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Planar Far-Field Lensing with Plasmonic 
Nano-Slit Arrays
Peter B. Catrysse, Lieven Verslegers, Zongfu Yu, Justin S. White, Edward S. Barnard, 
Mark L. Brongersma and Shanhui Fan

W ith the advent of nanofabrication 
techniques, such as electron-beam 

lithography and focused ion beam mill-
ing, it is now possible to pattern metallic 
structures at the nano scale. � is enables 
the exploitation of the plasmonic be-
havior of metals to create ultra-compact 
photonic devices for sensing, guiding or 
focusing.1 In this context, we recently 
reported on the experimental dem-
onstration of far-fi eld lensing using a 
plasmonic nano-slit array.2

Refractive lenses are widely used in 
applications ranging from imaging to 
concentrating light. � e miniaturization 
of lenses has been essential for the de-
velopment of modern solid-state image 
sensors and might have important impli-
cations for other opto-electronic applica-
tions, including solid-state displays and 
lighting. � e focusing ability of con-
ventional, dielectric-based micro-lenses, 
however, deteriorates as their physical 
dimensions are reduced toward a single-
wavelength scale. Moreover, the small 
size limits scientists’ ability to implement 
devices that are fl exible enough to prop-
erly focus light incident at oblique angles 
directly below the lens. 

� e nano-patterning of optically 
thick metallic fi lms off ers an alternative 
that alleviates some of the shortcomings 
of refractive lenses. In this approach, a 
“plasmonic” lens is formed by an array of 
nano-scale slits in a planar metallic fi lm. 
For a light incident upon such a structure, 
the phase shift experienced by light as it 
passes through each individual slit is sensi-
tive to the width.3 With the adjustment 
of the properties of individual slits, it is 
possible to create a curved phase front for 
the transmitted fi eld and thus to achieve 
focusing behavior. We recently imple-
mented such far-fi eld planar nano-slit 
lenses using a combination of thin-fi lm 
deposition methods and focused ion beam 
milling. We demonstrated with confocal 

scanning optical microscopy that these 
structures can act as far-fi eld cylindrical 
lenses for light at optical frequencies.2 

Moreover, we showed excellent agree-
ment between the full electromagnetic 
fi eld simulations of the design, which 
include both evanescent and propagating 
modes, and the far-fi eld, diff raction-
limited confocal measurements.

� is demonstration is a crucial step 
in the realization of this potentially im-
portant technology, which off ers a range 
of processing and integration advantages 
over conventional shaped-based dielectric 
lenses. For example, the planar geometry 
facilitates integration using industry-
standard semiconductor technology, 
and the geometry-based design off ers 
fl exibility that is not easily achieved with 
refractive lenses at wavelength-size scales. 
� is makes planar “plasmonic” lenses 
attractive for integrated optoelectronic 
applications that require angle-compen-
sating micro-lenses. 

We have shown already that, by 
introducing position-dependent phase 

Planar far-� eld “plasmonic” lens based on nano-slit array in metallic � lm. (a) Geometry of the 
lens consisting of a 400-nm-thick gold � lm with air slits of widths between 80 and 150 nm 
(light blue), sitting on a fused silica substrate (dark blue). (b) Scanning electron micrograph 
of the structure viewed from the air-side. (c) Focusing pattern measured with a confocal 
scanning optical microscope (CSOM). (d) Finite-difference frequency-domain simulated 
focusing pattern of the � eld intensity through the center of the slits.
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delays inside the device, these lenses can 
achieve far-fi eld focusing in the vertical 
dimension (propagation direction) with-
out horizontally displacing the focal spot 
for light at oblique incidence.4 � is po-
tentially solves an important problem in 
CMOS image sensors, where microlenses 
are widely used to focus light incident on 
pixels onto their photodetector. 
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Dyakonov Surface 
Waves
Lluis Torner, David Artigas and Osamu Takayama

Surface waves are a special type of 
wave that is confi ned at a single 

boundary between two diff erent media. 
� ey are a topic of continuously renewed 
interest and intense investigation due 
to their unique properties and their 
prospects for important applications. 
By their very nature, surface waves are 
unique tools for exploring the properties 
of material interfaces. � is includes not 
only intrinsic properties but also extrin-
sic eff ects, thus making surface waves 
ideal for sensing physical, chemical and 
biological agents. Potential applications 
range from subwavelength light micro-
scopy and nanooptical tweezing, to 
early diagnosis and minimally-invasive 
therapy of diseases. However, guided 
surface waves are rare, as they can be 
supported by only a few types of mate-
rials and geometries. 

M.I. Dyakonov predicted a unique 
class of surface wave two decades ago.1 
Such surface waves exist under very 
special conditions at the interface of 
anisotropic crystals—either biaxial or 
positive uniaxial. Under suitable mate-
rial and geometrical conditions, hybrid 
surface waves containing both ordinary 
and extraordinary fi eld components 
can propagate within a narrow angu-
lar band  relative to the crystalline 
optical axis. � e existence conditions 
are not easy to meet in practice. � us, 
Dyakonov surface waves had never 
been observed.

� e 20-year quest ended this year 
when we observed Dyakonov surface 
waves in an Otto-Kretchmann setting 
set for an isotropic-anisotropic crystal 
interface.2 We used a specially designed 
confi guration based on a potassium 
titanyl phosphate biaxial crystal and 
a suitable index-matching liquid to 
meet the conditions required for the 
existence of the surface waves.3,4 We 

confi rmed surface wave excitation by 
imaging the scattered mode spectrum 
out of the Otto-Kretchmann prism on a 
CCD camera and obtained the signa-
ture of surface wave excitation by using 
a powerful polarization conversion 
refl ectance technique. 

Technical challenges that we had to 
overcome included light propagation in-
side the crystalline angular band, where 
surface waves were allowed to exist un-
der ideal conditions, and elucidation of 
the extremely narrow peak correspond-
ing to guided Dyakonov surface waves 
among the set of broader peaks corre-
sponding to leaky modes supported by 
the actual Otto-Kretchmann multilayer 
material structure.

� e signifi cance and potential of 
Dyakonov surface waves relies on their 
most fascinating property: In contrast 
to, for example, plasmon-polaritons, 

Signature of Dyakonov surface wave 
excitation. (a) Magni� ed view of the 
modal spectrum obtained by a CCD 
camera. (b) Integrated intensity along 
the vertical axis. Large peak stands for 
a leaky mode. The Dyakonov surface 
waves appear as the weak secondary 
peak. (c) Narrow angular band where 
Dyakonov surface waves propagate 
relative to crystallographic axis z.
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they exist at the surface of fully trans-
parent materials; therefore, they are 
lossless. � eir observation opens the 
door for the exploration of lossless surface 
wave propagation in a variety of suitable 
settings, including nanoscale geometries 
and metamaterial structures with form-
anisotropy.5 

� is research was sponsored by Fundacio 
Cellex Barcelona.
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Whirling Plasmons: Angular Momentum 
Selection Rule
Yuri Gorodetski, Nir Shitrit, Itay Bretner, Vladimir Kleiner and Erez Hasman

P lasmonic systems have been shown 
to be resonantly excited when 

the linear momentum selection rule 
is fulfi lled.1 However, conservation of 
total angular momentum (AM) in a 
closed physical system results in ad-
ditional selection rules. � e AM of an 
optical beam comprises the intrinsic 
component—the spin, associated with 
the handedness of the circular polariza-
tion—and the extrinsic component—
orbital AM (OAM), associated with a 
spiral phase front.2 

Here, we demonstrate a plasmonic 
nanostructure that exhibits a crucial 
role of an AM selection rule in a light-
surface plasmon scattering process. In 
our experiment, the intrinsic AM of the 
incident radiation was coupled to the 
extrinsic momentum of the surface plas-
mons via spin-orbit interaction, which 
was manifested by a geometric Berry 
phase.3 Due to this eff ect, we achieved 
a symmetry breaking that resulted in a 
spin-dependent enhanced transmission 
through coaxial nanoapertures, even in 
rotationally symmetric structures.4 

In an optical paraxial beam with 
a spiral phase distribution (= –l, 
where  is the azimuthal angle in polar 
coordinates, and the integer number l is 
the topological charge), the total AM per 
photon, in units of h– (normalized AM), 
was shown to be j=(+l), where =1 is 
the right-handed circular polarization 
and =–1 is the left-handed circular 
polarization.2 

In accordance with fundamental 
physical principles, resonant excitation 
of the nanoaperture eigenmode requires 
that the exciting wave match the excited 
mode, both with its linear and angular 
momentum. � is matching imposes 
restrictions, or selection rules, on the 
excitation process. 

� e coaxial nanoaperture was milled 
by a focused ion beam into a 200-nm-

thick gold fi lm evaporated onto a glass 
wafer. � e inner and the outer radii 
of the ring slit were 250 and 350 nm, 
respectively. � e aperture was designed 
to be a single mode system—in other 
words, to possess a single allowed excita-
tion with OAM of lGM=±1. � e aperture 
was surrounded by an annular coupling 
grating with a period of 500 nm. � is 
element was illuminated by a green 
laser light (532 nm) whose phase was 
modulated by a spatial light modulator 
to achieve a spiral phase corresponding 
to an OAM of lext=0, ±2. � e incident 
spin (in=±1) induced a spiral phase of 
the excited surface plasmons via spin-
orbit interaction, and, therefore, was 
converted to the OAM.5 

� e surface mode then acquired 
OAM of lSM= in+ lext. � e best overlap-
ping of the surface mode and guided 
modes was obtained when lSM= lGM, i.e. 

(a) Mechanism of the nanoaperture’s excitation controlled by AM selection rules. Incident 
beam bears the intrinsic AM of in and the extrinsic AM of lext. Excited surface mode ac-
quires the OAM of lSM as a result of spin-orbit interaction. Guided mode with lGM is excited 
only if selection rule is satis� ed. (Inset) Scanning electron microscope image of the struc-
ture. (b) Intensity distribution cross-sections for different lext. Blue dashed lines correspond 
to in=1 and red solid lines to in=–1. Intensity was normalized by the transmission measured 
via coaxial aperture without the surrounding corrugation. (Horizontal dimension was scaled 
according to the optical magni� cation.)
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for lSM=±1; therefore, the transmitted 
intensity was strongly dependent upon 
the incident spin. � e transmission ratio 
of the two spin states was shown to be 
approximately three.

In summary, we presented the eff ect 
of spin symmetry breaking via spin-orbit 
interaction, which occurs in rotation-
ally symmetric (achiral) structure. � e 
results may lead to more complex spin-
based nanophotonic applications. 
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