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A perfect plasmonic quarter-wave plate
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The excitation of surface plasmons on an elliptical grating followed by the transmission through a
subwavelength aperture can modify the polarization state of the incoming light. The combined
effect of the elliptical grooves and a slightly elliptical central hole allows to fully control the
birefringence and retardation of the structure, providing a simple approach for polarization state
design by the geometry of the structure. From this combination, a perfect plasmonic quarter-wave
plate is obtained. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4766189]

Through their unique dispersion relations, surface plas-
mon (SP) modes have provided new ways to modify and tai-
lor light properties at the nanoscale. Two-dimensional
confinement of SP modes to the metal surface implies, in
particular, that surface corrugations can play a crucial role in
the definition of the optical beam properties of the nanostruc-
ture, both in the near and the far fields."? In this context, the
specific polarization constrains of SP modes are attracting
increasing attention in order to develop new nanostructured
devices for controlling the polarization state of light in sub-
wavelength volumes. Plasmonic elliptical bull’s eyes
(BE),3’4 plasmonic antennas,s’6 subwavelength retarders,7’8
or very recently uniform aperture plasmonic arrays’ and
metasurfaces'® have been shown to display quarter-wave
plate (QWP)-like behaviours. More complex SP based polar-
ization phenomena have also been analyzed in relation with
optical chirality,""'* optical spin-Hall effect,'*'* and plas-
monic Aharonov-Bohm effect.'® Polarization control is obvi-
ously linked to the ability to induce linear birefringence.
Among the different strategies proposed recently, the ellipti-
cal BE structure, consisting of a single subwavelength hole
surrounded by periodic non-transmissive elliptical corruga-
tions, has the advantage to be easily optimizable.>!®

Our previous work> demonstrated that an idealized pic-
ture of a phase shift solely associated with the optical path
difference between the SP modes propagating along the long
and short axes of the ellipse is not enough to reach the opti-
mal values of a perfect quarter-wave plate because of the
combined mechanisms of SP propagation over the entire
structure and SP transmission through the central hole. In
this letter, we demonstrate that minute deformations of the
central hole geometry at the nanometer scale give additional
phase retardation that are critical in the design of a genuine
plasmonic wave plate. We perform a careful study of the
polarization properties of a single subwavelength hole to-
gether with a full analysis of the cavity-like dynamics that
arise in the elliptical corral surrounding the hole. This ena-
bles the realization of a nearly-perfect quarter-wave plate.

Because of the BE’s ellipticity ¢ = a, — a, defined by
the radii, a,, of the first groove along x and y axes, an ellip-
tical BE has a rectangular point symmetry— Fig. 1(a). This
symmetry imposes that the Jones matrix, J, mapping the
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X
(E2" ,E‘y’”’)T transmitted through the structure is diagonal in

the (x,y) basis with
1 0
J x ( 0 ﬁ) , (1)

where f§ = pexp(i®) is a complex number. For a (1, 1)” inci-
dent polarization, p corresponds to the relative absorption
and @ to the retardation phase between the x and y polariza-
tion components which measure respectively the relative
birefringence and dichroism of the structure.

From symmetry considerations, the addition of a perfect
circular hole to the elliptical groove structure cannot by itself
introduce any difference between transmitted polarization
components. However, it is important to realize that a nano-
metric deformation of the hole can easily induce polarization
asymmetries. A polarization analysis,'” performed on single
subwavelength holes reveals that although the milling pa-
rameters of our focused ion beam (FIB) were set to generate
cylindrical holes, deviations from unitary Jones matrices are
systematically observed. This turned out to stem from an
actually asymmetric milling process. Remarkably, the spe-
cific (x, y) raster-scan milling process of the FIB generates
deformed holes which have strict rectangular point

incident electric field (£, E) to the emerging electric field

FIG. 1. (a) Elliptical array of non-transmissive grooves of a BE structure
for polarization control with periodicity P =760nm and first groove radii
a, =179 x P and a, =1.84 x P. (b) Zoom on the central hole with
unequal dimensions d; = 300 nm and d, =400nm. The grooves were
milled to the depth of 80 nm.

© 2012 American Institute of Physics
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symmetry, as observed from their diagonal Jones matrices in
the (x, y) basis. In order to analyze the birefringence and
dichroism induced by the hole, we measure a retardation
phase, @ and a polarization extinction, p in a series of
single holes with varying ellipticity, Ar = (dy, —d.)/d
(d=350nm—nominal hole diameter) milled through
300 nm thick gold film (see Fig. 1(b)). This study, summar-
ized in Fig. 2(a), shows interestingly that simultaneously null
birefringence and dichroism (® = 0, p = 1) are obtained for
a non-zero value of Ar, as a consequence of the FIB error.
The results also reveal that very small Ar values generate
large phase and attenuation changes. The hole shape also
influences the spatial distribution of SP modes launched by
the edges of the hole. This provides an efficient way to check
the geometry of the hole, independently from polarization to-
mography. To access the SP spatial distribution, we use radi-
ation leakage microscopy (LRM)'® of single holes milled
through thin (50 nm) gold film, while varying their elliptic-
ities. Each hole was illuminated by circularly polarized light
and the leakage signal was collected through an oil-
immersion high numerical aperture objective. Imaging the
Fourier plane (k-space) enables us to quantify the influence
of the hole geometry by monitoring the leakage intensity
distribution along the “plasmonic circle”—k> +k)2, = kgp
(ksp = 21/ Asp). The peak-to-dip intensity variation (I, — 1)
as a function of the hole ellipticity (Fig. 2(b)) exhibits a simi-
lar behaviour as the data measured by polarization tomogra-
phy. Remarkably, the correspondence between these two
curves not only demonstrates the polarization effect of the

(a)
207 F 0.1
| l 7
0 T T . T T 0

@ (deg)

I~ I, (arb. units)

005 0 005 01 015
A

02 025 03

T

FIG. 2. (a) Retardation phase (red bars) and p — 1 (blue bars) measured as a
function of the hole ellipticity. The incident polarization state is prepared
using a polarizer, a half-wave plate, and a QWP. The transmitted light (laser
at 4 = 785nm) is analyzed by an additional QWP followed by an analyzer.
The full Mueller matrix is measured following the procedure described in
Ref. 17. As no depolarization was detected, an equivalent Jones matrix was
calculated from which p and ® were extracted. (b) Intensity modulation of
the leakage radiation in the Fourier plane as a function of the hole ellipticity.
Inset—a typical intensity distribution, captured in the LRM Fourier plane.
The arrow points to the SP wave-vector circle kgp.
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hole deformation, but also enables one to calibrate the fabri-
cation process.

The second main contribution to the definition of the
(®, p) parameters is the effect on the transmitted light of the
constructive interferences of standing SP waves excited
inside the cavity formed by the periodic array of elliptical
grooves surrounding the hole. To quantify this precisely, we
fabricated a series of circular BE structures where the radius
of the innermost groove, a, was varied between @ = 0.9 x P
and a =29 x P while keeping the groove periodicity,
P =760nm, constant and resonant with the incident wave-
length. Figure 3(a) shows the evolution of the transmitted in-
tensity as a function of a/P (red circles). The periodic shape
of the plot reveals the progressive build-up of constructive
phase conditions that correspond to a cavity mode in the
structure. " Cavity resonances are associated both with phase
and intensity modulations that we elucidate from a simple
model which evaluates the field at the hole as a Fano inter-
ference between the directly transmitted light and a SP wave
launched by the array of grooves as

Ej = 1 + yaexp(ikspa) + ry/aexp(3ikspa). ()

Here, E), stands for the transmitted field amplitude relative to
the one of the single hole. The first term represents the inci-
dent field, the second describes the SP field going directly
from the plasmonic grating to the central hole, whereas the

Intensity (arb. units)
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FIG. 3. (a) Normalized intensity transmitted through a circular BE as a func-
tion of a/P. Red circles are measured values and the solid blue line is the
model with a best fitting model parameters r=0.2+ 0.2/ and y = 0.76. (b)
Phase of the cavity mode as a function of a/P. Diamonds are the values
extracted from measured interference patterns and the red solid line repre-
sents the model. Insets show the geometry of the BE structure and a typical
interference pattern of a pair of bull’s eyes separated by 15 um. The scale
bar is 2 um. Cross-sections were measured along the blue dashed line.
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third term represents the SP field that goes from one side of
the grating to the other one, and then is reflected back to the
central hole. The y parameter is the coupling efficiency of
the plasmonic grating and r is the SP reflection coefficient
from a groove edge. The +/a coefficient represents the field
focusing as a result of the radial SP propagation.'® This
model is in a good agreement with our measurements and we
obtain the best fit with r =0.2 +0.2i and 7y = 0.76—see Fig.
3(a) (solid line). A phase of the transmitted field is extracted
from this model, as represented in Fig. 3(b) (solid line) as a
function of a/P. We verify quantitatively this phase depend-
ence by directly measuring it by a simple interference
experiment. We fabricate pairs of bull’s eyes with unequal a
and measure the interference fringe patterns appearing in the
far field. The fringe patterns (inset Fig. 3) are cross-
sectioned along the center line of the hole pairs and their
shift with respect to a reference pattern of two identical
bull’s eyes with @ = 0.9 x P is measured (Fig. 3(b) dia-
monds). It is evident that the phase changes periodically with
a/P. The qualitative agreement of the measured phase shifts
with the model prediction provides a way to estimate and
design the phase modulation in the transmission. Impor-
tantly, the ability to locally control both phase and intensity
of transmitted light is a promising route towards extended
field shaping using plasmonic interactions.

The total phase retardation and extinction between the x
and y polarization components in the elliptical BE can now
be understood from a superposition argument, with the retar-
dation being given by a phase difference between the cavity
modes of two circular BEs with dimensions of a, and a,.
In order to describe solely the BE grooves contribution,
we carefully selected the appropriate Ay = 0.11 value

which  gives nearly wunity Jones matrix, J;, x
! 0.06¢"5% With such a hole at the centre of
0.056i0.39n 1.0281'0401871 .

the elliptical bull’s eye, we analyzed, by the tomography
method, the associated Jones matrices Jgg as a function of
the long and short axes dimensions a, and a,. Our aim was
to achieve a 7/2 dephasing between the two polarization
components while keeping the same intensity in transmission
(i.e., minimizing any dichroic effect). We chose values for
the minor and major radii a,=154xP and
ay =2.04 x P (¢ = P/2). It is evident from the model that as
the phase varies smoothly in this region, the intensity drops
from the resonant peak. Accordingly, there is a trade-off
between the transmission intensity and phase retardation.
Experimentally, the Jones matrix of this structure was found
to be

1 0.03310517[

0'0361'0.7071 0.87610417[ ’ (3)

JpE

leading to a retardation of ®gr = 73.8° and a dichroism of
ppe = 0.87. These values are close to the previously reported
ones.® This dichroism is too large to be related to a natural
damping of SPs propagating over a, and a,. This additional
dichroism when accounted for the actual ellipticity of the BE
& = P/2 falls into the noise level of the experiment (~3%),
henceforth justifying neglecting imaginary part of kgp for the
modeling in Eq. (2).

Appl. Phys. Lett. 101, 201103 (2012)

One of the central targets of this work is to improve the
retardation and the dichroism towards the desired values
(® = =n/2,p = 1). This can be done by squeezing the central
hole of the BE, to an ellipticity value, precisely chosen from
the data in Fig. 2. From a simple factorization argument on
(a priori diagonal) Jones matrices with Jyp = Jgg - J;,, one
is seeking a hole-induced retardation of 7/2 — ®pp while
compensating a relative absorption |Ey/E,| = pgg. This
compensation will only be possible if the principle axes of
the deformed hole are flipped with respect to those of the
elliptical BE, so that at the level of the hole, |E,/E,| turns
larger than 1 when expressed in the (x, y) basis.

We find that a central hole milled with Ay = 0 (corre-
sponding to an actual squeezing of —40 nm with its long axis
aligned along x; Fig. 2), displays the following Jones matrix

“

. 1 0.036¢0417
"% 10,0560 1.12¢100% |1

with indeed a compensating dichroic factor larger than one.
Finally, the Jones matrix of the elliptical BE combining both
this hole and the previously designed elliptical grating is
measured as

3

10.567
pro{ 1 0.03e ]

0.03650‘7071 0.96610507[

which is indeed very close to the simple Jpg - J;, product,
giving a full retardation of ®yp = 89.9° and a dichroism of
the order of 3% only, with residual deviations from the per-
fect quarter-wave plate within experimental errors. Note that
the proposed scheme does not rely on specific size-
dependent features and thus enables, in the plasmonic re-
gime, the design of quarter-wave plates for different wave-
lengths. Using the hole ellipticity as a residual dichroism
compensating degree of freedom, the small size of the struc-
tures along with their resonant transmission are interesting
when aiming at producing large area polarizing arrays with
wideband spectral responses.

To summarize, a subwavelength hole might be the sim-
plest optical device, it nevertheless displays surprisingly rich
polarization properties.'>?%?! These properties turn out to
be crucial in the combination with the cavity dynamics of
an elliptical BE structures for generating almost perfect
quarter-wave plates. This demonstrates the relevance of the
bull’s eye architecture in the design of plasmonic nano-
devices. The wide parameter space opened by such compos-
ite structures is a promise for many applications in photonics
requiring local addressing or ultrafast information storage
technology.
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