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Abstract: Three-dimensional (3D) nanoscale focusing of radially polarized
light in far field by a simple plasmonic lens composed of an annular slit and
a single concentric groove is reported. The numerical calculations reveal
that the incident light is coupled to surface plasmon polaritons (SPP) by the
annular slit and a focal spot with a size less than a half of the illumination
wavelength is formed in the far field due to the constructive interference of
the scattered light by the groove. More importantly, the focal length can be
modulated by changing the groove diameter. This structure provides an
admirable choice for the nano-optical devices.

©2010 Optical Society of America
OCIS codes: (240.6680) Surface plasmons; (240.0310) Thin films; (220.2560) Focus.

References and links

1.

2.

10.

11.

12.

13.

14.

Z. Liu, J. M. Steele, W. Srituravanich, Y. Pikus, C. Sun, and X. Zhang, “Focusing surface plasmons with a
plasmonic lens,” Nano Lett. 5(9), 1726—1729 (2005).

G. M. Lerman, A. Yanai, and U. Levy, “Demonstration of nanofocusing by the use of plasmonic lens illuminated
with radially polarized light,” Nano Lett. 9(5), 2139-2143 (2009).

D. Z. Lin, C. H. Chen, C. K. Chang, T. D. Cheng, C. S. Yeh, and C. K. Lee, “Subwavelength nondiffraction
beam generated by a plasmonic lens,” Appl. Phys. Lett. 92(23), 3 (2008).

Y. Y. Yu, D.Z. Lin, L. S. Huang, and C. K. Lee, “Effect of subwavelength annular aperture diameter on the
nondiffracting region of generated Bessel beams,” Opt. Express 17(4), 2707-2713 (2009).

F.J. Garcia—Vidal, L. Martin—Moreno, H. J. Lezec, and T. W. Ebbesen, “Focusing light with a single
subwavelength aperture flanked by surface corrugations,” Appl. Phys. Lett. 83, 4500 (2003).

B. Jia, H. Shi, J. Li, Y. Fu, C. Du, and M. Gu, “Near-field visualization of focal depth modulation by step
corrugated plasmonic slits,” Appl. Phys. Lett. 94(15), 151912 (2009).

H. Shi, C. Du, and X. Luo, “Focal length modulation based on a metallic slit surrounded with grooves in curved
depths,” Appl. Phys. Lett. 91(9), 093111 (2007).

L. Verslegers, P. B. Catrysse, Z. Yu, J. S. White, E. S. Barnard, M. L. Brongersma, and S. Fan, “Planar Lenses
Based on Nanoscale Slit Arrays in a Metallic Film,” Nano Lett. 9(1), 235-238 (2009).

P. Wrébel, J. Pniewski, T. J. Antosiewicz, and T. Szoplik, “Focusing radially polarized light by a concentrically
corrugated silver film without a hole,” Phys. Rev. Lett. 102(18), 183902 (2009).

Y. Fu, W. Zhou, L. E. N. Lim, C. L. Du, and X. G. Luo, “Plasmonic microzone plate: Superfocusing at visible
regime,” Appl. Phys. Lett. 91(6), 061124 (2007).

F. Lopez-Tejeira, F. Garcia-Vidal, and L. Martin-Moreno, “Scattering of surface plasmons by one-dimensional
periodic nanoindented surfaces,” Phys. Rev. B 72(16), 161405 (2005).

A. Nikitin, F. Lopez-Tejeira, and L. Martin-Moreno, “Scattering of surface plasmon polaritons by one-
dimensional inhomogeneities,” Phys. Rev. B 75(3), 35129 (2007).

L. Yu, D. Lin, Y. Chen, Y. Chang, K. Huang, J. Liaw, J. Yeh, J. Liu, C. Yeh, and C. Lee, “Physical origin of
directional beaming emitted from a subwavelength slit,” Phys. Rev. B 71(4), 41405 (2005).

M. R. Beversluis, L. Novotny, and S. J. Stranick, “Programmable vector point-spread function engineering,”
Opt. Express 14(7), 2650-2656 (2006).

#128478 - $15.00 USD Received 14 May 2010; revised 8 Jun 2010; accepted 8 Jun 2010; published 23 Jun 2010
(C)2010 OSA 5 July 2010/ Vol. 18, No. 14/ OPTICS EXPRESS 14664



15. R. Dorn, S. Quabis, and G. Leuchs, “Sharper focus for a radially polarized light beam,” Appl. Phys. Lett. 91(23),
233901 (2003).

16. Y. Kozawa, and S. Sato, “Focusing property of a double-ring-shaped radially polarized beam,” Opt. Lett. 31(6),
820-822 (2006).

17. G. M. Lerman, and U. Levy, “Effect of radial polarization and apodization on spot size under tight focusing
conditions,” Opt. Express 16(7), 4567-4581 (2008).

18. A. Niv, G. Biener, V. Kleiner, and E. Hasman, “Manipulation of the Pancharatnam phase in vectorial vortices,”
Opt. Express 14(10), 42084220 (2006).

19. S. Quabis, R. Dorn, and M. Eberler, O. Gl ckl, and G. Leuchs, “Focusing light to a tighter spot,” Opt. Commun.
179(1-6), 1-7 (2000).

20. K. Youngworth, and T. Brown, “Focusing of high numerical aperture cylindrical-vector beams,” Opt. Express
7(2), 77-87 (2000).

21. P. Edward, Handbook of Optical Constants of Solids, 1* edition (Academic Press, 1997).

22. H. Shi, C. Wang, C. Du, X. Luo, X. Dong, and H. Gao, “Beam manipulating by metallic nano-slits with variant
widths,” Opt. Express 13(18), 6815-6820 (2005).

1. Introduction

The nanoscale focusing devices based on surface plasmon polaritons (SPPs) bear the virtues
of both a microscale dimension and a nanoscale focal spot [1-10], and they are of great
significance for high density optical data storage, integrated optical circuits, and probes of the
scanning near-field optical microscopy (SNOM). Based on the interference of circularly
symmetrical SPPs, a plasmonic lens [1, 2] consisted of a single annular slit with
subwavelength width has been utilized to actualize the high intensity focusing at the surface.
However, as a result of the absence of the physical mechanism to convert the SPPs into
propagating waves in free space, the focus is restricted in the near field, which accordingly
limits the application of the plasmonic lens in many domains. Structures formed by linear slits
and grooves [5-7] can be used as another type of focusing devices and 2D nanoscale focusing
in far field can be realized by controlling the diffraction of the electromagnetic (EM) field in
the periodic grooves irradiated by the SPPs, which establishes the foundation of 3D far-field
nanoscale focusing. The structure consisted of several periodic concentric annular grooves on
both sides of a silver nanolayer was reported by Piotr Wrobel et al. [9]. Utilizing the coupling
of SPPs between the two sides of the nanolayer and scattering of SPPs by the grooves in the
exit side, this structure actualized the 3D nanoscale focusing in far field. However, there is a
lack of the clear design theory and therefore the procedure is quite complex to realize the
desired focusing. Another structure, a plasmonic microzone plate reported by Yongqi Fu et al.
[10], was formed by nearly ten annular slits of different widths. The phase distribution of the
transmission light at the exit side was controlled by choosing appropriate widths for each slit,
due to the interference of this transmission light in free space, the 3D nanoscale focusing was
actualized in far field. However, due to the high depth-width ratio, it is difficult to fabricate
and a number of the structure parameters have to be redesigned when the working distance is
changed.

In this letter, we propose a simple structure that is just formed by an annular metallic slit
and a concentric groove within the slit. By converging the propagating waves scattered from
the SPPs by the groove, this structure can actualize the 3D nanoscale focusing in far field.
Moreover, its focal length can be modulated flexibly just by changing the radius of the single
groove.

2. Principle

Figure 1(a) illustrates a typical plasmonic lens, which is formed by an annular slit milled into
a silver film. Part of the incident light is diffracted by the sharp edge of the slit, and then SPPs
are excited by the diffracted light for it gaining an extra wave vector in the direction along the
film surface. Due to the interference of the SPPs in all directions, the Bessel-like electric field
distribution is generated near the exit surface, as the simulated electric field intensity
distribution shown in Fig. 1(b). The intensity of this Bessel-like electric field gets stronger
from the slit edge to the center, and reaches its maximum at the surface center, where an
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obvious focal spot is formed in the near field. To actualize the 3D nanoscale focusing in far
field, a mechanism, which can convert the SPP wave to propagating waves in free space and
concentrate most energy in far field, must be introduced. As demonstrated in other works
[11-13], the subwavelength metallic groove can scatter the SPPs into propagating waves in
free space effectively according to a certain angular spectrum distribution. Utilizing this
feature, a subwavelength concentric annular groove is added in the plasmonic lens. Figure
1(c) shows the modulated structure. The finite-difference time-domain (FDTD) simulation
result shown in the Fig. 1(d) proves that a bright focal spot is generated as expected in far
field.

[ 1
X jppm

Fig. 1. Schematic diagrams of (a) the plasmonic lens; (b) |EI* distributions for the plasmonic
lens in (a); (c) the two-annulus structure; (d) 1EI* distributions for the two-annulus structure.
The incident light is the radially polarized light.

The realization of 3D nanoscale focusing could be attributed to the scattering of surface
plasmons at near field and the corresponding in phase field superposition at far field. As
shown in Fig. 2, the structure is formed by an annular slit and a concentric groove within the
slit in the metallic layer. The slit is used to excite SPPs propagating along surface when it is
irradiated by the incident light, and the groove is used to scatter SPPs to propagating waves
into free space at a certain angular spectrum distribution. The propagating waves scattered by
different positions of the groove interfere constructively on the optical axis because they are
in-phase, thus a bright focal spot in far field can be generated. In order to attain a high SPPs
coupling efficiency, radially polarized light is chosen to be the illuminating source due to its
centrosymmetric TM polarized illumination for the annular slit. On the other hand, a radially
polarized beam can form a smaller focal spot compared with linearly and circularly polarized
beams [14-20]. The thickness of the metallic layer H is about several times thicker than the
skin depth of the metal so that the direct transmission light, which may impact the focusing
quality, is prohibited. To ensure the SPPs to be excited, the width of the annular slit wl is a
little smaller than half wavelength of the incident light, which provides excess momentum for
the light diffracted at the exit of the slit. It is obvious that the bigger the radius of the slit R is,
the larger the circumference is, and the more energy is converted to SPPs. However,
considering the energy loss of the SPPs in the propagating process, the slit radius R has an
optimized value. The working mechanism of this structure shows that the key factor
determining the focusing process is the scattering mechanism introduced by the
subwavelength annular groove. The variation of the groove depth / can lead to the change of
the EM field distribution in it, and further influence the EM field scattering in the free space
and ultimately the intensity of the focal spot. The groove radius r decides the location where
the SPPs scattering will happen. If the scattering angular spectrum is invariable, the focal
length can be modulated just by changing the groove radius .
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3. Simulation and discussion

To investigate the influence of the groove depth / and the groove radius r on the focusing
properties, three-dimensional FDTD simulations are carried out. In the calculation, the grid
length is specified to be 10 nm and the metallic dielectric constant is taken from Reference
21. The parameters of the structure shown in Fig. 2 are set as the following: the thickness of
sliver layer H = 200 nm, the annular slit width wl = 300 nm, the annular groove width w2 =
100 nm, the inner radius of the slit R = 2300 nm. The radially polarized light with the incident
wavelength 1 = 632.8 nm is generated by the superposition of the first order Hermite-
Gaussian modes (TEM,, and TEM,) [19]. The envelope amplitude of radially polarized light
can be expressed as:

T optical axis

@ Tocus

RERENRRR

radially polarized light

Fig. 2. Schematic diagram of the structure proposed to actualize radially polarized light
focusing.

E(l)=(I/Lyexp(-I* /2%) (1)

In our simulations, L is set to be 2300 nm so that the radius of the maximum intensity of the
incident light equals the inner radius of the annular slit R.

The focal length and focusing efficiency are mainly determined by the groove position. In
the following simulations, the groove depth # is fixed to be 80 nm, and the groove radius r is
changed from 200 nm to 1250 nm with a step of 50 nm. The calculation results are presented
in Fig. 3, and the curves show the IEI* distributions on the optical axis with different values of
the r. As we know that the amplitude distribution of the surface electric field is Bessel-like
standing waves inside the annular slit if there was no groove in it [2]. The groove is set at the
exact location where the node appears, and the corresponding groove radius r is equal to 200
nm,500 nm,800 nm,and 1100 nm, respectively. In these cases the simulation curves show that
an intensity peak (focal spot) appears on the optical axis several wavelengths away from the
silver film surface, and the focal length (the distance from the brightest point to the surface) is
360 nm, 625 nm, 870 nm and 1140 nm, respectively, which means that the focal length
increases monotonically with the increase of the groove radius. When the location of the
groove is moved 100 nm inside the position of nodes, namely groove radius » becomes 400
nm, 700 nm and 1000 nm, respectively, the focusing phenomenon still exists. The monotonic
increasing of the focal length with the groove radius is still valid, and even the slopes of the
linearity are close to each other (shown in the inset in Fig. 3). The difference between these
two situations is the focus intensity, which is stronger when the groove is just in the location
of nodes. However, when the groove is moved to the location of antinodes, corresponding to
the groove radii of 350 nm,650 nm,950 nm,and 1250 nm, respectively, the curves show that
the value of |EI* damps exponentially with the increase of the distance away from the surface,
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and approach to the condition of the absence of the groove in the metal film. This result
indicates that the groove cannot scatter the SPPs into radiation light and the 3D nanoscale
focusing in far field cannot be actualized when the annular groove is set in the location of
antinodes.
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Fig. 3. [EF distributions on the optical axis for the structures with grooves in the position of
nodes and antinodes. The inset depicts the IEF distributions on the optical axis for the
structures with groove radius 100 nm smaller than antinode.

On the other hand, the groove depth also influences the focusing efficiency. We set the
groove radius 7 to 1100 nm (corresponding to the location of nodes); while the thickness of
the sliver layer H varies from 200 nm to 800 nm to systematically explore the influence of the
groove depth on the focusing efficiency. The simulations are carried out with the groove
depth & changed from O to 550 nm with a 10 nm step. Figure 4 shows the variation of the
intensity of |EI” at the focal spot as a function of the 4. It can be seen that the intensity of |EI*
varies periodically with the groove depth. The variation period is 240 nm which is about half
of the SPPs wavelength when the groove width is 100 nm [22]. Further examination shows
that there exists a standing wave inside the groove with the distance about 240 nm between
the nodes. When the groove depth £ is changed, the scattering efficiency will be different. It
is worth to note that most energy of the SPPs is scattered into radiation light and forms a
brightest focal spot if the groove depth fulfills the condition of maximum scattering. On the
contrary, there is little SPPs scattered into radiation light by the groove depth of minimum
scattering, and hence no focus can be formed. Interestingly, when the groove radius is
changed to 950 nm (corresponding to the radius of the location of antinodes), the simulation
results show that whatever the depth of the groove is, the focus cannot be formed in the far-
field.

From the results obtained above, the optimized focusing condition can be determined. If
the groove is located at or close to the nodes of the SPPs standing wave generated in the
planar metal surface, the focusing will generated. The shorter the distance between the groove
and the nodes is, the better the focusing effect will be. Moreover, the groove depth must be
set to satisfy the maximum scattering condition of the surface plasmon wave.
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Fig. 4. The curve depicting |EI* variation of the focus as a function of the groove depth /.

Figures 5(a)-5(d) illustrate the corresponding |E| I* distributions for the cases that the
groove radius equals 200 nm, 500 nm, 800 nm, and 1100 nm, respectively. It reveals that
most of the transmitted energy has been concentrated in an extremely small region away from
the exit surface. The focal spot in far field is moved further from the metal surface when the
groove radius is increased. From Fig. 3, the values of the IEP at the focus are 1.65,1.37, 1.17,
and 1, respectively, which are much larger than the maximum intensity of the incident light,
0.3679 (calculated from the Eq. (1). The transmitted energy of the structure is about 13%.
When choosing the groove radius to be 1100 nm, the |EI* distribution in the focal plane is
given in Fig. 5(e), which presents that the shape of the focal spot is perfect circular symmetry.
At the condition of the same structure parameters, the |EI* profile of the focal spot is shown in
Fig. 5 (f), the full width at half maximum (FWHM) of the focus is calculated to be 0.46/,,
which is smaller than half of the incident light wavelength (4;). An exhilarating phenomenon
is that the FWHM of the focus is less sensitive to the groove radius . When r is 200 nm, 500
nm, 800 nm, and 1100 nm respectively, the corresponding FWHM is 0.404, 0.414,, 0.434,
and 0.464,, respectively. It means that the FWHM of the focal spot can always be kept below
half a wavelength of the incident light when the focal length is tuned by varying the groove
radius.
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Fig. 5. |EI* distribution for (a) r = 200 nm, (b) r = 500 nm, (c) r = 800 nm, (d) r = 1100 nm. (e)
Cross section of |EI* at the focal plane for 7 = 1100 nm, (f) |EI* profile of the focal spot for r =
1100 nm.

4. Conclusion

We have demonstrated a subwavelength plasmonic focusing lens with a simple structure
which is consisted of an annular slit and a concentric groove. The annular slit is used to excite
the SPPs by the incident light, the radially polarized light is chosen to attain a high SPPs
coupling efficiency, and the concentric groove is introduced to convert the SPP wave to
propagating waves in free space and concentrate most energy in far field to form the 3D
nanoscale focusing. The energy of the focal spot (IEI” at the focus) is several times larger than
that of the incident light. The focal length can be modulated by simply tuning the groove
radius, and the FWHM of the focal spot can always be kept less than a half wavelength of the
incident light. Such a device has the potential applications in high density optical data storage,
nanophotolithography, near-field microscopy and integrated optics.
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