	
  

14µm 

18µm 1.5µm 

A	
  3THz	
  Modulator	
  

Metamaterials,	
  2010	
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A	
  First	
  Genera#on	
  THz	
  Spa#al	
  Light	
  Modulator	
  

• 	
  4	
  ×	
  4	
  pixel	
  array	
  of	
  split-­‐ring	
  resonator	
  (SRR)	
  elements	
  	
  
• Each	
  pixel	
  independently	
  controlled	
  by	
  an	
  external	
  voltage	
  	
  

Schottky  
electric pad 

(voltage input)  

Ohmic contact 
(connect to 

ground)  
16 mm 

Appl.	
  Phys.	
  LeQ.	
  94,	
  213511	
  (2009)	
  

Transmission	
  image	
  of	
  	
  
THz-­‐SLM	
  at	
  0.36	
  THz	
  

Rice,	
  Sandia,	
  Los	
  Alamos	
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A	
  First	
  Genera#on	
  THz	
  Spa#al	
  Light	
  Modulator	
  

A	
  demonstra#on	
  based	
  on	
  double-­‐slit	
  
diffrac#on	
  

Typical	
  on/off	
  transmission	
  	
  
spectra	
  of	
  a	
  THz-­‐SLM	
  pixel	
  
	
  

~40%	
  modula#on	
  at	
  the	
  	
  
resonant	
  frequency:	
  0.36	
  THz	
  

Rice,	
  Sandia	
  &	
  Los	
  Alamos	
  
Appl.	
  Phys.	
  LeQ.,	
  104,	
  091115	
  (2014).	
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A	
  Metamaterial	
  Gra#ng	
  

• SRR	
  resonance	
  design	
  frequency	
  near	
  0.4	
  THz	
  
• Array	
  consists	
  of	
  32	
  columns:	
  column	
  width	
  =	
  596	
  mm	
  (~	
  
0.85	
  λ)	
  

• All	
  SRRs	
  within	
  a	
  column	
  are	
  electrically	
  connected	
  to	
  each	
  
other;	
  isolated	
  from	
  other	
  columns.	
  

Rice,	
  Sandia	
  &	
  Los	
  Alamos	
  
Appl.	
  Phys.	
  LeQ.,	
  104,	
  091115	
  (2014).	
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Metamaterial	
   Eminer	
  

θ = 36° 

d sinθm = m λ	



θ1 = 36º 
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Appl.	
  Phys.	
  LeQ.,	
  104,	
  091115	
  (2014).	
  	
  

Diffrac#on:	
  off	
  axis	
  (θ	
  >	
  0)	
  

Rice,	
  Sandia	
  &	
  Los	
  Alamos	
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Metasurfaces	
  for	
  Improved	
  Infrared	
  
Detectors	
  

T op GaAs n+ Contact 
Active Region 

Bottom GaAs n+ Contact 
GaAs Substrate 

T op metal 

Bottom metal 

Metamaterials	
  

Optics Communications 312 (2014) 31–34  

UNM	
  &	
  Sandia	
  
“TH

z” 

λ(µm) 

f (THz) 
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Improved	
  IR	
  Responsivity	
  

UNM	
  &	
  Sandia	
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Interlude…..	
  
What	
  is	
  a	
  mirror?	
  

(Disney)	
  

(zonelandeduca#on.com)	
  

“Regular”	
  mirrors	
  invert	
  the	
  phase	
  of	
  the	
  reflected	
  wave	
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Dipoles	
  Close	
  to	
  Surfaces	
  

Electric dipole on top of a 
perfect electric conductor 

(PEC) 
IMAGE THEORY 

•  Because of boundary condition of the PEC surface, the electric field at the 
dashed plane has to be zero  

•  This means that the radiation of an electric dipole close to PEC is quenched 

Electric dipole on top of a 
perfect magnetic conductor 

(PMC) 
IMAGE THEORY 

•  This means that the radiation of an electric dipole on a PMC is enhanced 
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Magne#c	
  Dipoles	
  
However,	
  a	
  perfect	
  magne#c	
  conductor	
  does	
  not	
  exist	
  in	
  nature	
  	
  	
  

Array of magnetic dipoles 

Because	
  the	
  magne#c	
  dipole	
  responds	
  in	
  phase	
  with	
  the	
  electric	
  field,	
  this	
  
represents	
  an	
  ar#ficial	
  magne#c	
  conductor	
  

Dielectric	
  Spheres	
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Op#cal	
  Magne#c	
  Mirror	
  

1.53x1.53x1.7µm3	
  

Phys. Rev. Lett. 108, 097402 (2012) 

Tellurium	
  
n~5	
  in	
  the	
  IR	
  

A	
  Metasurface	
  (dielectric)	
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Op#cal	
  Magne#c	
  Mirror	
  
Measure	
  Absolute	
  Phase	
  of	
  Reflected	
  Wave	
  

Measured	
  at	
  λ~9µm	
  



Summary	
  

• Introduc#on:	
  metamaterials,	
  3D,	
  2D,	
  etc.	
  
• Metasurfaces	
  I:	
  some	
  terahertz	
  devices	
  
• Metasurfaces	
  II:	
  enhanced	
  IR	
  detectors	
  
• Metasurfaces	
  III:	
  a	
  “magne#c	
  mirror”	
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Soukoulis & Wegener, Nature Photonics (2011) 

Burckel et al, Advanced Materials 2010 

How	
  to	
  Scale	
  This	
  to	
  Shorter	
  Wavelengths?	
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Using	
  Epitaxial	
  QDs	
  for	
  MM	
  tuning	
  

• Quantum	
  dots	
  (InAs)	
  embedded	
  in	
  a	
  quantum	
  well	
  (GaAs)	
  
• In-­‐plane	
  selec#on	
  rules	
  for	
  Intersubband	
  Transi#ons	
  are	
  RELAXED	
  

Barrier	
  

Quantum	
  
	
  Well	
  

Quantum	
  Dot	
  

30 
(with S. Krishna-UNM) 

Bottom Contact 
GaAs:Si  (2x1018)  (600 nm)	


In0.15Ga0.85As  (1nm) 

Top Contact n+ 

Al0.07Ga0.93As  (48 nm) 

InAs QD : 2.0ML 
Si doping :  
1electron/dot


In0.15Ga0.85As   
(4.3nm) 

X 7

GaAs  (1 nm) 

Al0.07Ga0.93As (50nm) 

GaAs  (1 nm)


Al0.22Ga0.78As  (2 nm) 

Al0.22Ga0.78As (2nm) 
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Diffraction: off axis (θ > 0) 

Metamaterial	
   Eminer	
  

vary θ 
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N. Karl, et al., Appl. Phys. Lett., 104, 091115 (2014).  


