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In this work, we demonstrate the nanoscale focusing of surface plasmons at two different wavelengths to the same focal plane
by a far-field plasmonic lens both numerically and experimentally. The far-field plasmonic lens, consisting of an annular slit
and a concentric groove, capable of focusing dual-wavelength surface plasmons to the same focal plane is characterized by a
scanning near-field optical microscope under both linearly and radially polarized illuminations. The demonstrated far-field
plasmonic lens can provide immense opportunities for on-chip photonic applications including dual-wavelength based super-

resolution imaging and ultra-high density optical data storage.© 2014 Optical Society of America
OCIS Codes: (240.6680) Surface plasmons; (240.0310) Thin films; (180.4243) Microscopy.

Plasmonic focusing devices utilizing the sub-
wavelength light confinement and the strong field
enhancement of surface plasmons, can break the
diffraction limit and allow for the manipulation of
light on the sub-wavelength scale, opening up
intriguing applications in imaging [1], sensing [2]
and integrated optical circuits [3]. As such,
plasmonic lenses capable of exciting and focusing
surface plasmons (SPs) such as nano hole arrays [4],
nano slits [5, 6] and annular ring structures [7, 8]
have attracted intense research efforts, although
their applications are limited to near-field
operations. On the other hand, a plasmonic lens with
an annular slit and a concentric groove has been
numerically introduced to achieve sub-wavelength
focusing at the far-field [9]. Similarly, diffraction
limited far-field focusing can be achieved by flat
metamaterial based lenses [10]. However, the
dispersion of the SPs depends strongly on their
frequency and the geometry of the structure. Once
the geometry is given, these far-field plasmonic
lenses can operate only at a specific wavelength of
SPs [11]. Therefore, achieving far-field focusing of
multiple wavelengths to the same focal plane
remains elusive.

In this work, we present a far-field plasmonic lens
capable of focusing of dual-wavelength of light to the
same focal plane by optimizing the concentric groove
structures. A scanning near-field optical microscopic
(SNOM) fibre probe is used to experimentally
characterize the focusing properties of the plasmonic
lens under both linearly and radially polarized
illuminations. The dual-wavelength focusing to the
same focal plane is crucial for applications such as
stimulated emission depletion based imaging and
lithography.

The principle of dual-wavelength focusing by the
far-field plasmonic lens, consisting of an annular slit
and a concentric groove, is shown in Fig. 1(a). For
the realization of far-field focusing of two
wavelengths, the groove is placed where the node
positions [9, 12] of the two interference patterns of
standing waves of SPs match (shown as the dashed
square box in the inset of Fig. 1(a)), which scatters
the dual-wavelength SPs to the same focal plane.
The scattering of the highly confined surface waves
into propagating waves is schematically illustrated
by the arrows in Fig. 1(a). One example of the
designed far-field plasmonic lens is shown in Fig.
1(b). An annular slit structure with a diameter of 5
um, which is numerically optimized using COMSOL
[9], was fabricated by the focused ion beam (FIB)
milling method (IonLiNE, Raith) on an Au film of
200 nm thickness, which is deposited on a glass
substrate. The depth and width of the annular slit
are 200 nm and 350 nm, respectively. The sub-
wavelength annular slit acts as a circular grating,
couples the incident light into SPs, which gains extra
momentum in the direction along the film [13]. The
excited SPs can interfere and produce a standing
wave pattern while they are propagating towards the
center of the lens. Inside the annular slit, a
concentric groove is milled with a depth of 80 nm
and a width of 100 nm. The inside groove can scatter
the SPs out of the interface. The scattered field
undergoes interference with the transmitted light
from the annular slit, concentrating most of the
energy in the far-field regime of the structure. The
focus forming efficiency of the structure is calculated
around 13% by the simulation.

In the numerical study through COMSOL,
incident beams at the wavelengths of 632.8 nm (A1)
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Figure 1: (a) Schematic illustration of the principle of a
dual-wavelength far-field plasmonic lens (Black single
headed arrow lines indicate the scattering of surface waves
by the concentric groove). The inset shows the principle of
the dispersion control by matching the node position
(shown as dashed square boxes) of the surface waves for
the two incident wavelengths. (b) SEM image of the far-
field plasmonic lens. Scale bar is 1 um.

and 750.0 nm (A2) were chosen. The complex
permittivities of Au corresponding to these
wavelengths were taken as -9.7997 + 11.9649 and -
16.9170 + i1.9602, respectively [14]. The
corresponding wavelengths of SPs (Asp) to these
incident wavelengths are 599.0 nm and 727.5 nm,
respectively, obtained from Eq. (1)

Edtem (1)

Asp=1g Py

where, 1o is the incident wavelength, ¢; is the
dielectric constant of the dielectric substrate and &,
1s the dielectric constant of the metal. Thus, the
evanescent standing waves generated at the exit
interface of the metal and dielectrics have a variant
periodicity as Asp/2, following the dispersion of SPs in
Eq. (1).

To demonstrate the capability of far-field
focusing of the dual-wavelength of light by the
plasmonic lens, we first studied the influence of the
position of the groove structure at a single incident
wavelength of 632.8 nm. The groove was placed at
locations where the node of the standing wave
pattern appears while keeping its depth and width
constant. A high intensity hot spot was observed in
the optical axis of the lens, which moves further
away from the lens surface, as the groove diameter is
increased. Figures 2(a) to (d) show the numerical
simulation results of the movement of the hot spot as
a function of the groove diameter. Figures 2(e) to (h)
show the SEM images of plasmonic lenses with the
corresponding groove diameter, d1 of 400 nm, 1000
nm, 1600 nm and 2200 nm, respectively. The efficie-
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Figure 2: Simulated electric energy distributions (a,b,c,d)
and the corresponding SEM images of the far-field
plasmonic lens (e,f,g,h) in the vicinity of the far-field
plasmonic lens when the groove diameter d1 is 400 nm,
1000 nm, 1600 nm and 2200 nm, respectively. The inclined
dashed line in the top figures indicates the shift of the
focal length. (i) Comparison between the axial distribution
of the normalized transmission intensity of the far-field
plasmonic lens obtained by experimental measurements
(data points) and simulated results (solid lines). The peaks
axially move to larger z-values as the groove diameter
increases, indicating the lift of the focal position away with
respect to the exit surface of the plasmonic lens or an
increased focal length. The wavelength under study is A; =
632.8 nm.

-ncy of the scattering by the groove is drastically
reduced when the groove is moved to the antinode
position of the interference pattern of the standing
waves. This observation is consistent with a previous
report [9].

The simulation of the axial shifting of the focal
spot as a function of the groove diameter was
corroborated by the SNOM experiment, as shown in
Fig. 2(1). To this purpose, the SNOM fibre probe (NT-
MDT) with an Aluminium coating of 50 nm in
thickness is used for the experimental verification of
the influence of the groove structure [15]. The
aperture of the probe has a diameter around 50-100
nms which yields a resolution around 100 nm. The
transmitted signal from the probe was collected by a
single photon photomultiplier tube (PMT).
Simulation results of the movement of focal spot
away from the lens surface as well as the increase in
intensity at the focal plane when the groove position
is changed were confirmed by the experimental
results. As the focal spot shifts away with respect to
the exit surface of the plasmonic lens, the increase in
the constructive interference along the axial
direction led to an elongated focal spot. Table 1
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Figure 3: (a) Comparison of the axial response of the two
incident wavelengths, A1 = 632.8 nm and A2 = 750 nm (the
dotted and dashed lines indicate the focal length of the
lens obtained numerically and experimentally). Simulated
two-dimensional energy distributions in the xz-plane for
(b) A1 = 632.8 nm (c) A2 = 750 nm (white dashed lines show
the focal plane and the white dotted lines show the scheme
of the far-field plasmonic lens).

summarizes the lateral full width at half maximum
(FWHM) measured from the SNOM images at the
focal plane as a function of the groove diameter.

Based on the simulated axial shifting and the
lateral confinement of the focal spot at each studied
wavelength, the groove radius was optimized at 1100
nm for focusing the dual-wavelength by the far-field
plasmonic lens. The dual-wavelength far-field
nanofocusing was also experimentally verified by the
SNOM probe. A normal Gaussian excitation beam
from a broad band laser at the wavelengths of 632.8
nm and 750 nm, respectively was achieved by weakly
focusing through an objective lens with a numerical
aperture (NA = 0.4) to the far-field plasmonic lens.
The beam was collimated at the back aperture of the
objective for a uniform excitation of the SPs along
the circumference of the structure.

To measure the focal length of the far-field
plasmonic lens, a z-scanning method of the fibre
probe was employed. The probe was retrieved at
regular intervals of 100 nm from the lens surface
until it is 2 microns away. At each z-plane, a regular
x-y scanning was performed. The axial response of
the far-field plasmonic lens was measured for the
two incident wavelengths and compared with the
focal length given by the numerical simulations. At
the optimized groove radius of 1100 nm,
corresponding to the node position of SP wavelength
of 599.0 nm and 727.5 nm, the plasmonic lens can
focus the dual-wavelength SPs to the same focal
plane. From  the SNOM  characterization
experiments, the focal length of the far-field
plasmonic lens was obtained experimentally as 1.2
pum (dashed lines in Fig. 3(a)), which is identical for
both illuminations at the incident wavelengths of
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Figure 4: Simulated phase distribution of the longitudinal
components in the focal plane of a far-field plasmonic lens
under linearly (top panel) and radially (bottom panel)
polarized illumination for (a) A1 and (b) A2. Simulated cross
sections of the normalized intensity distributions in the
focal region of a far-field plasmonic lens under linearly (top
panel) and radially (bottom panel) polarized illumination
for (¢) A1 and (d) As; Experimental cross sections of the
normalized intensity distributions in the focal region of a
far-field plasmonic lens u nder linearly (top panel) and
radially (bottom panel) polarized illumination for (e) A:
and (f) As; Polarization orientation is indicated by arrow in
the bottom left of each row.

632.8 nm and 750 nm. This result is consistent with
the simulation result at 1.15 um (the dotted lines in
Fig. 3(a)). Figures 3(b) and 3(c) show the simulated
nanofocusing  with  the normalized energy
distribution in the xz-plane for A1 and Az, clearly
exhibiting focusing to the same far-field focal plane.
In addition, the dual-wavelength far-field
plasmonic lens can operate by illuminations at both
linear and radial polarization. In the case of the
linear polarization excitation, only portions of the
annular slit where a component of the incident
electric field is perpendicular to the slit edge can
excite SPs and this criterion is satisfied only at two
opposite points on the circumference of the structure
[16]. The E, components in the focal plane become
out of phase (the top panels of Figs. 4(a) and 4(b))
producing two focal lobes in the far-field because of
their destructive interference at the center. In the
exact focal plane the two-lobe intensity distributions
can be obtained for the two incident wavelengths, A1
and As. At the focal plane of 1.2 um with respect to
the lens surface, the separation between the two
lobes for A1 and A2 was measured as 0.65 £ 0.01 A1



d1l =400 nm d1= 1000 nm d1=1600nm d1=2200nm
Simulation | Experiment | Experiment | S Experiment | Simulation | Experiment
Focal 370 300+ 50 635 600+ 880 800 + 1150 1200+

Length 50 50 50

(in nms)

FWHM | 0394 | 041+ [ 0404 | 041+ 0.42 0.43+ 0450 | 045+
ofthe 0.01% 0.01 A 0.01h 0.01
focal
spot

Table 1: Focusing performance of the far-field plasmonic
lens with different groove diameters for an incident
wavelength, A1 = 632.8 nm.

and 0.63 £ 0.01 A2 (the top panels of Figs. 4(e) and
4(f)), respectively, which is consistent with the
numerical simulations (the top panels of Figs. 4(c)
and 4(d)).

For improving the SP excitation efficiency and
thereby improving the resolution of the plasmonic
lens, a radially polarized illumination was employed.
A radial incident polarization, which is always TM
(transverse-magnetic) polarized with respect to the
outer slit, causes the excitation of SPs all around the
slit with their out-of-plane electric field components
always in-phase when propagating towards the
center [17, 18]. The groove scatters these
components to the far-field, producing a much
tighter focal spot at the center. This tighter focal
spot is attributed to the Ez components being in-
phase in the focal plane (the bottom panels of Figs.
4(a) and 4(b)). A single focal spot with much
improved resolution was observed numerically in the
same focal plane for A1 and Az (the bottom panels of
Figs. 4(c) and 4(d)). These features were corroborated
by the experimental FWHM of the lateral intensity
distribution in the focal plane of 1.2 pum, measured
as 0.45 £ 0.01 A1 and 0.45 + 0.01 Ag, for the two
incident wavelengths respectively (the bottom panels
of Figs. 4(e) and 4(f)).

In summary, the nanoscale focusing performance
of dual-wavelength SPs to the same focal plane by a
far-field plasmonic lens has been demonstrated. This
feature is achieved by optimizing the concentric
groove structures for the dispersion control of dual-
wavelength of SPs and hence demonstrating
tunability in the focal length. The dual-wavelength
focusing can be operated at both linearly and
radially polarized illuminations. The demonstrated
far-field plasmonic lens, with an improved resolution
compared to its counter parts like microlens arrays
[19], may find potential applications in multi-color
super-resolution nano lithography [20], stimulated
emission depletion imaging systems [21] and ultra-
high density optical data storage [22, 23].

Min Gu thanks the Australian Research Council
(ARC) for its support through the Laureate
Fellowship project (FL100100099) and the ARC
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