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METAMATERIALS/TRANSFORMATION OPTICS 

Ag/ Al2O3 
multilayers 

Metamaterials/TO: J. Pendry, X. Zhang, D. Smith, V. Shalaev, E. Narimanov,  
N. Engeta, M. Wegener, C. Soukoulis and many other groups 

Z. Liu et. al, Science (2007) 

Shalaev 

Narimanov, Engheta 

TO, Pendry 



Ɓ Large losses in near-IR and visible ranges 

 

CHALLENGES 

Conventional plasmonics: Gold and Silver  

Interband transitions  

{ǳǊŦŀŎŜ ǊƻǳƎƘƴŜǎǎΣ ƎǊŀƛƴ ōƻǳƴŘŀǊƛŜǎΣ ŜǘŎΧ 
 

 
wŜŀƭ ŀƴŘ LƳŀƎƛƴŀǊȅ ʶό˖ύ ŦƻǊ {ƛƭǾŜǊ ό!Ǝύ 

 
Johnson and Christy (dots) (1972)  

Stefan Maier, Plasmonic Fundamentals and Applications p. 17 (Drude model fit) (2007) 
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MATERIAL REQUIREMENTS 

Emerging innovative fields such as Transformational 
Optics require comparable magnitudes of ʁΩ of metal 
and dielectric  

 

Ɓ  Epsilon-near-zero (ENZ) materials 

Ɓ  Effective permittivity nearly zero: e.g. optical cloaks, 
hyperlens etc. 

 

Novel devices would require  

tunable ʁΩ 

Ɓ  Switching and modulation  

capabilities 
5 Z. Liu, et al., Science, 2007 



MATERIALS FOR TO / ENZ 

Ɓ  Effective permittivity nearly zero eeffective ~ 0:  cloaks, hyperlens etc. 

Ɓ  Real permittivity of metals must be comparable to that of dielectrics 

(for example, edielectric ~ 2 requires Re(eplasmonic material) ~ -2  

while Re(eAg ) << -2Χ) 

Ag: threshold for uniform continuous films is around 12-23 nm  



Superlens 

N. Fang et. al, Science (2005) 

Ag/ Al2O3 
fish-net 
structure 

2-D Negative refractive index materials 
(NIM) 

U. K. Chettiar et. al, MRS Bulletin (2008) 

Nanolaser 

M.L. Brongersma, et al., Phys. Rev. B (2000) 

Plasmonic nanoparticle 
 waveguide 

M.A Noginov et. al, Nature (2010) 

ƁToo large magnitude of 

real permittivity 

ƁLarge losses (VIS/NIR) 

ƁOptical properties are 

not tunable 

ƁFabrication of very thin 

films/nanostructures is 

difficult 

ƁNanopatterning 

increases losses, grain 

boundaries, surface 

roughnessΧ 

ƁNot CMOS compatible 

BEYOND GOLD AND SILVER? 
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MATERIAL REQUIREMENTS 

ƁLow loss components 
ƁDielectrics can be nearly loss-less 
ƁMetals have large losses 

 
ƁAdjustable / Tunable optical properties 
Some Metamaterial + TO designs require  
comparable magnitudes of ʁΩ of metal and dielectric  

Ɓ  Epsilon-near-zero (ENZ) materials 
Ɓ  Effective permittivity nearly zero:  e.g. optical cloaks, hyperlens 

etc. 

 
ƁSwitchable devices 

 
ƁSC-compatible components 

9 M. Ren et al., Adv. Mater. 23 (2011) 5540; J.Y. Ou et al., Nano Lett. 11 (2011) 2142Φ  ό½ƘŜƭǳŘŜǾΩǎ ƎǊƻǳǇύ 
E. Feigenbaium et al., Nano Lett. 10 (2010) 2111Φ ό!ǘǿŀǘŜǊΩǎ ƎǊƻǳǇ ύ 
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ƁMetals (Ag, Au, Cu, Al, Alkali) 

ƁAlloys (Noble-Alkali1, alloys of noble metals with 
transition metals like Cadmium and Zinc2) 

ƁDoped Semiconductors: Highly doped 
semiconductors3, doped conducting oxides 
(ITO4, Al:ZnO and Ga:ZnO5) 

ƁIntermetallics (nitrides, germanides, Χ)                   

1:M. G. Blaber et al., J.Phys. Cond. Matter,  21, 144211 (2009),  
2:D. A. Bobb et al., Appl. Phys. Lett. 95, 151102 (2009); 3:A. J .Hoffman et al., Nature Mater., 6, 946 (2007)  

4:C. Rhodes et al., J. Appl. Phys., vol. 100, 54905 (2008) 
5: LPR 4, 795 (2010), Phys. Status Solidi RRL 4, 295 (2010), Metamaterials 5, 1 (2011), OMEx (2011) 

POSSIBILITIES 



A. Boltasseva and H.A  Atwater, Science 331 (2011) 290. 

ALTERNATIVE MATERIALS 



METALS 

Ag ς Conventional Plasmonics, usual choice 
- Low loss 
- Standard physical vapor deposition (PVD) methods + chemical methods  
- But degrades in air 
 

Au ς Second Best for VIS, NIR 
- Acceptable loss but interband transition (5d-6p) within VIS range  
- Standard PVD methods + chemical methods: Chemically stable 
- Continuous film at thickness of 2-7nm 
 

Cu ς Ok for VIS (similar to Au) 
- High conductivity + low cost 
- But prone to surface oxidation 
 



Ag, Au, Cu 

Cu ς similar to Au 600-750 nm  
fabrication is challenging (easily oxidizes) 



ALUMINUM 

Al ς Higher loss in VIS + NIR 
- Best for short wavelengths (still plasmonic below 200 nm) 
-  Prone to surface oxidation (Al2O3 2.5~3nm) 
 

 
G. Chan, et al,  J. Phys. Chem. C, 112, 13958 (2008) 
C. Langhammer, et al,  Nano Letter, 8, 1461 (2008) 



ALKALI  

Alkali (Sodium, Potassium) ς Lowest losses, closest to free-electron gas  
- Very reactive (ultra-high vacuum 10-19 Torr reqiurement, passivation) 

 

 
Ag, Au: P. B. Johnson and R. W. Christy, Phys. Rev. B 6, 4370-4379 (1972) 

Al, Na, K: E. D. Palik, Handbook of Optical Constants of Solids 


