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Abstract We present a plasmonic lens with a dynami-
cally tunable focal length in the mid-infrared region that
is composed of gold film with annular slits and embed-
ded vanadium dioxide (VO;) nanorings. When illuminated
with radially polarized light, a perfect circularly symmetric
focusing spot can be dynamically tuned between the near
and far fields by decreasing temperature, and it can always
be focused beyond the diffraction limit. A physical model
of the tunable plasmonic lens is also proposed to explain
the mechanisms by which the focal length is dynamically
tuned. The field enhancement and the focal length can be
further tuned by adding concentric annular slits and VO,
nanorings, respectively, while keeping the focusing spot size
small. This provides a further step in the development of a
perfect tunable plasmonic lens.

Keywords Tunable plasmonic lens - Composite
nanorings - Radially polarized light

Introduction

The focusing of surface plasmon polaritons (SPPs) has
attracted much interest for its great potential in a variety
of applications such as high-density optical data storage
[1, 2], super-resolution imaging [3, 4], light focusing [5],
and plasmonic devices [6, 7]. For these applications, it is
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important to realize a superior focused spot with perfect
size, shape, and strength. Many plasmonic lens designs have
emerged to achieve a superior focused spot when excited by
linearly polarized light, such as chirped circular nanoslits
[8], elliptical nanopinholes [9], and metallic nanoslits with
variant widths [10]. However, it is difficult to obtain a sin-
gle, sufficiently small, and rotationally symmetric spot by
using a simple nanostructure with linearly polarized light.
This is because not all focused rays have electric field vec-
tors that are essentially parallel to the optical axis in the
focal plane. Recently, utilizing the highly symmetrical radi-
ally and azimuthally polarized lights to focus the incident
light into an ideal spot has become a new central topic
of research since vector beams have many more advan-
tages than scalar light for focusing. For instance, vector
beams can easily form a focusing spot beyond the diffrac-
tion limit due to their special polarization features [11-14].
In addition, radially polarized light can be efficiently cou-
pled with a plasmonic lens to produce brighter and more
symmetric focusing spots than those produced by linearly
polarized light [15]. Therefore, vector beams have been
extensively used to obtain superior focused spots with much
smaller size and high intensity. So far, most of the focus-
ing effects observed when using plasmonic lenses have been
realized only in the near or far field [16-18], which lim-
its the applications of the plasmonic lens in many domains.
The focusing location has to be tuned by accurately mod-
ifying the geometry parameters (such as by adjusting the
position of the groove outside the slit [19, 20]) or appro-
priately choosing the materials used to form the plasmonic
lens (such as by choosing a different medium in which to
immerse the plasmonic lens [21]); this tuning requirement is
an inherent drawback. The ability to actively control the res-
onant constitutive elements of plasmonic lenses will enable
the dynamic tunability of their focusing locations between
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the near and far fields. It will also potentially expand the
range of applications even further.

Many approaches have been introduced to achieve
dynamic tunability of the reaction between structures and
incident light with materials such as graphene [22], nonlin-
ear materials [23], and semiconductors [24]. Recently, tun-
able control of the optical properties of vanadium dioxide
(VO») has been demonstrated based on its phase transition
[25, 26]. The conductivity of VO in the mid-infrared can be
easily tuned by changing the room temperature. Therefore,
the combination of VO, and a plasmonic lens is a promis-
ing approach for realizing a dynamically tunable plasmonic
lens, which can be widely used in the development of
applications such as higher density optical data storage,
three-dimensional optical imaging, and three-dimensional
optical detectors.

In this letter, we present a plasmonic lens with a dynam-
ically tunable focal length in the mid-infrared region that
is composed of gold film with annular slits and embed-
ded VO, nanorings. A focusing spot with perfect circular
symmetry can be formed when illuminated with radially
polarized light. Meanwhile, the sidelobes can be effectively
suppressed. The focusing spot can be made dynamically
tunable between the near and far fields with decreasing
temperature by embedding VO, nanorings to form compos-
ite nanorings. The spot can always be focused beyond the
diffraction limit by tuning the temperature. We also propose
a physical model of the tunable plasmonic lens at two partic-
ular temperatures to explain the mechanisms by which the
focal length is dynamically tuned. The field enhancement
can be further improved by adding concentric annular slits,
and the focal length can also be extensively tuned by adding
VO, nanorings while keeping the focusing spot size small.

Focusing Properties of Radially Polarized Light

Figure 1 schematically illustrates the composite nanorings,
consisting of a gold film with annular slits and two embed-
ded VO, nanorings, which are irradiated by light incident
along the z-axis with a wavelength of L9 = 3.1 um. A 0.6-
pm-thick Au-based plasmonic lens with an on-axis hole (0.6
pwm in diameter) surrounded by periodic concentric annular
slits was deposited onto a glass substrate with a permittiv-
ity of 2.25. VO, was used to fill in the center hole and the
first inner annular slit, which were then simulated with a
thermally tunable permittivity € and conductivity o [27].
The optical constant of gold at 3.1 um is €4, = —433.541—
24.5791 [28]. The optimized structure was achieved by using
the finite element method (FEM)-based commercial soft-
ware COMSOL Multiphysics [29]. All boundaries of the
computation volume are terminated with perfectly matched
layers (PMLs) in order to avoid parasitic unphysical
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reflections around the composite nanorings. In order to
attain a high coupling efficiency, radially polarized incident
light is chosen as the optical source due to its ability to illu-
minate the annular slit with centrosymmetric TM-polarized
light. Unlike linearly or circularly polarized beams, the
polarization state of radially polarized light is inhomoge-
neous, so the electric field oscillation trajectory sensitively
depends on the locations of the observation points within the
beam cross-section. Thus, we consider the vector Helmholtz
equation for the electric field [30]

VxVxE—k*E =0, (1)

where k = 2m/A is the wavenumber. An axially symmetric
beamlike vector solution with the electric field aligned in
the radial direction should have the form

E(r,2) = U(r, 2)expli(kz — wi)]ey, @)

where e, is the unit vector in the radial direction. Substitut-
ing Eq. (2) into the vector Helmholtz Eq. (1) and applying
the slowly varying envelope approximation (which assumes
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Fig. 1 a Schematic model of a plasmonic lens on a substrate under
radially polarized incident light and b composite nanorings in the x—y
plane. The width and period of the annular slits are set to w = 1 um
and P = 3um. The numbers of annular slits and VO, nanorings are
ngic = 3 and nyo, = 2, respectively
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that gj‘z‘ «k*u and gj’; <k g‘;), U(r, z) satisfies the trial
solution:
i 02
U(r.2) = —EoJi ( P ) exp [—”3 Z./(Zk)} u(r. 2),
1+iz/z0 1+iz/z0

3)
where u(r, z) = Egy u’)‘zg)exp[—i tan~! (z/z0)]expli Z(Zl{im)”z]
is the fundamental Gaussian beam solution, Ji(x) is the
first-order Bessel function of the first kind, and Eg is a
constant electric field amplitude. This solution corresponds
to a radially polarized vector Bessel-Gauss beam solution.
Hence, Eq. (3) represents the radial polarization for the
electric field.

Using the radially polarized light to excite the plasmonic
lens results in an excellent focusing effect because the sur-
face plasmon can be excited from all directions to form
a focusing spot with perfect circular symmetry. We calcu-
lated the normalized electric field intensity distributions of
nanorings excited by linearly and radially polarized light,
and the results are shown in Fig. 2a, b, respectively. The
electric field intensity distribution of each focusing spot is
asymmetric in the x and y directions when illuminated with
x-polarized incident light at a wavelength of 3.1 um. For
radially polarized light at the same wavelength, the nor-
malized intensity of the Bessel-like electric field reaches
its maximum at the center of the exit surface, as shown in
Fig. 2c. The normalized electric field intensity distributions
in the focal plane are also given in the insets of Fig. 2a, b,
which further demonstrates the shapes of the focusing spots.
To obtain an intuitive comparison of the focusing properties,

Fig. 2 Normalized electric field
intensity distributions of
nanorings in the x—z plane
illuminated with a linearly
polarized light and b radially
polarized light at 3.1 um. The
insets show the shapes of the
focusing spots in the focal plane.
¢ Three-dimensional shape of
the focusing spot corresponding
to the inset of (b). d Simulated
beam profiles under radially
polarized light (red line) and
linearly polarized light (blue
line)

a

we present the beam profiles of the focusing region in the
x direction for the linearly and radially polarized light, as
shown in Fig. 2d. Sidelobes that almost have the same inten-
sity level as the two main focusing spots can be clearly seen
when illuminating with linearly polarized light. The normal-
ized electric field intensity excited by the radially polarized
light is larger than that excited by the linearly polarized
light, and the sidelobes can also be effectively suppressed.
These properties of the radially polarized light demonstrate
that it has superior capabilities for producing focusing spot.

Dynamically Tuning the Focusing Spot Between
the Near and Far Fields

It is known that VO, undergoes a metal-semiconductor
transition at a critical temperature; this is a first-order
structural phase transition from a high-temperature metallic
rutile phase to a low-temperature semiconductor monoclinic
phase, accompanied by the variation of the material’s opti-
cal and electric properties. Thus, combining nanorings with
VO, to form composite nanorings is a promising method
for dynamically tuning the focusing properties. Figure 3a—d
show the simulated normalized electric field intensity dis-
tributions of the presented composite nanorings in the x-z
plane illuminated with radially polarized incident light for
different temperatures around the transition temperature of
VO,. The variation of the concentration intuitively illus-
trates that the focusing spot can be dynamically tuned
between the near and far fields by decreasing the temper-
ature from 355 K to 343 K. In our work, the far field is

—— Radially polarized light
— Linearly polarized light
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Fig. 3 a-d Normalized electric
field intensity distributions of
composite nanorings in the x—z
plane produced by illumination
with radially polarized incident
light for different temperatures.
e—h Corresponding intensities
along the z-axis. i-l
Corresponding beam profiles in
the focusing region along the
X-axis

a relative concept that is defined in comparison with the
near field and is used to indicate the focusing region that
is farther away from the emitting surface. The incident
light at the wavelength of 3.1 um is closed to the near-
infrared wavelength range, and this light has a weak thermal
effect. Moreover, the discussed results were obtained under
steady-state conditions. The thermal effect caused by light
heating will not affect the overall results. Heat balance of
the system can be easily achieved by using an external tem-
perature control device in the experiment. In order to more
clearly show the transition of the focusing spot, we also
calculated the normalized electric field intensity along the
optical axis (the z-axis) for different temperatures, and the
results are shown in Fig. 3e—h. The results show that the
position of the maximal electric field intensity is gradually
transferred from the near field to the far field with decreas-
ing temperature. The focusing distances are given in terms
of the simulated depth of focus (DOF), which is defined
as the full width at half maximum (FWHM) of the cen-
tral intensity profile along the z-axis. The corresponding
values of DOF/Ay are shown in Fig. 3e-h. The presented
tunable plasmonic lens can realize a large dynamic mod-
ulation of the focal length from O to 3.9 um, which may
considerably broaden the practical applications of the plas-
monic lens in many fields. This tunability is achieved by
just changing the environmental conditions, which does
not require modifying any parameters or materials of the
nanostructure. These advantages make the proposed plas-
monic lens more practical and flexible compared with the
designs presented in previous works. To show the charac-
teristics of focusing spots in an intuitive way, we present
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the corresponding beam profiles in the focusing region in
Fig. 3i-1. It can be clearly seen that the shapes and sizes
of the focusing spots at the corresponding temperatures will
not be influenced by adding VO, nanorings. In addition,
the values of the FWHM of focusing spot along the x-
axis, D, produced by illuminating with radially and linearly
polarized light, are calculated under a wide range of tem-
peratures from 333 to 361 K, and the results are presented
in Table 1. For radially polarized light, the FWHM of the
focusing spot, D, can always be focused beyond the diffrac-
tion limit by choosing the correct temperature. A minimum
spot size D/Ag of 0.27 can be achieved at 351 K. For x-
polarized incident light, there is no temperature at which
the focusing spot can overcome the diffraction limit, where
the sizes of the focusing spot in both the x and y direc-
tions are larger than those of the spot excited by the radially
polarized light.

Table 1 Values of the full width at half maximum (FWHM) of the
focusing spots along the x-axis, D, at different temperatures produced
by illuminating with radially polarized light (RPL) and linearly polar-
ized light (LPL). The rows labeled LPL, and LPL, indicate the values
of FWHM of the focusing spots in the x and y directions, respectively,
under linearly polarized incident light

D/ o Temperature (K)

361 355 351 347 343 339 333
RPL 0.31 0.31 0.27 0.38 0.39 0.39 0.39
LPL, 0.31 0.31 0.31 0.33 0.35 0.36 0.37
LPL, 0.52 0.53 0.62 0.64 0.62 0.63 0.64
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Physical Mechanisms for Enabling Tunable Plasmonic
Lens

As is well known, SPP waves can be scattered into free
space by rough surfaces at the metal-vacuum interface [19,
31, 32]. However, perturbation of the surface profile is not
the only way to scatter SPP waves. Scattering of SPPs waves
can also be caused by surface impedance defects of the
metal due to impedance inhomogeneities [33]. To further
analyze the physical mechanisms that govern the dynamic
tuning of the focal length, we present a physical model of
the tunable plasmonic lens at two particular temperatures
in Fig. 4. The surface impedance of the proposed com-
posite nanorings varies as the temperature changes. The
VO, nanorings can be considered to be good conductors
when temperature is 355 K. In this case, the plasmonic
lens can be considered equivalent to a metal film with
three annular slits. Thus, SPP waves with a wavelength

of Aspp = Xo\/ Egﬁig;ﬁg: 3.09 um can be excited by
a T=355K

b T=343 K

scattered
waves
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Fig. 4 Physical model of the tunable plasmonic lens for a the near
field at 355 K and b the far field at 343 K. The green arrows indicate
the directions of the SPP waves and scattered waves

radially polarized incident light since its wavelength is con-
sistent with the period of the annular slit P = 3 um.
Here, ¢, is the dielectric constant of air. The SPP waves
excited at different slits will have propagation phase dif-
ferences of 2nr(n = 1,2,3...). These SPP waves are in
phase and constructively interfere with each other to pro-
duce a strong field enhancement at the geometrical center,
as shown by the arrows in Fig. 4a. Therefore, focusing in
the near field can be realized by setting the temperature to a
relatively high value. In contrast, the VO, nanorings behave
as dielectrics when the temperature decreases to 343 K. The
plasmonic lens can be considered equivalent to a metal film
with two dielectric nanorings and three annular slits. There-
fore, the surface impedance is no longer homogeneous in
the inner part of the plasmonic lens. This perturbation con-
verts the SPP waves into scattered waves to generate the far
field focusing, as shown by the arrows in Fig. 4b. In addi-
tion, there is another advantage of using surface impedance
instead of surface relief for scattering SPP waves. The
dielectric hole/nanorings and annular slits of the compos-
ite nanorings will not completely block the light from being
transmitted to the other side of the plasmonic lens. The plas-
monic lens will transmit both the scattered SPP waves and
the strong propagating waves to create the far field focusing.

The main function of the annular slits is to convert the
incident light into SPP waves that can propagate toward
the center of the plasmonic lens. The SPP scattering relies
on the existence of the VO, nanorings. Therefore, the field
enhancement can be further improved by adding additional
concentric annular slits with the same period and adding
the VO, nanorings allows the focal length to be exten-
sively tuned. Figure 5 illustrates the normalized electric
field intensities along the optical axis of the composite
nanorings with different numbers of annular slits or VO,
nanorings. Figure 5a, b shows that the focused intensities
have been further improved for both the near and far fields
by adding another annular slit while keeping the number of
VO, nanorings constant. Moreover, the focal length can be
tuned in a larger range by adding an embedded VO, nanor-
ing, as shown in Fig. 5c, d. In order to keep the number of
annular slits unchanged, we also added a concentric annu-
lar slit at the same time. At a temperature of 355 K, only
the SPP waves can be excited, and the maximum intensity
still appears in the near field. At a temperature of 343 K,
the focal length can be extended to 5.2 um as the scatter-
ing of SPPs is enhanced by adding more VO, nanorings.
The focused intensities are basically unchanged as the num-
ber of annular slits is kept constant, which also confirms
the effect of the annular slits. It is worth mentioning that
the FWHM values of the focusing spots corresponding to
the green lines in Fig. Sa—d are 0.35 A, 0.41 Ao, 0.36 Ao,
and 0.47 Ao respectively, which are still beyond the
diffraction limit.
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intensities of the composite a
nanorings along the z-axis with
different numbers of annular
slits(a and b) and VO,
nanorings (c and d) at 355 and
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Conclusion

In conclusion, we have presented a plasmonic lens that
has a dynamically tunable focal length and that is com-
posed of gold film with annular slits and embedded VO,
nanorings. When the plasmonic lens is illuminated with
radially polarized light, the resulting focusing spot, which
has perfect circular symmetry, can be dynamically tuned
between the near and far fields by decreasing the tempera-
ture. To improve the field enhancement (focal length) when
using composite nanorings, we have proposed adding more
concentric annular slits (more VO, nanorings), which can
keep the size of the focusing spot small. These properties
of the proposed tunable plasmonic lens are of significant
importance for applications such as optical data storage,
super-resolution imaging, and compact optical devices. As
the position of the focusing spot can be flexibly tuned, it is
easy to image and detect any region of subjects in both the
near field and far field. Therefore, it is expected to be espe-
cially useful in a wide range of three-dimensional optical
imaging, detection, and electromagnetic sensing.
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