
Presented at Photonics North, Montreal QC, June 6, 2018. 

Robert W. Boyd, M. Zahirul Alam, Orad Reshef, Jeremy Upham
Department of Physics and

Max-Planck Centre for Extreme and Quantum Photonics
              University of Ottawa

The visuals of this talk are posted at boydnlo.ca/presentations

Nonlinear Optical Metastructures 

Israel De Leon
School of Engineering and Sciences,

Tecnologico de Monterrey
Monterrey, NL, Mexico



2

Research	interest:
Nonlinear	optics,	quantum	optics,	
integrated	photonics,	meta-materials,	etc.	

Canada	Excellence	Research	
Chair	(CERC)	in	Nonlinear	Quantum	Optics



Epsilon-Near-Zero (ENZ) Materials
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Physics of Epsilon-Near-Zero (ENZ) Materials

  

       Thus vphase = c / n is nearly in nite
       λ = λvac / n is nearly in nite

     Einstein A A)
              A = n Avac 

     Einstein B coe cient 
B

             B = Bvac  / n

    

ε
n = sqrt (ε) is nearly zero. 



Physics of Epsilon-Near-Zero (ENZ) Materials -- More

???

Y. Li, et al., Nat. Photonics 9, 738, 2015; D. I. Vulis, et al., Opt. Express 25, 12381, 2017.

 Y. Li, et al., Nat. Photonics 9, 738, 2015.



Some Consequences of ENZ Behaviour - 1

n = 0n = 0

..

n = 0

A. Alù et al., Phys. Rev. B 75, 155410, 2007; X.-T. He, ACS Photonics, 3,  2262, 2016.

J. Bravo-Abad et al., Proc. Natl. Acad. Sci. USA 109, 976, 2012.

O. Reshef et al., ACS Photonics  4, 2385, 2017.
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Some Consequences of ENZ Behaviour - 2

n = 0

n = 0

c vanishes 

In
H. Suchowski et al., Science 342, 1223, 2013.

M. G. Silveirinha and N. Engheta, Phys. Rev. B  76, 245109, 2007; B. Edwards et al.,  Phys. Rev. Lett. 
     100, 033903, 2008.



Some Consequences of ENZ Behaviour - 3
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Epsilon-Near-Zero Materials
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Epsilon-Near-Zero Materials for Nonlinear Optics

 • We need materials with a much larger NLO response

• We recently reported a material (indium tin oxide, ITO) with
   an n2 value 100 time larger than those previously reported.

• This material utilizes the strong enhancement of the NLO response that 
   occurs in the epsilon-near zero (ENZ) spectral region.

Large optical nonlinearity of indium tin oxide in its epsilon-near-zero region, 
M. Zahirul Alam, I. De Leon, R. W. Boyd, Science 352, 795 (2016). 



Implications of ENZ Behavior for Nonlinear Optics

Here is the intuition for why the ENZ conditions are of interest in NLO

Note that for ENZ conditions the denominator becomes very small, 
leading to a very large value of n2



            Optical Properties of Indium Tin Oxide (ITO)

ITO is a degenerate semiconductor (so highly doped as to be metal-like).

It has a very large density of free electrons, and a bulk plasma frequency 
       corresponding to a wavelength of approximately 1.24 μm.

Recall the Drude formula

There has been great recent interest in studies of ENZ phenomena:

H. Suchowski, K. O'Brien, Z. J. Wong, A. Salandrino, X. Yin, and X. Zhang, Science 342, 1223 (2013).
C. Argyropoulos, P.-Y. Chen, G. D'Aguanno, N. Engheta, and A. Alu, Phys. Rev. B 85, 045129 (2012).
S. Campione, D. de Ceglia, M. A. Vincenti, M. Scalora, and F. Capolino, Phys. Rev. B 87, 035120 (2013).
A. Ciattoni, C. Rizza, and E. Palange, Phys. Rev. A 81,043839 (2010).

robertboyd
Highlight


robertboyd
Highlight


robertboyd
Highlight




Huge Nonlinear Optical Response Measured by Z-scan
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Wavelength dependence of n2 Variation with incidence angle

wavelength maximum
values are shown 

• Both n2 and nonlinear absorption increase with angle of incidence
• n2 shows a maximum value of 0.11 cm2/GW = 1.1 x 10-10 cm2/W at 1.25 μm
      and 60 deg. This value is 2000 times larger than that away from ENZ region.

• Note that n2 is positive (self focusing) and β is negative (saturable absorption)

• n2 is 3.4 x 105 times larger than that of fused silica
  n2  is 200  times larger than that of chalcogenide glass
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0.7 The nonlinear change in 
refractive index is so large as
to change the transmission, 
absorption, and reflection!

Note that transmission is 
increased at high intensity.

Here is the refractive index 
extracted from the above data.

Note that the total nonlinear 
change in refractive index is 
Δn = 0.8.

The absorption decreases at
high intensity, allowing a
predicted NL phase shift of
0.5 radians.

robertboyd
Highlight

robertboyd
Highlight



Nonperturbative Nature of the NLO Response

1.  The conventional equation                              is not applicable to ENZ and 
    other low-index materials.  The nonlinear response is nonperturbative.

2.  The nonlinear response can be accurately modeled in the  limit by 

3.    More generally, the intensity dependent refractive index can be described by

where

and

Reshef, Giese, Alam, De Leon, Upham, Boyd, Opt. Lett. 42, 3225 (2017).
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Nonlinear Response of ITO is Nonperturbative



•  Can we obtain an even larger NLO response by placing a gold antenna 
   array on top of ITO?
•  Lightning rod effect:  antennas concetrate the field within the ITO

600 nm

Concept:

SEM:

An ENZ Metasurface

Alam, Schulz, Upham, De Leon and Boyd,
Nature Photonics 12, 79-83 (2018).



NLO response of the coupled antenna-ENZ system

The material exhibits extremely large   n   over a broad spectral2

range. The magnitude of the on-resonance value is 7 orders of magnitude
larger than that of SiO2 .

~ 2 x 107 n2 (SiO2)

x 107

Alam, Schulz, Upham, De Leon and Boyd,
Nature Photonics 12, 79-83 (2018).



Summary: ITO/ENZ - gold nanoantenna metasurface

• A broadband  nonlinear  material  with n2 values up to  7 orders       of    
magnitude larger than that of SiO2.

• Sub-picosecond   response    time.

• ∆n ≈ ± 2.5 over very large bandwidth.

• One can tailor the sign of the nonlinearity by simply designing 
the geometric parameters of the antenna appropriately.

Alam, Schulz, Upham, De Leon and Boyd,
Nature Photonics 12, 79-83 (2018).
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