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Introduction:  
 Gap surface plasmons (GSPs) 
 GSP resonators and their arrays 
• Black and coloured metasurfaces 
• Phase-gradient metasurfaces 
• Independent polarization control 
• Analog computing 
• Polarimetry by metasurfaces 
• Stealth technologies 
• Instead of outlook 

Complete control over reflected fields  
with gap surface plasmons 

Sergey I. Bozhevolnyi 
Centre for Nano Optics, University of Southern Denmark 
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Intro: gap surface plasmons 
The GSP mode confinement and propagation constant increase with the decrease 
in the gap width (no cutoff!), storing field in metal (the propagation loss increases). 

Opt. Express 14, 9467 (2006). 
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Confined GSP modes should be efficiently reflected 
by the terminations forming nano-resonators! 
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Gap plasmon based resonators 

Electric-field driven  
magnetic dipole: 
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Gap plasmon based resonators 

GSP resonances can be strongly absorbing or 
strongly scattering, depending on the gap width! 

Opt. Express 21, 27438 (2013). 
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Gap plasmon based resonators 

The main contribution to GSP resonances comes 
from the magnetic dipole resonances! 

Opt. Express 21, 27438 (2013). 
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Gap plasmon based resonators 

Opt. Express 19, 19310 (2011). 

GSP resonators can be designed with continuous 
bottom metal and dielectric spacer layers! 
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Plasmonic black metasurfaces  

Average absorption: ~ 94% (400 – 750 nm) and ~ 89% (400 – 850 nm) 

GSP resonances ensure very efficient absorption! 
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Plasmonic multicolored metasurfaces  

Nano Lett. 14, 783 (2014). 

GSP resonances, when properly designed, can be 
used for sub-diffraction colour printing! 
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GSP resonator arrays:  
from amplitude to phase control 

Opt. Express 21, 2942 (2013) 

GSP resonances, when properly designed, can 
ensure either efficient absorption or reflection! 
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Opt. Express 21, 2942 (2013) 

GSP resonances, when carefully designed, result 
also in strong (reflected light) phase variation! 

GSP resonator arrays:  
from amplitude to phase control 

http://www.sdu.dk/
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GSP resonators: from amplitude 
to phase control 

Opt. Express 21, 27438 (2013). 

Extra large phase variation is due to drastic 
changes in path configurations of reflected light! 
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GSP-based perfectly reflecting half-plates 

Opt. Lett. 38, 513 (2013). 

GSP resonator parameters control the phase 
difference between different polarizations! 

http://www.sdu.dk/


Sergey I. Bozhevolnyi P@N KCL seminar (London, October 5, 2016) 

Phase-gradient metasurfaces 
Historical perspective: from blazed gratings to phase-gradient surfaces 
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Sergey I. Bozhevolnyi P@N KCL seminar (London, October 5, 2016) 

Prehistoric phase-gradient metasurfaces 

We realized a Lee-type binary grating … The metal stripes consisted of 10 of nm Ti and 60 
of nm Au, which were deposited onto 500-mm-thick GaAs wafers by photolithography and 
a lift-off technique. .. 
We illuminated the grating with circularly polarized light at a wavelength of 10.6 µm. 
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Prehistoric phase-gradient metasurfaces 
Metal metasurfaces: 
1. "Pancharatnam-Berry phase in space-variant polarization state manipulations with 
subwavelength gratings",  Z. Bomzon, V. Kleiner, E. Hasman, Opt. Lett. 26, 1424-1426 (2001).  
 
2. "Formation of radially and azimuthally polarized light using space-variant subwavelength 
metal stripe gratings",  Z. Bomzon, V. Kleiner, E. Hasman, Appl. Phys. Lett. 79, 1587-1589 
(2001). 
 
Dielectric metasurfaces: 
3. "Space-variant Pancharatnam-Berry phase optical elements with computer-generated 
subwavelength gratings", Z. Bomzon, G. Biener, V. Kleiner, E. Hasman, Opt. Lett. 27, 1141-
1143 (2002). 
 
4. "Formation of helical beams by use of Pancharatnam-Berry phase optical elements", G. 
Biener, A. Niv, V. Kleiner, and E. Hasman, Opt. Lett. 27, 1875-1877 (2002). 
 
5. "Polarization dependent focusing lens by use of quantized Pancharatnam-Berry phase 
diffractive optics", E. Hasman, V. Kleiner, G. Biener, and  A. Niv, Appl. Phys. Lett. 82, 328-330 
(2003). “Everything new is well-forgotten old” -  

Russian proverb 
 There is nothing new under the sun –  

from Ecclesiastes 1:9 
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Why phase-gradient metasurfaces? 
Historical perspective: from blazed gratings to phase-gradient surfaces 

θ 

α 

θ ≅ α(n-1) ≅ mλ/Λ 
θ 

Λ 

H ≅ αΛ ≅ αmλ/θ ≅ mλ/(n-1) 

m = 0 +1 
+2 

-1 
-2 

Thickness of blazed gratings is wavelength-limited, 
whereas thickness of metasurfaces is NOT! 

H 

Blazed gratings are also strongly bandwidth-limited! 
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GSP-based phase-gradient metasurfaces 
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GSP-based phase-gradient metasurfaces 

Λ = 240 nm 

Nano Lett. 13, 829 (2013). 
The product fλ ≅ const, if λ << f   (r ≅ √fλ) ! 
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GSP-based phase-gradient metasurfaces 

Nano Lett. 13, 829 (2013). 
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The crucial features of 
GSP metasurfaces: 

Two polarizations can be controlled independently! 

Reflected amplitude and phase for x-polarization 

January 2013 

http://www.sdu.dk/
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GSP-based phase-gradient metasurfaces: 
Independent control of two polarizations! 

Metasurface properties 

Reflection from metasurface : 

3 examples of independent control 

Design wavelength: 
800nm 
 

Λ=240nm 
 

Two degrees of 
freedom (Lx and Ly) 

Unit cell of metasurface: 

Phase is discretized in 6 steps. 
Contour line crossings indicate important nanobricks 

Case 1: Polarization beam splitter 

x 

y 
+1 -1 

TM  TE  

Gradient metasurface 
consisting of elements 
marked with circles 

Case 2: Polarization beam splitter 

x 

y 
+1 0 

TM  TE  

Gradient metasurface 
consisting of elements 
marked with crosses 

Case 3: Polarization-independent BG 

x 

y +1 

TM  TE  

Gradient metasurface 
consisting of elements 
marked with squares 

Sci. Rep. 3, 2155 (2013). 

TM  

TM  

TM  
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GSP-based phase-gradient metasurfaces: 
Independent control of two polarizations! 

 Simulations Experiments 
Fabricated super cell: 

Metasurface functionality is robust against 
fabrication tolerances. 
Lower efficiency compared to theory. 

(A) Super cell. (B and C) TM pol. (D and E) TE pol.   

Elements are arranged in pairs in order to 
lower the diffraction angle. 

Efficient and broadband response 

Fabrication quality is quite satisfactory 

Optical characterization: 

(A) Diffraction spots. (B and C) Diffraction efficiencies. 
Curves: simulations; Markers: Experiment.   

Sci. Rep. 3, 2155 (2013). 

http://www.sdu.dk/
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GSP-based phase-gradient metasurfaces: 
Independent control of two polarizations! 

 Simulations Experiments 
Fabricated super cell: 

Good agreement between measurements 
and simulations (include additional losses). 

(A) Super cell. (B and C) TM pol. (D and E) TE pol.   

Elements are arranged in pairs in order to 
lower the diffraction angle. 

TE waves are specularly reflected 

Fabrication quality is quite satisfactory 

Optical characterization: 

(A) Diffraction spots. (B and C) Diffraction efficiencies. 
Curves: simulations; Markers: Experiment.   

Sci. Rep. 3, 2155 (2013). 

http://www.sdu.dk/
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GSP-based phase-gradient metasurfaces: 
Independent control of two polarizations! 

 Simulations Experiments 
Fabricated super cell: 

Functionality is robust against fabrication 
imperfections. 

(A) Super cell. (B and C) TM pol. (D and E) TE pol.   

Contour lines of 250o do not intersect, so the 
last two elements are not a pair. 

Efficient and polarization-independent 
beam steering 

Noticeable imperfections 

Optical characterization: 

(A) Diffraction spots. (B and C) Diffraction efficiencies. 
Curves: simulations; Markers: Experiment.   

Sci. Rep. 3, 2155 (2013). 
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GSP-based phase-gradient 
metasurfaces: what can be next?  

This approach can be 
extended to coupling to 

SPP modes! 

Sci. Rep. 3, 2155 (2013). 
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Phase-gradient metasurfaces: 
Unidirectional & polarization-controlled SPP couplers! 

http://www.sdu.dk/
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GSP-based phase-gradient metasurfaces: 
Unidirectional & polarization-controlled SPP couplers! 
1D configuration: 

Light: Science & Applications, 2014 

http://www.sdu.dk/
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GSP-based phase-gradient metasurfaces: 
Unidirectional & polarization-controlled SPP couplers! 
2D configuration: 

Light: Science & Applications, 2014 

http://www.sdu.dk/
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GSP-based phase-gradient metasurfaces: 
Unidirectional & polarization-controlled SPP couplers! 
Experimental verification: 

Light: Science & Applications, 2014 

http://www.sdu.dk/
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GSP-based phase-gradient metasurfaces: 
Unidirectional & polarization-controlled SPP couplers! 
Experimental verification: 

Light: Science & Applications, 2014 

http://www.sdu.dk/
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GSP-based phase-gradient 
metasurfaces: what else can be done?  

GSP-based gradient metasurfaces can efficiently 
and independently control orthogonal polarizations, 

including coupling to surface excitations! 

This approach can further be 
exploited to conduct most 

complicated wavefront 
transformations (computing)! 
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Metasurfaces:  
performing mathematical operations! 

Amplitude & phase gradient metasurfaces are wanted! 

http://www.sdu.dk/
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Optical holography with phase- and 
amplitude-gradient metasurfaces 

Note low sampling and low efficiency! 

http://www.sdu.dk/
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GSP-based amplitude & phase gradient 
metasurfaces for analog computing 

Reflection configuration: 

Design of 
differentiator 

and  
integrator 

metasurfaces 

Main challenge: obtain the opposite (constant) phase 
for the same (spatially varying) reflection amplitude! 

http://www.sdu.dk/
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GSP-based amplitude & phase gradient 
metasurfaces for analog computing 

Numerical performance 
of differentiator (c) and  

integrator (b) 
metasurfaces 

Incident field: 

GSP-based metasurfaces can do the job! 

In practice, it is going to be very difficult! 
Nano Letters 15, 791 (2015) 

http://www.sdu.dk/
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GSP-based amplitude & phase gradient 
metasurfaces for analog computing 

Differentiator configuration: Integrator configuration: 

π-step in phase π-step in phase 

Nano Letters 15, 791 (2015) 

http://www.sdu.dk/
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GSP-based amplitude & phase gradient 
metasurfaces for analog computing 

Phase object: 

π-step  
in  

phase 

Gaussian beam: Differentiator: Integrator: Simulation: Simulation: 

http://www.sdu.dk/
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Nano Letters 15, 791 (2015) 

GSP-based amplitude & phase gradient 
metasurfaces for analog computing 

Poor man’s integrator metasurface: 

GSP-based metasurfaces can do the job! 

http://www.sdu.dk/
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GSP-based phase-gradient metasurfaces 
for instantaneous SOP analysis 

Monochromatic plane wave propagating along the z-axis: 

( ) 0,0;exp)( >>
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State of polarization (SOP) is completely determined by Ax/Ay and δ : 
only two quantities have to be measured! 

SOP can be determined using the Stokes parameters: Main challenge: realization of simultaneous one-step 
measurements of all polarization contrasts! 

Optica 2, 716 (2015) 
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GSP-based all-polarization sensitive 
birefringent metasurfaces 

Targeted operation principle: 
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Optica 2, 716 (2015) 
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GSP-based all-polarization sensitive 
birefringent metasurfaces 

Design considerations: 

t = 40 nm 
ts = 50 nm 
Λx = 320 nm 
Λy = 250 nm 
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Optica 2, 716 (2015) 
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GSP-based all-polarization sensitive 
birefringent metasurfaces 

Fabrication and characterization: 

Optica 2, 716 (2015) 

http://www.sdu.dk/
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GSP-based all-polarization sensitive 
birefringent metasurfaces 

Characterization results: 

λ = 800 nm 

Diffraction contrast deviations of up to 0.15 
are ascribed to fabrication imperfections, 

and to imperfections in optical components 
(in particular, in the quarter-wave plate). 

Optica 2, 716 (2015) 

http://www.sdu.dk/
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All-polarization birefringent metagrating 

Characterization results: 

Diffraction contrast deviations from the 
Stokes parameters on average are ~ 0.1. 

The operation wavelength range is ~ 750-850 nm 

λ = 800 nm 

http://www.sdu.dk/
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GSP-based phase-gradient metasurfaces: 
skin-tight invisibility (carpet) cloak! 

Sci. Rep. 3, 2155 (2013). 

http://www.sdu.dk/
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What else can be realized  
with GSP metasurfaces? 

Can we realize Lambertian sources, i.e., ideal 
diffuse reflectors, in the optical range? 

Can we implement optical stealth 
technologies, i.e., nullify backscattering 

(radar) cross section? 

http://www.sdu.dk/
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GSP-based gradient metasurfaces: 
Random-phase optical metasurfaces 

Sci. Rep. 6, 28448 (2016). 

( ) ( ) ( )

( )

1For  ', ' exp ', ' and PDF: ,
2

1then PDF of the far-field intensity: ( ) exp /

msr x y a i x y p

p I I I
I

φ φ π φ π
π

= = − < <  

⇒ = −

Isotropic metasurfaces with uniform random phase response: 

Similar to scattering from atmosphere (density fluctuations)! 
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GSP-based gradient metasurfaces: 
Random-phase optical metasurfaces 

Sci. Rep. 6, 28448 (2016). 

http://www.sdu.dk/
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GSP-based gradient metasurfaces: 
Random-phase optical metasurfaces 

Sci. Rep. 6, 28448 (2016). 

Optical stealth effect can be achieved with proper design! 

http://www.sdu.dk/
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Instead of out look 
The Question: 

Can one realize one-shot 
spectropolarimetry  

(i.e., complete plane-wave 
characterization)? 

http://www.sdu.dk/
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GSP arrays for chiroptical spectroscopy 

But complete polarimetry is not really an option  

http://www.sdu.dk/
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GSP metasurfaces for spectropolarimetry 

Careful adjustment of beam shape and 
position are essential! 

http://www.sdu.dk/
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GSP metasurfaces for spectropolarimetry 

Still in works… 

”Mercedes” design 

http://www.sdu.dk/
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GSP metasurfaces for spectropolarimetry 
[1,0,0] [-1,0,0] 

[0,-1,0] 

[0,0,-1] [0,0,1] 

[0,1,0] 
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d = 64 μm, LP90deg  
λ = 710, 730, 750, 780 800, 830, 850, 880, 900, 930, 950, 980, 1000 nm 

http://www.sdu.dk/
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d = 64 μm, LP0deg  
λ = 710, 730, 750, 780 800, 830, 850, 880, 900, 930, 950, 980, 1000 nm 

http://www.sdu.dk/
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GSP metasurfaces for spectropolarimetry 
λ = 750 nm                               850 nm 

Still in works… 

http://www.sdu.dk/
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