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The development of simple to prepare, polarization-
sensitive plasmonic apertures with two plasmonic modes,
is described. To achieve these results, monocrystalline
nanosphere lithography masks of 438 nm polystyrene
spheres are modified with reactive ion etching before sil-
ver is subsequently evaporated through the mask at var-
ied angles. As the angle of evaporation increases, round
apertures, elliptical apertures or lines with bow-tie like
features between two lines are produced. A primary
plasmon mode is shown at 570 nm, while a tunable plas-

1 Introduction Surface plasmon active materials
have been utilized in a number of applications, for instance
for enhanced spectroscopic methods [1, 2], sensing plat-
forms [3-5], and enhanced energy conversion [6-9] (to
name just a few). Several other applications are expected
to benefit from surface plasmon active materials, but re-
quire both wavelength and polarization control of the sur-
face plasmon resonance to be realized [10-12]. To date, the
strong local electric fields near a metal surface and the cor-
responding sensitivity to the surrounding dielectric media
of localized surface plasmons have been generated on a
number of different surfaces. Examples range from rough-
ened metal electrodes [13] to lithographically produced ap-
ertures [14] and nanometre-scaled objects [15], and, of
course, nanoparticles [16, 17]. Tunability of the surface
plasmon frequency using current methods for fabrication
largely relies on preparing a new lithographic mask or syn-
thesizing new nanoparticles for each desired plasmon reso-
nance [18].

Nanosphere lithography (NSL) is one popular method
for producing surface plasmon active materials due to its
low fabrication cost and the large size of the sample area
produced (as large as 50-200 cm?) [18-20]. Though modi-
fication of the nanosphere layer can lead to tunable optical

mon mode is demonstrated between 700 and 900 nm.
Finite-difference time-domain calculations agree with the
observed results and predict that this method of fabrica-
tion can produce tunable plasmonic features throughout
the NIR optical telecommunication wavelength range.
Lastly, the excitation polarization angle is compared with
that of plasmonic nanorods and asymmetric nano-
apertures systems to describe why the excitation polariza-
tion of the low energy mode is orthogonal to the long ax-
is of the apertures.
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transmission; changing the plasmon resonance frequency
relies on changing the initial sphere size. Several special-
ized methods have been demonstrated to prepare complex
morphologies with controllable optical properties from
nanosphere lithography masks, but these methods require
metal evaporation chambers with specialized sample stages,
custom geometries and at least two axis of rotation to be
realized [21-23]. We describe herein a method fabricate
plasmonic structures through which it is possible to tune
the plasmon resonance frequency by changing the optical
polarization angle. Said structures are achieved through
controlled evaporation in a custom-built evaporation
chamber with only a single tilt axis.

Recent interest in polarization sensitive plasmonic
structures has been driven by potential applications in
HDTV11 and telecommunication technologies [12] and
has largely been undertaken on perforated silver films pre-
pared with electron beam lithography. The high degree of
control over these surfaces enables very precise aperture
dimensions and shapes, but typically on a very small size
scale. This has been ideal for understanding the role physi-
cal structure plays in controlling how the plasmon reso-
nance interacts with polarized light, but does not represent



an easy method for preparing the large area structures re-
quired for the proposed applications [24-26].

1.1 Nanosphere Lithography We have developed
structures from simple to prepare NSL masks with wave-
length tunable and polarization sensitive optical properties.

Figure 1 SEM micrographs of representative 50 nm silver films
on glass as a function of silver deposition angle. The calculated
value of ¢ = ((Ro-Ri)/Ro) is shown for each deposition angle. The
polarization angle for incident light for subsequent figures is
marked in the left most panel. For all images, the periodicity cor-
responds to the original sphere size of 438 nm, the width of the
holes to the etched sphere size of 270 nm £ 10 nm.

Typically, NSL utilizes a hexagonally close-packed ar-
ray of nano- or microspheres on a surface as an evapora-
tion mask. Without modification, a hexagonal array of tri-
angular prisms is produced via metal deposition. By reduc-
ing the sphere size first, a hexagonal array of apertures in
the deposited metal is produced. Additional structures can
be fabricated if large, monocrystalline NSL masks are first
produced and then oriented with respect to the metal evap-
oration source before metal deposition. In this paper, we
demonstrate that, by changing the angle of metal evapora-
tion through the lithographic mask, the shape of the aper-
ture can be tuned from circular to elliptical apertures and
eventually lines. Unlike previous techniques, such as the
so-called angle-resolved NSL (AR-NSL) [23], the nano-
sphere is reduced in size before metal evaporation, and un-
like the so-called shallow-angle NSL (SANSL) [21] the
angle of deposition is controlled for aperture ellipticity, not
line formation. In this way, a fast and easy production of
macroscopic arrays of oriented anisotropic nanostructures
is demonstrated, with control of the geometry that is unu-
sual for self-assembled techniques. For mass production,
this method can be transferred to other lithographic meth-
ods and is expected to be broadly applicable to interference
lithography or nanoindent or stamp-based lithographies for
large-scale fabrication.
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Figure 2 Measured optical transmission spectra for 50 nm silver
films on glass, at normal incidence and for unpolarized light (top).
Measured transmission minima (from top) for both the high fre-

quency (Vis) and low frequency (NIR) plasmon absorption fea-
tures as a function of the ratio 9= ((Ro-Ri)/Ro) (as seen in Fig. 1).

2. Experimental In the scanning electron microscopy
(SEM - obtained on a Hitachi SU8030) data shown in Fig.
1, a series of perforated silver films (50 nm silver on a 2
nm titanium adhesion layer) is shown. The silver films
were produced by evaporating silver through 438 nm di-
ameter polystyrene spheres (purchased from Microparticles
GmbH), reduced to a diameter of 270 nm by etching the
surface for 350 s, at a plasma power of 64 W and gas flow
of 1 sccm O, at 0.06 mbar in a (plasma technologies
GmbH “MiniFlecto”) oxygen plasma system. As the angle
of silver deposition is changed between 0 and 52 degrees
(defined as the angle between the sample normal and the
direction of evaporation), round apertures, then elliptical
apertures and finally linear rows of silver lines dotted with
bow-tie-like features are produced. In Fig. 1, the ratio ¢, is
defined as (Ro-Ri)/Ro (Where R, is the initial radius (219
nm) of the non etched spheres, i.e. the distance between the
holes, and R; the measured semimajor axis of the ellipse),
leading to connected holes for negative ¢. In order to align
the grating vector of the two-dimensional array of spheres
with the angle of metal deposition, the array orientation is
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first mapped via bright field optical microscopy on a pur-
pose built stage (see Supplementary Information 1) [27].
The stage can then be rotated to the correct angle before
metal deposition to enable the formation of elliptical aper-
tures with long axis in the direction of the grating vector.
For this study, crystalline regions (with 2D crystal axis
varying no more than + 2°) of few cm?2 were produced (see
Supplemental Information 1). As has been shown in previ-
ous work, depending on the size and quality of the spheres,
as well as on the method of fabrication, crystals of over 50
cm? can be achieved [18]. The spacing between two metal
rows and the critical angle where the transition between the
sphere-ellipse-line takes place is determined by the etched
sphere size and the corresponding geometry of the system
(in the present case the average aperture short axis is 270
nm, which is also the distance between wires, and the criti-
cal angle where the array of apertures becomes an array of
lines is ~ 48°).

The transmission of the produced nanostructures was
measured with polarization dependency in a Thermo Scien-
tific Evolution Array UV/Vis spectrometer.
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Figure 3 Measured (a) and calculated (b) optical transmission
spectra as a function of wavelength and polarization angle
through a 50 nm silver film on glass, as shown in Fig. 1

3 Results and discussion The effect of elongating
the aperture on the optical properties of the perforated film
is twofold. First, as can be seen in Fig. 2 (top), once the
length of the ellipse approaches the period of the array, a
second resonance appears at lower energies than the prima-
ry resonance. For apertures produced from 438 nm poly-
styrene spheres, the primary plasmonic feature is at 570
nm while the second, higher wavelength appears between
700 nm and 910 nm. This second resonance is sensitive to
the dimensions of the ellipsoid and shifts nearly 210 nm in
wavelength with changing ellipticity of the apertures (see

Fig. 2 (bottom)). In general, the excitation wavelengths of
both plasmon modes are in excellent agreement with finite-
difference time-domain calculations. Interestingly, the
primary resonance associated with hexagonally close-
packed arrays of apertures remains nearly constant
throughout the transition from circular apertures to ellipti-
cal apertures and finally to linear rows dotted with bow-tie-
like features.

The second effect is that, where, for round holes, there
was no difference in optical properties with polarization
(see Supplementary Information 2) [27], for the elliptical
hole-array as the length of the ellipse approaches the peri-
od of the array, new features appear, and as the ellipsoids
become longer than the period of the array, i.e. ‘percolat-
ing’ into continuous apertures, the feature shows strong po-
larization sensitivity (see Fig. 3). When the polarization of
the incident light is perpendicular to the long axis of the el-
lipsoids (0° in Fig. 3), the low energy plasmon is excited
and leads to both plasmonic features being observed. When
the polarization is rotated by 90° to be parallel to the long
axis of the ellipsoids, only the initial high-energy plasmon
resonance remains, even though less marked. For hexago-
nally close-packed apertures, the spectral location of a
plasmon resonance can be approximated by equation 1
(where ‘@’ is the original nanosphere diameter or grating
period, i and j the scattering orders of the array, em and &g
the permittivity of the metal and of the dielectric in contact
with the metal) [10]. Applying equation 1 to the samples
presented in Fig. 1 and 2, it is expected that as the incident
polarization is rotated, weak maxima and minima in the
plasmonic features will appear at 60-degree intervals.
However, for such samples, where the grating spacing and
aperture diameter are similar, we find a distinct lack of po-
larization sensitivity (see Supplemental Information 2).
More importantly, the same equation cannot explain the
frequency, nor the excitation polarization of the low-
frequency mode present once the elliptical long axis is
longer than the grating period [24].

A= a Emed (1)
SP— :
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For rectangular apertures, similar observations as the
low-frequency plasmonic resonances seen herein were at-
tributed to localized surface plasmon modes [25]. For these
modes, it is useful to compare the surface plasmon modes
and the corresponding polarization of excitation to nano-
rods of the same plasmonic metal. For rectangular aper-
tures, the modes excited by polarized light are geometrical-
ly orthogonal to those of the nanorods, with the low fre-
quency mode excited along the short axis of the aperture
and the high frequency mode excited along the long axis of
the aperture. Initially, this difference was simply described
by the “complementarity between holes and particles” [25]
and was subsequently described using a quasi-static model
by Sepulveda et al [26]. In the present case, where the



strong polarization dependence is seen once the elliptical
long axis is longer than the grating spacing, there is no
simple complementarity to this geometry. However, the re-
sulting structure is reminiscent of bow-tie antennae spaced
out evenly along a metal wire. For isolated silver bow-tie
antennae, the plasmonic resonance blue shifts as the two
triangular silver islands are spaced further apart [28]. For
the samples prepared in the present work, modeled results
predict a similar trend: as the elliptical long axis increases
in length, the triangular features become further apart and a
blue shift in the low frequency plasmonic feature is seen
(see Supplementary Information 3) [27].

As with the fabrication of wire gratings using AR-NSL,
or any method for that matter, the infrared response of the
elliptical nanoaperture films is strongly polarization sensi-
tive. Since the conductivity along the ellipse long axis is
maintained in the form of linear rows of silver that is dot-
ted with bow-tie-like features, the optical transmission of
light polarized along the elliptical long axis (90° in Fig. 1)
is reduced. When the polarization is rotated by 90° (to 0°
in Fig. 1) and is perpendicular to the ellipse long axis,
transmission through the films is maintained, per standard
grating theory (see Fig. 4).
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Figure 4 Calculated percent transmission through a 50 nm thick
silver film on glass as a function of increasing hexagonal spacing
of an array of elliptical apertures showing how the two optical
features scale with pitch and incident polarization. The aperture
dimensions are defined as 150 nm less than the hexagonal spac-
ing for the short axis (i.e. by a reduction in diameter of 150 nm by
etching), and 20 nm longer than the hexagonal spacing for the
long axis.

In Fig. 3, the optical transmission through as-produced
silver aperture films (Fig. 3a) is compared to modeled
spectra calculated using the freely available MIT Electro-
magnetic Equation Propagation (MEEP) software (Fig. 3b)
[29]. As this data and many publications demonstrate, fi-
nite-difference time-domain calculations provide an accu-
rate prediction of the optical transmission through nanoap-
erture films in silver [30]. To demonstrate the usefulness of
simple to produce elliptical apertures for polarization-
sensitive application ranging from visible applications such
as HD displays or fiber optic communication (where the U-
Band is defined as ending at 1675 nm), the effect of chang-
ing the inter-aperture spacing from 400 nm to 1000 nm is
shown in Fig. 4. For any given inter-aperture spacing, a

similar tunability in plasmonic resonance is expected to the
tunability seen for 438 nm spheres. For the calculations in
Fig. 4, the short elliptical axis is defined as 150 nm less
than the hexagonal period, while the long axis is defined as
20 nm longer than the hexagonal period. The optical
transmission spectra, at both zero and 90-degree polariza-
tion, as a function of aperture size and periodicity, are
shown in Fig. 4. It is clear from the modeled data that sim-
ple to produce structures, in a hexagonal pattern, with sizes
ranging from 400 nm to 1000 nm diameter, can be used to
produce polarization sensitive plasmonic films in silver.
This simple approach is expected to have even better de-
fined spectral features if apertures are produced for exam-
ple in a manner similar to Cataldo et al [22, 31].

In conclusion, simple to prepare, large-area arrays of
plasmonic apertures with tunable and polarization sensitive
optical properties are demonstrated. Using angle-
dependent silver deposition through nanosphere lithogra-
phy masks, plasmonic resonances are shown to change
nearly 300 nm with increasing aperture ellipticity for the
case of 438 nm aperture spacing. The applicability of such
a system to visible and near infrared applications is
demonstrated with optical modeling using the well-known
MEEP software, showing polarization sensitive plasmonic
properties from 550 nm to 1700 nm by simply changing
the hexagonal spacing.
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