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Abstract In simulations we analyze performance of plas-
monic nanolenses made of a single metal layer. We con-
sider the nanolenses in two configurations. In the first, the
nanolens is a free-standing silver layer with no hole on
the optical axis and double-sided concentric corrugations.
In the second, the nanolens has a set of slits instead of
grooves. This necessitates integrating the annular metal ele-
ments with a dielectric matrix. We examine the following
parameters of the nanolenses: film thickness, diameter of
an on-axis stop, and lattice constant of slits or double-sided
concentric grooves, as well as depth and width of grooves.
Due to radially polarized illumination lenses have foci of full
widths at half maxima (FWHMs) better than half a wave-
length, though foci formed by propagating waves do not de-
crease beyond the diffraction limit. Due to proper geometry
of slits or double-sided grooves lenses have focal lengths
of the order of a few wavelengths. Transmission of light
through lenses with double-sided narrow grooves reaches
30% while through ones with slits exceeds 80%.

1 Introduction
The idea of imaging by means of nanoscale plasmonic de-

vices goes far beyond possibilities of refractive or diffrac-
tive microlenses and lenslet arrays made of optically trans-
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parent media. Nanoscale devices for imaging comprise sev-
eral nanotools such as flat or corrugated thin metal films [1]
and metal-dielectric multilayers [e.g. 2] as well as optical
probes for scanning near-field optical microscopes (SNOM)
[1, 3]. The probes are of various kinds: pure metal, met-
alized dielectric with aperture or spectrally tunable aper-
tureless dielectric-metal-dielectric [4]. Wide interest in plas-
monic lenses has started a decade ago, when transverse res-
olution considerably better than the Abbe resolution limit
was predicted [5] and experimentally proven [6, 7]. A lot
of research was devoted to generation of surface plasmon-
polariton (SPP) waves on circular and elliptical gratings
milled in thin Ag layers and to focusing of plasmons on lens
surfaces [8—10]. At the same time, ways of fabricating ex-
tremely smooth patterned metal layers for plasmonics were
sought [11]. In a recent paper by Chen et al. [12], a plas-
monic lens made of concentric silver rings with on-axis stop
and illuminated with radially polarized light is experimen-
tally proven to concentrate evanescent fields into a narrow
needle. The needle results from propagation of generated
plasmons toward the lens axis and their constructive inter-
ference, which results in strong enhancement of polaritons
over the on-axis stop.

Previous work on optical properties of single-layer lenses
with grooves or slits was focused on such properties, as
transmission mechanism through a continuous layer [13],
role of concentric grooves flanking an aperture [14, 15] and
slit widths on transmission [16]. Diameters of focal spots in
the far-field depend on the use of linearly [17, 18] or radi-
ally polarized [12, 19] illumination. Use of a central aperture
is beneficial for generating collimated beams from incident,
e.g. unpolarized light [14]. In the case of radially polarized
light a negligible amount of energy is present at the axis.
There is no need of a central hole as light coupling to SPPs
and back to photons on the back side of the lenses occurs
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Fig. 1 Schemes of a free-standing single Ag layer nanolens with
double-sided concentric grooves (left) and nanolens made of concentric
silver rings and integrated with a silica fiber and cladding. Thickness

away from the axis. Coupling between circular grooves or
slits operating above the cut-off ensures optimum transmis-
sion.

In this paper we deal with plasmonic nanolenses in the
form of a single metal layer either grooved and continuous
[20] or with slits. We analyze focusing properties of such
lenses in the far-field rather than their abilities to confine the
SPP wave. As a consequence, we do not achieve superreso-
lution, which is possible in the near-field due to contribution
of evanescent fields.

2 Nanolenses and simulation tool

Figure 1 show schematic views of the two considered
nanolenses. The left side shows a lens in the form of a free-
standing silver nanolayer with concentric corrugations on
both surfaces and no hole at the optical axis [20]. On the
right, a lens is composed of annular Ag rings and an on-axis
stop which are integrated with an optical fiber and dielectric
antioxidation cladding. A silver film of thickness d is de-
posited onto a flat end of a multimode silica fiber of core
diameter 2r = 10 pm with permittivity values & = 2.12
and g = 2.11 of core and cladding, respectively. Periodic
slits of width w and lattice constant A are filled with the
same dielectric as that of the fiber core. Transmission of
light through the lenses of both types is conditioned by effi-
cient photon-plasmon and plasmon-photon coupling, where
momentum matching is ensured due to the groove/slit peri-
odicity A — w = 2Agpp, where Agpp is the SPP wavelength.
The grating coupling method makes use of the reciprocal
vector of the grating k; = 27 /A, which shifts the wavevec-
tor of impinging light to the value of the wavevector of the
SPP wave kspp

kspp = kon sing + gk, (1)

where ko is the wavevector in free space, ¢ is the angle of
incidence, n is the refractive index of air (left side lens) or
glass (right), and ¢g is an integer.
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of Ag layers is d, diameter of an on-axis stop is s, groove or slit lattice
constant is A and groove or slit width is w. In a lens with grooves they
are h deep, and in a lens with slits a dielectric cladding is p thick

Photon-plasmon momentum matching is efficient on the
whole perimeters of grooves or slits due to radially polar-
ized illumination with Laguerre—Gauss (LG) intensity pro-
file [19, 20]. The axis of symmetry of grooves and slits co-
incides with the optical axis of the incident LG beam with
pure radial polarization and radial beam profile of electric
field

r r?
E.(r)= (E) exp(—m), @)

where R is a radius of maximum intensity. Matching the
beam diameter with that of grooved or perforated areas max-
imizes efficient use of light energy, that is, we have efficient
photon-plasmon coupling on outer edges of grooves or slits.
Each point of these edges on the backside of the lenses radi-
ates spherical waves, which contribute to the focus.

Simulations are performed in cylindrical coordinates
with the finite-difference time domain (FDTD) method us-
ing freeware package Meep [21] and in-house body-of-
revolution FDTD code [4, 20]. Silver is modeled using
Drude dispersion ¢(w) = &5 — a)g/ [w(w + i")] with the
following parameters &o, = 3.70, wp = 13673 THz and
I' = 27.35 THz [4, 20, 22]. We use a Cartesian grid of
spatial discretization 2 nm. Transmission properties are an-
alyzed for the following ranges of lens parameters: silver
layer thickness d from 80 to 500 nm, slit width w from
20 to 400 nm, lattice constant A from 400 to 800 nm, and
groove depth & from 10 to 40 nm. Other parameters are kept
constant: the dielectric cladding thickness p = 10 nm, the
fiber-core radius r = 5 um, and, dependent on r, the radius
of maximum beam intensity R = 1.7 um.

3 Transmission of nanolenses

Figure 2 shows intensity distributions of plasmons generated
on the backside of a grooved lens, shown with a solid line
with squares, and the Fourier Transform (FT) of the struc-
ture geometry of exactly the same lens, shown with a dashed
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line, as a function of the plasmon and structure spatial fre-
quency. According to (1), the frequency matching condition
is, in our case of ¢ = 0, entirely dependent on the values
of kg provided by the profile of the lenses. Thus, relative
intensities of generated SPP waves with spatial frequencies
kspp/2m are dependent on kg and are the higher the greater
is k, intensity in FT of the lens profile. We theoretically pre-
dict that incident light in the wavelength range A of 400 to
800 nm couples most efficiently to SPP waves for 1 /Agpp =
1.86 x 10 m~! (which corresponds to Ao &~ 560 nm in
free space) and 1/Agpp = 2.11 % 10° m~! (X9 ~ 500 nm)
and with smaller efficiency for spatial frequencies greater
than 2.3x10° m~!. This is confirmed by an analysis of SPP
wave intensity on the backside of the lens, where we ob-
serve maxima at 1/Agpp = 1.75 X 106 m~! (Ao &~ 570 nm)
and 1/Aspp = 1.86 x 10® m~! (19 & 500 nm).

Once photons are coupled to plasmons on the input sides
of the lenses different mechanisms govern transition of elec-
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Fig.2 Intensity (in arbitrary units) of plasmons generated on the back-
side of a grooved lens (solid line with squares) and the FT of the struc-
ture of the same lens (dashed line) as a function of the plasmon and
structure spatial frequency

Fig. 3 Electric energy density
distributions in (a) grooves for
wavelength A = 400 nm and in
(b) slits for A =500 nm.

(a) Localized plasmons in
grooves on the incident side
couple via resonant tunneling to
plasmons on the other side of
metal links. (b) In slits energy is
transported by waveguided SPP
modes, which show Fabry—Pérot
resonances
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tron oscillations to the output sides, depending on whether
grooves or slits are present. In the lens with double-sided
grooves transmission of light results from resonant tunnel-
ing via strongly localized surface plasmons in a manner
recognized in an early paper of Tan et al. [23]. This coupling
of plasmons from grooves on the incident surface to ones
in grooves on the back surface is shown in Fig. 3a. Trans-
mission through this nanolens, based on resonant tunneling,
reaches 30%. In the case of a lens with slits, increased trans-
mission results from coupling light directly to waveguided
modes in the slits. It can be further enhanced by properly
tuning the thickness of the metal film to exploit Fabry—
Pérot resonances of guided SPP modes in narrow channels
[24, 25], as seen in Fig. 3b. Transmission of light through the
second nanolens, dependent on guided modes, approaches
80%.

The large difference in transmittance of the considered
lenses is a result of their structure. For the nanolens with
grooves transmission results from coupling plasmons across
a 20 nm silver layer. Guided modes in concentric slits are
the transmission mechanism of the second lens. For the an-
alyzed spectrum they operate above cut-off and have a large
transmission even for small widths.

4 Far-field focusing properties

A nanolens with double-sided grooves focuses propagat-
ing waves in the far-field as was shown in [20]. Here, we
show that a similar process without contribution of evanes-
cent fields is realized by means of a lens composed of mul-
tiple concentric annular rings with an on-axis stop. Both
lenses are illuminated with radially polarized light and gen-
erate plasmons uniformly distributed along circumferences
of grooves or slits. Deviations from axial symmetry of SPPs
may only arise from fabrication inaccuracies [22]. Plasmons
on the lenses backsides scatter at concentric edges. The
fields originating at grooves or slits on the backside are of a
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Fig. 4 Electric energy density in the vicinity of simulated nanolenses
(a) with grooves for wavelength A = 400 nm and (b) with slits for
A =700 nm

radiative nature and propagate into the far-field, where they
contribute to focusing in such a way that the radial electric
field component interferes destructively at the axis and its
energy flows into the longitudinal component. Because this
constructive interference takes place in the far-field, where
evanescent components will have decayed, the transversal
dimensions of the focal spots are limited by diffraction. In
both cases the mechanism of focus formation is similar to
that in classical refractive optics, though very different from
that in diffractive optical elements. Foci formed by these
lenses have FWHMs slightly bigger than 0.4 and their focal
lengths depend on the wavelength of incident light and range
from one to a few A. Both nanolenses focus LG beams as
tightly as classical high-NA refractive optical systems. Fig-
ure 4 shows electric energy densities in focal regions of both
lenses. A characteristic separation of foci from the metal sur-
face can be seen, which is very different from plasmonic
needles observed in other works [12].

5 Conclusions

A free-standing 3D silver nanolens with concentric double-
sided grooves and no hole on the optical axis is illumi-
nated with a radially polarized visible range Laguerre—
Gauss beam. The second nanolens is composed of annular
Ag rings and an on-axis stop which are integrated with an
optical fiber and a dielectric antioxidation cladding. Both
lenses focus light in the far-field into spots of FWHM con-
forming to the diffraction limit. Their focal lengths depend
on wavelength and range from one to a few A. In both cases
foci are formed in a similar way. Behind the lenses radial
components of transmitted electric field scatter on backside
edges of grooves or slits, propagate and interfere destruc-
tively on the axis. The longitudinal component of transmit-
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ted electric field, in turn, interferes constructively. Transmis-
sion through the continuous nanolens with grooves is based
on resonant tunneling and for resonant frequencies reaches
30%. Transmission of light through the nanolens composed
of rings embedded in a dielectric matrix results from cou-
pling light to waveguided modes in the slits and reaches
80%. Both nanolenses concentrate radially polarized LG il-
lumination as tightly as classical high-NA refractive opti-
cal systems. The proposed nanolenses may be employed for
nanolithography [26] and endoscopy [27].
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