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Ultrasmall radial polarizer array based on patterned plasmonic nanoslits

Kentaro lwami,® Miho Ishii, Yuzuru Kuramochi,” Kenichi Ida, and Norihiro Umeda
Department of Mechanical Systems Engineering, Tokyo University of Agriculture and Technology,

2-24-16 Nakacho, Koganei, Tokyo 184-8588, Japan

(Received 4 September 2012; accepted 8 October 2012; published online 19 October 2012)

We developed an ultrasmall radial or azimuthal polarization converter of size ranged from 10 to
100 pm. The converter consists of a half-wave plate divided into four quadrants, each of which is
made of periodic gold nanoslits at different orientations in steps of 45°. The converter and its array
were fabricated and followed by an evaluation with the Sénarmont method and the polarization
microscopy. Due to the giant birefringence of the gold nanoslits, each slit segment achieved 180°
retardation at the wavelength of 633 nm, and the conversion from linear to radial polarization was
demonstrated. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4761943]

Radially and azimuthally polarized lights have attracted
much interest because of their unique axially symmetric dis-
tribution of the polarization state in a beam cross section, in
contrast to the homogeneously polarized beams. These polar-
izations have been widely studied and applied to many fields,
including fine focusing for high resolution optical micros-
copy,' laser machining,” optical manipulation,® plasmonic
focusing,* Raman spectroscopy,”’ and photothermal therapy.6
In particular, the generation of a large longitudinal electric
field component is a significant characteristic of focused
radially polarized light, and it has opened up unique applica-
tions such as particle acceleration.’

The generation of these polarizations relies on the local
control of both the polarization orientation and phase. Sev-
eral methods have been studied to accomplish this, including
polarization selection at a laser cavity®” or use of a radial
polarization converter (RPC). Of the wide variety of RPCs
that have been studied, examples include orientation-tailored
liquid crystal (LC),'*"" LC-based spatial light modulators
(SLMs)," spatially varying retardation (SVR) based on opti-
cal crystal®'? or photonic crystal,'”> sub-wavelength gra-
ting,'* and glass nanostructuring.'”

On the other hand, recent advances in microelectrome-
chanical systems (MEMS) have opened up a world of
“parallel optics,” represented by micromirror array or micro-
lens array devices, which have been applied in areas from
basic science to the telecommunications of the future.'®!’
The use of radially or azimuthally polarized light in the field
of parallel optics may offer many opportunities, for example,
high-throughput nanoscale surface imaging, sensing, and
modification by combining them with MEMS probe array
system. However, such an application has not yet been real-
ized because axially symmetric beams cannot be arranged in
parallel. Therefore, a RPC array is critically needed. Con-
ventional RPCs, however, have disadvantages for this pur-
pose. The main obstacle is the difficulty in fabricating
microscale RPCs. The size and resolution of SLMs are not
MEMS compatible, and the low damage threshold of LC-
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based devices restricts their application. SVR plates, which
consist of half-wave plate crystal pieces divided into four or
eight segments, are difficult to miniaturize. The sub-
wavelength gratings formed on dielectric substrates have
advantages for micromachining, but the application is lim-
ited to the mid-infrared range because the micromachining
of optically transparent material with the sub-wavelength re-
solution is difficult. Although photonic crystals would satisfy
the above requirements, its fabrication is difficult because
multilayer deposition is essential. Minimum featuring size of
glass-nanostructured RPC is still unclear.

Periodic nanoslit arrays on noble metal thin films were
utilized to induce giant birefringence, and more than a 180°
phase shift was achieved with nanoscale-thickness.'® This
structure is most compatible with miniaturization because it
can be fabricated through conventional electron beam (EB)
or nano-imprint lithography combined with a lift-off process,
as is expected for future mass-produced wave plates.'®!”
Furthermore, by arranging nanoslit arrays into a pattern, the
spatial distribution of polarization can be theoretically tai-
lored. In this paper, we design, develop, and demonstrate an
ultrasmall RPC based on a half-wave plate divided into four
quadrants that are composed of patterned plasmonic nanoslit
arrays.

Figure 1 shows a schematic drawing of a plasmonic
RPC and its cross section. As shown in Fig. 1(a), the RPC
consists of four segments of a nanoslit array of a gold thin
film deposited on a transparent substrate. Each array segment
has identical slit width and period. Figure 1(b) shows the ori-
entation of polarization. Since the phase shifts are opposite
between the transverse electric (TE: the electric field is par-
allel to the nanoslits) and the transverse magnetic (TM: the
electric field is perpendicular to the nanoslits) polarizations,
a giant birefringence can be achieved.'® As shown in Fig.
1(a), the four segments, or quadrants, are arranged by chang-
ing each slit orientation in steps of 45°. In this structure, the
TE axis (fast axis) is treated as the principal axis of the slit
array because the phase shift for the TE wave is positive, in
contrast to the negative phase shift for the TM wave. There-
fore, the principal axes of the four quadrants from 1 to 4 can
be described as 45°, 90°, 135°, and 0°, respectively. If each
quadrant achieves a retardation of 180°, the arrays work as a
half-wave plate divided into fourths. Consequently, 45° and

© 2012 American Institute of Physics
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FIG. 1. (a) Schematic drawing of the RPC based on a plasmonic gold nano-
slit pattern. It consists of four quadrants, each having 180° retardation. The
RPC is arranged by changing the slit orientation in steps of 45°. As the nano-
slit array has its principal axis (fast axis) along a slit, a 45° linear-polarized
light can be converted to a radially polarized light. (b) Schematic of a cross
section of each slit array allocated on each quadrant.

135° linear-polarized incident light can be converted into
radially and azimuthally polarized light, respectively.

When developing a plasmonic half-wave plate of metal
nanoslits, design parameters should be optimized; however,
it is difficult to estimate the phase shift accurately on the ba-
sis of analytical waveguide theory. For example, propagation
constants for the TE and TM waves are given by, '®

kre = \[ kg — (m/wesr)?, (1)

tanh (K m) - @
’ eny/ Ky — &

where kpp and kpy, are propagation constants for the TE and
TM modes, respectively; and w and w,y are the raw and
effective widths of the slit, respectively; and ¢, is a dielectric
function of the metal. As shown in Eq. (1), k7z has a sharp
cutoff at 4 = wyr /2. However, for gold thin films, cutoff is
not sharp but gradual around this wavelength.?’ Therefore,
numerical analysis is essential to the design of a plasmonic
nanoslit half-wave plate.

To determine the optimal slit design, a numerical simu-
lation based on commercially available finite-difference
time-domain (FDTD) software (RSoft, FULLWAVE 8.1) was
performed. As a half-wave plate, identical transmittance
between the TE and the TM waves is important for the plas-
monic nanoslit array, together with a 180° phase shift. Figure
2(a) shows contour plots of the phase shifts and the ratio of
amplitude transmittance (Arg/Ary) for a 500-nm-period slit
array under a 633 nm incident wavelength. In Fig. 2(a), the
solid and dashed contours correspond to the phase shifts and
transmittance ratios, respectively. Since the contours of a
180° phase shift and an identical transmittance ratio intersect
at a gold film thickness of 320 nm and a slit width of 240 nm,
a plasmonic nanoslit half-wave plate can be developed at
this point. Fig. 2(b) shows the regions at which phase shifts
can be achieved between 175° and 185° together with trans-
mittance ratios between 0.95 and 1.05 for each incident
wavelength on a 500-nm-period gold slit array. As shown in
Fig. 2(b), a plasmonic nanoslit half-wave plate can be
achieved for a broad range in the visible spectrum. Fig. 2(c)
shows amplitude transmittance of above-mentioned regions.

The RPC pattern was defined on a quartz glass substrate
of thickness 525 um through EB lithography. A 5-nm-thick
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FIG. 2. (a) Contour plots of phase shifts (solid curves) and the ratio of am-
plitude transmittance (Arg/Ary, dashed curves) for the 633 nm incident
wavelength. The pitch of the slit array was fixed to 500 nm. (b) Regions to
achieve both 175—185° phase shift and 0.95—1.05 amplitude ratio for each
incident wavelength. (c¢) Amplitude transmittance spectrum of above-
mentioned regions.

chromium layer was deposited by the EB deposition for ad-
hesion, followed by the deposition of a gold layer. Next, the
EB resists were removed by an organic solvent, and a metal
nanoslit pattern was developed (lift-off process). Sizes of
single RPC ranged from 10 to 100 um. Two types of slit
arrays were fabricated, one with a slit width of 300 nm and
the other, 350 nm with a slit pitch of 525 nm due to lithogra-
phy limitation. In order to achieve a 180° phase shift at the
300-nm-wide slit, the gold thin film was deposited with a
thickness of 445 nm. Fig. 3(a) shows a scanning electron mi-
croscopy (SEM) image of the fabricated 3 x 3 array of the
10 um RPC array with the slit width of 300 nm.
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FIG. 3. (a) An SEM image of a fabricated 3 x 3 RPC array. The size of an
RPC unit is 10 um. (b) Experimental setup for the retardation measurement
based on the Sénarmont method. (c) Retardation spectra on 525-nm-period
and 300-nm-wide gold nanoslit by Sénarmont method measurement (circle),
FDTD calculation (square), and theoretical estimation (solid line), respec-
tively. Error bars indicate standard deviations over four quadrants (n =50
for each quadrant).
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TABLE I. Retardation (deg) for 633-nm irradiation of each nanoslit array
quadrant with slit widths of 350 and 300 nm. The period and thickness of
both slit arrays are 525 and 445 nm, respectively.

Slit width
Quadrant 350 nm 300 nm
1 116.3 175.7
2 71.65 184.9
3 147.9 184.7
4 70.24 181.1

The phase shifts of each quadrant were measured by the
Sénarmont method. Figure 3(b) shows the experimental
setup. A He-Ne laser (4 = 633 nm) beam passes through a
linear polarizer whose transmission axis is 0° (LP0°), and is
focused onto each quadrant. The RPC with the size of
100 pum was used. The RPC was rotated with a degree of ¢
to keep the angle between the fast axis of each quadrant at
45°. Therefore, ¢ for the quadrants 1, 2, 3, and 4 were 0°,
—45°, —90°, and —135°, respectively. The transmitted beam
was collimated by an objective lens and passed through a
90° Babinet-Soleil compensator as a quarter-wave plate
(QWP90°) and a 90° linear polarizer as an analyzer. Finally,
the power of the transmitted beam was measured by rotating
the analyzer (LP90° + 0).

Table I shows the summary of retardation for RPCs with
slit widths of 350 and 300 nm for 633 nm light. For both slits,
the slit period was 525 nm. As expected, the 300 nm-slit RPC
shows retardation of about 180° for every quadrant. This
result confirms that each quadrant of the 300-nm-wide nano-
slit array acts as a half-wave plate. In 350-nm-wide slit, the
large retardation difference between orthogonal arrangement
(quadrants 2 and 4) and diagonal arrangement (quadrants
1 and 3) is observed. It is possibly due to shape error since
variable shaped e-beam was used.

Figure 3(c) shows the retardation spectra of a 300-
nm-wide slit under laser irradiation at four wavelengths
(532, 576, 614, and 633 nm) measured by the Sénarmont
method (circle), FDTD calculation (square), and theoretical
estimation (solid line), respectively. As shown in Fig. 3(c),
theoretical estimation based on Eqgs. (1) and (2) does not
agree with the other methods in the short wavelength
region. In contrast, the FDTD calculation agrees well with
the experimental result.

To determine the principal axes of each quadrant, the
dependence of the rotation angle on transmitted intensity
was measured for the 350-nm-slit RPC, and the results were
evaluated by fitting to the theoretical curve of the Sy compo-
nent of Stokes vector. In this setup, we assumed each quad-
rant as an optical retarder with the principal axis of ¢ + 45°
and a retardation of A. For example, the Sy component of

transmitted light through the quadrant 1 (¢ =0°) is
expressed as follows:
1
So = 4_1{1 + cos(A —2(90° + 0))}. 3)

Fig. 4 shows the normalized intensity and the fitted Sy
curves for each RPC quadrant. As shown here, all the experi-
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FIG. 4. Normalized intensity of transmitted light through each quadrant of
RPC and fitting with S, component of Stokes vector.

mental results agree well with the retarder model, and the
principal axes of each quadrant are confirmed as the TE
direction (parallel to the slit). Therefore, it is confirmed that
the fabricated nanoslit array pattern can act as four-quadrant
half-wave plates, that is, an RPC.

To demonstrate the fabricated RPC visually, a polariza-
tion microscope was used to observe it. Fig. 5 shows optical
microscope images under polarized illumination with and
without an optical bandpass filter at 633 nm. As illustrated in
Fig. 5, a 45° input linear polarization should be converted
into radial polarization by the RPC. The transmitted light is
imaged by a charge-coupled device (CCD) camera through
an analyzer with the transmission axis at 45° (upper images)
and 135° (lower images), with and without the 633-nm opti-
cal bandpass filter. As shown in the images with the 633 nm
filter, the RPC pattern exhibits the expected contrast; the
quadrants 1 and 3 are bright with the 45° analyzer, and the
quadrants 2 and 4 are bright with the 135° analyzer. In con-
trast, the white light images do not show clear RPC-like
response because of the wavelength-dependent retardations
from the nanoslit. The differences in brightness between
kitty-cornered quadrants obtained with 633 nm filters can be
attributed to the differences of transmittance between the TE
and the TM polarizations resulting from the fabrication fluc-
tuation in slit dimensions. Intra-quadrant inhomogeneity of
transmittance is also obtained, the reason can be due to par-
tial peeling or sticking occurred during the development pro-
cedure of EB resist.

A

45° input
polarization

¥ ol

Q3

633 nm filter

Output Analyzer ~ White light
FIG. 5. Polarization microscope images of the 300-nm-wide slit RPC illumi-
nated by white light with and without a 633 nm bandpath filter. Dashed lines
at RPC symbol indicate fast axes of quadrants (slit direction). Symbols

Q1-Q4 indicate the number of each quadrant.
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In conclusion, a radial polarization converter that made
use of a gold nanoslit pattern was designed and fabricated on
a glass substrate. The size of the RPC ranged from 10 to
100 um in length and was 445 nm in thickness. With proper
slit width and gold thickness design, the RPC will be useful in
a large portion of the visible spectrum ranged 442 to 780 nm.
Improvement of the low transmittance of nanoslit is the fur-
ther challenge to a practical device, which will be achieved by
optimizing slit pitch, modifying pattern from slit to for exam-
ple rectangle,21 or possibly adopting a technique of electro-
magnetically induced transparency.””> We are expecting to
broaden the usefulness to the ultraviolet region by changing
the plasmonic material from gold to silver or aluminum.
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