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The phase of a light wave can be controlled using bulk optical 
elements like lenses and mirrors to modify the wave front of 
the propagating light. These elements introduce additional 
spatially non-uniform phase in the incoming wave, thereby 
affecting its propagation characteristics. However, the amount 
of phase change is limited by the optical properties of the 
materials, and an appreciable change typically requires a 
propagation length comparable to or larger than the 
wavelength. While metamaterials can be fabricated that are 
capable of bending light in unusual ways, and have enabled 
many fantastic applications such as negative refraction (1), 
super-resolution lenses (2, 3), and cloaking (4), the 
capabilities of phase control and light bending are still 
dictated by the material parameters as governed by the 
conventional Snell’s law. However, the newly discovered 
generalized version of Snell’s law ushers in a new era of light 
manipulation (5): 
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These expressions indicate that a gradient in a phase 

discontinuity, ∇Φ , along an interface can modify the 
direction of the refracted and the reflected rays by design, and 
this can occur in a very thin layer. Another more general 
interpretation of this is that ∇Φ  is essentially an additional 
momentum contribution that is introduced by breaking the 
symmetry at the interface; hence, in order to conserve 
momentum, the light wave has to bend accordingly. Note that 
when there is no phase gradient ∇Φ  along the interface, 
Eqs. (1) and (2) reproduce the conventional Snell’s law. This 
is conceptually different from the diffraction formula for a 
periodic grating since the bent light is caused by a 
unidirectional phase discontinuity which is not a particular 
order of diffraction. Thus by designing and engineering a 
phase discontinuity along an interface, one can fully control 
the bending of a light wave beyond what the conventional 
Snell’s law predicts. Such an interface has been realized at a 
wavelength of 8 μm (5). We extend that work and 
demonstrate wave-front control in a broadband wavelength 

range from 1.0 μm to 1.9 μm, accomplished with a relatively 
thin 30 nm (~λ/50) plasmonic nano-antenna interface. 

We use a plasmonic nano-antenna array similar to that in 
Ref. (5) and consisting of V-shaped gold antennas (Fig. 1A), 
to introduce an abrupt phase discontinuity at the interface. 
This type of antenna supports antisymmetric modes, which 
provide a tunable phase delay for cross-polarized light (whose 
polarization is perpendicular to the incident polarization) by 
appropriately choosing the design parameters. A unit cell of 
the nano-antenna array consists of eight antennas providing a 
phase shift from 0 to 2π in the x direction. Full-wave finite 
element method (FEM) simulation results indicate that the 
designed antennas have the desired phase change (from 0 to 
2π with π/4 intervals) for cross-polarized scattered light (6). 

We fabricated a nano-antenna array sample on a double-
side polished silicon substrate with standard electron-beam 
lithography and lift-off processes. The height of the nano-
antennas was about 30 nm and the arm width was 40 nm. 
Four large arrays with different periods were fabricated on 
the same substrate (Fig. 1B). We measured the sample using 
an ellipsometer, and the experimental measurements indicate 
that the reflection and refraction of the cross-polarized light 
are both “negative” in a broad range of incidence angles 
(Figs. 1C, D, and fig. S2). In addition, wavelength-dependent 
measurements showed the broadband behavior of the sample 
for wavelengths from 1.0 μm to 1.9 μm. All the experimental 
data matches quite well with the theoretical predictions given 
by the generalized Snell’s law (5) and the 3D full-wave 
simulation results of the entire array (6). 

The designed plasmonic interface consisting of a nano-
antenna array provides a phase shift and enables us to modify 
the optical wave front within an extremely thin layer. Hence, 
designers can now have unparalleled control of anomalous 
reflection and refraction, including negative refraction. The 
design works for a rather broad range of wavelengths from 
1.0 μm to 1.9 μm. This technique could lead to a variety of 
applications such as spatial phase modulation, beam shaping, 
beam steering, and plasmonic lenses, and it also could have 
an impact on transformation optics and on-chip optics. 
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( ) ( ) 1
0sin sin / 2 .r i in−− = ∇Φθ θ λ π



 

 / www.sciencexpress.org / 22 December 2011 / Page 2 / 10.1126/science.1214686 

 
References and Notes 
1. V. G. Veselago, The Electrodynamincs of Substances with 

Simultaneously Negative Values of ε and μ. Soviet Physics 
Uspekhi 10, 509 (1968). 

2. J. B. Pendry, Negative Refraction Makes a Perfect Lens. 
Physical Review Letters 85, 3966 (2000). 

3. X. Zhang, Z. W. Liu, H. Lee, Y. Xiong, C. Sun, Far-field 
optical hyperlens magnifying sub-diffraction-limited 
objects. Science 315, 1686 (Mar 23, 2007). 

4. J. B. Pendry, D. Schurig, D. R. Smith, Controlling 
Electromagnetic Fields. Science 312, 1780 (June 23, 2006, 
2006). 

5. N. Yu et al., Light Propagation with Phase Discontinuities: 
Generalized Laws of Reflection and Refraction. Science 
334, 333 (October 21, 2011). 

6. See Supplementary Online Material. 
Acknowledgments: This work was supported by AFOSR-

MURI (FA9550-10-1-0264) and NSF-DMR (1120923). 
 
Supporting Online Material 
www.sciencemag.org/cgi/content/full/science.1214686/DC1 
Materials and Methods 
Figs. S1 and S2 

30 September 2011; accepted 13 December 2011 
Published online 22 December 2011; 
10.1126/science.1214686 

Fig. 1. (A) Schematic view of a representative antenna array. 
The unit cell of the plasmonic interface (in blue) consists of 
eight gold V-antennas of 40-nm arm width and 30-nm 
thickness, repeated with a periodicity of Λ in the x direction 
and Λ/8 in the y direction. The phase delay for cross-
polarized light increases along the x axis from right to left. 
(B) Scanning electron microscope images of the unit cells of 
four antenna arrays with different periodicities fabricated on a 
single silicon wafer. (C) and (D) The false-color maps 
indicate the experimentally measured relative intensity 
profiles for the antenna array labeled ① (see panel (B), Λ = 
1440 nm) with x-polarized excitation. The dashed line shows 
the theoretical prediction of the peak position using the 
generalized Snell’s law. (C) Refraction angle versus 
wavelength for cross-polarized light with 30° incidence angle. 
(D) Reflection angle versus wavelength for cross-polarized 
light with 65° incidence angle. 

 




