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d Department of Electrical and Computer Engineering, Koç University, Sarıyer, İstanbul 34450, Turkey
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Abstract

We have performed simulations to investigate the variable focusing and scanning capability of metallic nano-slit configurations.

In a symmetric nanorod configuration inside an aperture with adjustable offset of the center rod, the focal position is found to be

variable in the 0.5–3.5 mm range. In a ladder configuration of the rods, the transmitted beam is found to be deflected up to 238.
Horizontal displacement of rods allows for finer control of angular scanning up to 48. Such slit geometries offer the potential to be

controlled by using nano-positioning systems for applications in dynamic beam shaping and scanning on the nanoscale.
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1. Introduction

One of the most promising applications of nano-

optic devices involves nanoscale control of light [1–8]

by use of nano-lenses, which are slits of subwavelength

size embedded in metal layers. Studies of light

transmission through such subwavelength apertures

suggest a variety of functions such as beam focusing and

scanning at the nanoscale, enabling the development of

devices for ultra high-density data storage architectures

as well as near-field microscopy and nano-scanning.
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asennar@ku.edu.tr (A. Sennaroglu), omustecap@ku.edu.tr
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Nano-lenses operate on the principle of extraordinary

light transmission (EOT) according to which surface

plasmon (SP) resonances enable enhanced optical

transmission of light through a subwavelength aperture.

In practical applications, it is often desirable to vary the

focusing and deflection characteristics of the nano-

lenses in a fast and controllable way. In previous studies,

Sun and Kim employed finite-difference time domain

simulations to show that nano-slit array structures on a

metal layer with tapered film thickness can be used for

beam shaping and tilting. In particular, their simulations

show that the focal length of the convex-shaped array

can be varied by changing the number of slits [3]. In

another study, Min et al. proposed a new method for

beam shaping and tilting by using slit structures filled

with nonlinear dielectric media and showed that the

deflection angle and the focus length can be controlled
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Fig. 1. Beam focusing by a nano-scanner with movable slits. (a) The

geometry and dimensions of the metallic nano-scanner under consid-

eration are shown. (b) COMSOL Multiphysics simulation of focusing

beam with silver (e = �11.66 + i0.3771 at l = 561 nm) nano-scanner

where the slits are located to make a convex shape. A TM plane wave

with wavelength of 561 nm is incident at the bottom side of the

system. Figure shows a snapshot of the Hz distribution in the system

when a = 300 nm.
by the intensity of the incident light beam [9]. While

both of the proposed methods provide valuable means

of focus and deflection control, they are complicated by

the fact that changing the number of slits dynamically is

difficult and adding a nonlinear medium increases the

complexity of the structure.

In this Paper, we extend the previous studies and

examine ways of controlling the focus location and the

deflection angle of the transmitted beam by varying the

geometrical configuration of the nano-slit structure.

Although the original idea is already proposed by Sun

and Kim [3], we simplified the configuration of nano-

scanner from the array of stepwise metal to the array of

nanorods. This approach, which could, in principle,

utilize the recently developed nano-positioning con-

cepts based on energy-scavenging piezoelectric posi-

tioning systems [10–13] could lead to faster dynamic

control of the transmitted beam parameters. In the

simulations, we used the actual dielectric response

function data for silver to perform electromagnetic

analysis of nanoscale metallic rods for applications in

beam focusing and scanning. In particular, we

examined the metallic nano-optic lens due to its

advantage of being free from the diffraction effects,

unlike the conventional dielectric lenses, as was also

pointed out in Ref. [3]. Numerical simulations were

performed by using COMSOL Multiphysics program.

In the Paper, we investigate three different configura-

tions. In the first case, we show that a series of convex-

shaped silver nanorods positioned symmetrically

inside an aperture can be used to focus the light beam.

In addition, varying the offset of the middle rod without

breaking the slit symmetry leads to an adjustable focal

length. In the second set of simulations, we analyzed

the scanning characteristics of the three-rod structure

configured in the shape of a ladder. By reversing the

ladder direction, the simulations show that the

transmitted beam can be deflected up to about 238 to

either side of the original propagation direction.

Finally, we show that via lateral displacement of the

convex-shaped nanorods, finer beam scanning can be

achieved up to deflection angles of approximately 48. In

Section 5, we also provide a simple, physical model

based on scalar diffraction theory to justify the

feasibility of using displaced rod configuration for

beam deflection.

2. Controlling the focusing power of nano-lenses

In the first part of the simulations, we investigated

the focusing characteristics of convex-shaped, nanorod

structures. As shown in Fig. 1(a), the particular structure
we studied consists of a silver layer with a thickness of

450 nm and a 1220-nm-wide aperture containing three,

equally spaced, silver rods each with a thickness of

300 nm and height of 750 nm. In the COMSOL

Multiphysics simulations, the dielectric response func-

tion was assumed to be equal to the empirical value

(e = �11.66 + i0.3771) for silver [14] at the wavelength

of 561 nm. Initially, the three-rods were configured in a

convex shape with a = 300 nm (see Fig. 1(a)). In the

calculations, we assumed that a transverse-magnetic

(TM) plane wave with a wavelength of 561 nm was

incident at the bottom side of the metallic structure. In

COMSOL Multiphysics simulations, we adjusted the

boundary conditions to make the system infinite in the

x-direction. Fig. 1(b) shows a snapshot of the z-

component of the electromagnetic field (Hz) when

a = 300 nm. As can be seen, the wave emanating from

the slits is first brought to a focus before starting to

diverge. In order to determine the focus location f , we

first calculated the spot-size function wðyÞ at each y
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Fig. 2. Controlling focal point of the transmitted beam by a nano-

scanner. (a) The spot-size function of the nano-scanner which has the

dimension shown in Fig. 1(a) when a = 300 nm. (b) The focus length

of the system as a function of a.

Fig. 3. Beam deflection by a nano-scanner with movable slits. COM-

SOL Multiphysics simulation of tilting the focused beam with silver

(e = �11.66 + i0.3771 at l = 561 nm) nano-lens where the slits are

moved vertically between two metal layers is shown. Figure shows a

snapshot of the Hz distribution in the system when the slits are moved

into different positions. A TM plane wave with wavelength of 561 nm

is incident at the bottom side of the system.
value. wðyÞ corresponds to the spatial separation

between the 1/e2 points of the maximum axial intensity.

Fig. 2(a) shows the calculated variation of wðyÞ as a

function of y. Note that the spot-size reaches a local

minimum of 261 nm after a distance of 1.22 mm when

a = 300 nm. It is also of interest to see whether the slit

geometry can be modified in a way to control the focus

location f . To test this, we simulated the effect of the

nano-slit structure on the transmission of the TM wave

for the case where the middle silver rod has a variable

spatial offset shown as the distance a in Fig. 1(a). The

simulation results show that when a is varied from 0 to

650 nm, f increases from 0.5 to 3.5 mm. As can be seen

from Fig. 2(b), the increase in f is not monotonic, rather,

oscillatory behavior is observed possibly due to the

complex role of plasmonic resonances. In practice,

nano-positioning of the rods to control the focus

location can be achieved by using piezoelectric

transducers. A piezoelectric motor works on the

principle that a change in the shape of the piezoelectric

material occurs depending on the strength of the applied

electric field. Piezoelectric motors can produce either

linear or rotary motion on the nanoscale. Furthermore,

they can potentially be self-powered by incorporating

nanoscale energy-scavenging systems such as the

aligned ZnO nano-wire arrays which have been shown

to convert mechanical or acoustic energy to electrical

energy [10–13].

3. Beam deflection for wider angle range with
vertically movable nanorods

Another important application of nano-slits is beam

scanning. This would be of great utility in high-density
memory applications where the probe beam can be

directed to different memory addresses by a nano-

scanner. We analyzed the scanning characteristics of the

same nano-slit structure as above at the wavelength of

561 nm. Two geometries were investigated. In the first

case, we studied a ‘ladder’ structure with a step size of

150 nm between consecutive vertically displaced rods.

The dimensions of each rod are the same as in Fig. 1(a).

The specific geometry of the ladder is further shown in

the inset of Fig. 3(a). As can be seen from the snapshot

picture of the Hz field, a plane TM wave incident from

the bottom side is deflected by an angle of 23.58 to the

left of the original propagation direction. If the rods

move down as one goes from left to right (see Fig. 3(b)),

this time the transmitted beam is deflected by the same

amount but in the opposite sense. By going to
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Fig. 4. The geometry and dimensions of the metallic nano-scanner for

small angular range consideration.
intermediate configurations between these two

extremes, the transmitted beam can be scanned with

a full angular sweep of approximately 238. Having the

ability to scan the beam over nanometer-long distances

could lead to the development of nanoscale readers for

high-density memories.

4. Beam deflection for narrower angle range

with horizontally movable convex lens

Finally, our simulations show that it is also possible

to achieve finer scanning control of the beam by

displacing the convex structure within the aperture. The

detailed dimensions of the rods are given in Fig. 4.

Again, the slits are assumed to be silver and the

wavelength of light is taken to be 561 nm. For the slit
Fig. 5. Small angular range nano-scanning via horizontally moving slits. CO

metallic nano-optic lens where the convex metallic structure is moved betwee

(a) when the convex shape is in the middle of the two metal layers and (b) whe

distribution of the system is shown. A TM plane wave with a wavelength o

(e = �11.66 + i0.3771 at l = 561 nm).
structure which is symmetric about the mid-point of

the aperture, the transmitted beam experiences focus-

ing without angular deflection (Fig. 5(a)). This result

can be interpreted as the interference of propagating

waves generated via diffraction of the SPs reaching the

exits of the nano-apertures. When the convex shape is

displaced to the right to break the symmetry, the beam

undergoes a tilt of approximately 4.58 as shown in

Fig. 5(b). The reason behind this phenomenon is that

when the convex metallic structure moves toward

right, the slit formed in the left of the convex shape

starts to excite SPs and the transmission of light

through the slit in that region is enhanced. In the upper

side of the metallic nano-optic lens, the transmitted

beam enhanced via SP formed in the slit region

interferes with the focused beam after the metallic

nano-optic lens. Thus, the whole transmitted beam tilts

toward the direction in which the convex metallic

structure moves.

5. Discussion

The transmission of light through a single slit

embedded in a metal layer can be expressed in terms of

its magnitude and phase as T = Aeif [3], where

A ¼ t01t12eiks ph

1þ r01r12ei2ks ph

f ¼ f01 þ f02 þ ks ph� u (1)
MSOL Multiphysics simulation of tilting the focused beam with the

n two metal layers is shown. Figure shows the snapshots of the system

n the convex shape is next to the metal in the right side. In the figure, Hz

f 561 nm is incident at the bottom side of the system made of silver
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Above, ksp is the SP wavevector, h is the slit depth, 0,

1 and 2 denote the media before, inside, and after the

nano-slit array, respectively, and r01 = (n0 � nsp)/

(n0 + nsp), r12 = (nsp � n2)/(nsp + n2), f01 = arg[r01],

f02 = arg[r12], t01 = 1 � r01, t12 = 1 � r12,

u ¼ arg½1þ f01f12ei2ks ph�. Furthermore, nsp is the

effective refractive index of the slit region, n0 and n2

are the refractive indices of the media outside the slit.

For beam deflection at a specific angle g, overall phase

retardation of the system of several slits embedded in

metal layer becomes [16].

fðyÞ ¼ 2mpþ fð0Þ � 2p

l0

ysinðgÞ (2)

where y is the direction normal to the surface of the

metal, l0 is the wavelength of free space and m is an

integer. Thus, the most important step for beam deflec-

tion from a plasmonic device involves a careful opti-

mization of the width and position of each slit in the

metal layer [16]. In that sense, what we have done by

moving the metallic parts around the nano-slits in our

systems, corresponds to a change in the dimension of

each slit. Due to the fact that the transmittance of the slit

depends on the dimension of the slits, as we move the

metallic parts, the amplitude and phase of the transmit-

tance changes for each slit, hence modifying the trans-

mittance of the overall system.

Deflection of the transmitted beam can be analyzed

using a simple model based upon Fresnel–Kirchhoff

diffraction theory of Fourier optics. Two sides of the slit

can be imagined as two line sources of SPs. At the

corners, the line sources would emit spherical waves of

optical radiation. Geometry of the transmission through

the diffracting aperture is shown in Fig. 6.
Fig. 6. Diffracting system consisting of a single slit between two

metal layers with different heights.
The decay length of the SP is well beyond the step

sizes we consider. We assume that both emitters at the

corners A and B contribute to the total field with equal

field amplitudes e. On the other hand, the fields will

differ in phase by an amount kspd. Denoting the aperture

size by a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2 þ d2

p
, the total field at the point of

observation C can be evaluated in the form of an integral

as

EC /
1

il

Z Z
eikr

r
edðzÞ

� d y� a

2

� �
eiks pd þ d yþ a

2

� �h i
dydz (3)

Here, l is the wavelength of the transmitted beam in

free space and k = 2p/l. In writing the phase retardation

factor between the point sources, we neglected the

contributions that might arise due to multiple reflections

between the output and input ports of the slit.

Furthermore, we assumed that the phase changes

during the excitation of the SP and its annihilation into

radiation cancel each other. Having the same media (air)

in both input and output ports makes the assumption

justified. We are interested in the deflection of the

transmitted beam in the far zone relative to the incident

one. In the Fraunhofer region the result of the integral is

simplified to

EC /
2eikðxþððy2þz2Þ=2xÞÞeðiks pd=2Þ

ilz
cos

pya

zl
� ks pd

2

� �
(4)

In the above expression, coordinates refer to those of

the point C. The magnitude squared of the field

amplitude can then be expressed in the form

jECj2/
4

ðlzÞ2
cos2 pasinðuÞ

l
� ks pd

2

� �

by using the angle u of the transmitted beam to the normal

of the aperture surface. It is seen that the intensity

maximum will shift from the normal direction to a tilt

angle u determined from ka sin(u) = kspd. Introducing

nsp = ksp/k and w = a/d, we can write an effective Snell’s

law like relation as nspsin(w) = sin(u). The angle of

deflection then becomes a = w � sin�1(nspsin((w)).

In the multi-slit configuration, a similar expression

can be obtained by using the effective dielectric

medium approach to model the slits. Calculating the

transmission amplitudes and phases (analogous to

the Fabry–Perot type of calculation), interference of

the fields out of the individual slits can be determined.

Note that, in the case of multi-slits, the sources are not

the surfaces of the slits but the slits themselves. This is

not the case for the single slit discussion presented
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Fig. 7. (a) Dimension of the diffracting system. (b) COMSOL Multi-

physics simulation of the deflection of the incident beam by a system

consisting of a single slit between two metal layers with different

heights. ATM plane wave with wavelength of 561 nm is incident at the

bottom side of the system made of silver (e = �11.66 + i0.3771 at

l = 561 nm).
above. Beyond rectangular slits, it may be necessary to

associate two sources per slit to model oblique apertures

of nanorods with finite step sizes.

Both for the single slit analysis discussed above and

for the multi-slit configuration, it would be more correct

to use superposition of cylindrical waves out of the

nano-slits. Besides it is more convenient to use

expressions for the magnetic field so that in the

Fraunhofer limit one can write the total radiated field as

Hz ¼
X

hz
eikrffiffiffi

r
p eid (6)

where d is the phase retardation factor of different nano-

slit sources and r is the radial distance in the xy-plane.

An expression for the complex propagation constant

b of the SP confined at the slit surfaces is given to be

[17]

tanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � k2ed

q
v

2

� �
¼ � ed

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � k2em

p
em

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � k2ed

p (7)

The relative dielectric constant for the metal surfaces

and the dielectric filling of the slit are respectively

denoted by em and ed. For simplicity, we assume that the

same expression can be used for our case of the slit with

an oblique aperture, motivated by the reasoning that the

SP is dominantly generated in the rectangular region of

the slit.

Let us note that the slits we consider are sufficiently

short even with the maximum step size we used, so that

the propagation constant can be treated as real. We take

ed = 1 for the dielectric constant of the air and

em = �11.66 + i0.3771 for the dielectric constant of

the silver at l = 561 nm. Solving Eq. (7), we find

nsp = 1.312. At the step size of d = 50 nm, the incidence

angle is rffi 32� and the tilt angle u = 448. Thus the

deflection is found to be a = 128. COMSOL Multi-

physics simulations also indicate that deflection angle

11.788, in very good agreement.

At higher step sizes such as 150 nm or 300 nm, the

above method cannot be applied directly as the

incidence angle becomes larger than the critical angle

of total internal reflection. A typical simulation result is

given in Fig. 7. In this case, multiple scattering events at

the slit exit as well as higher order diffraction become

significant. To illustrate some of the complications that

may arise, we shall give two possible mechanisms that

can contribute to the emission pattern in the case of slits

with long step sizes.

By geometrical analysis, we have found that the

beam can make one internal reflection from the surface

of the effective (hypothetical) dielectric and comes back
with a new angle of incidence w0 = 3w � 1808. This

would be less than the critical angle so that the new

deflection angle can be calculated via

a0 ¼ ’� sin�1ðns psinð’0ÞÞ (8)

In addition to internal reflection, higher order

diffraction peaks may contribute via the relation

ml

a
þ ns psinð’Þ ¼ sinðuÞ (9)

with m is an integer. When nspsin(w) > 1, higher order

diffraction spots with negative m may reduce nspsin(w)

below unity. Due to the presence of competing mechan-

isms, long step size situations are difficult to analyze

analytically and estimations become too crude.

Our work indicates a potential link between

nanopiezotronics and nano-scanning. We have ana-

lyzed two cases of nano-scanning, one with lateral

shifts of the nanorod group, and the other with vertical

relative shifts of the nanorods. Current experimental

efforts allow for controlling lateral motion of metallic

nanorods, with dimensions about 40 nm, via atomic

force microscope manipulation [18]. Thus our hor-

izontal shift proposal seem to be quite close to current

experimental capability. Due to the small distance

between the nanorods in our proposal, the vertical

relative shift is more challenging experimentally, but
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may be possible by using on purpose designed

substrates with anisotropic and inhomogeneous piezo-

electric layers.

6. Conclusion

In summary, we have investigated the dynamically

controllable focusing and scanning capability of

metallic nano-slit configurations in which SP enhanced

subwavelength light transmission effects can be

observed. Three basic nano-slit configurations were

analyzed by using numerical computation schemes. A

symmetric, three-rod configuration positioned inside

an aperture was found to result in beam focusing. In

addition, a variable spatial offset of the middle rod led

to a variable focal length. Two other configurations

were later analyzed to investigate the scanning

characteristics of the structure. In particular, our

results reveal that controlling the relative vertical

positions of the metallic nanorods, for example by

forming a ladder configuration, enables beam scanning

by up to 238. Furthermore, horizontal position control

of convex-shaped nanorod geometry leads to small

angular scanning up to about 48 to either side of the

propagation direction. In practice, nano-positioning of

the rods may be achieved by use of piezoelectric

transducers. Such dynamical control on the beam

direction can lead to other applications of nano-lenses

such as nano-scanners or can be exploited for high-

density memory reading and writing. In combination

with the previous ideas on active control of nano-

lenses, such as filling the slit region with dielectrics, in

particular with nonlinear materials [9], we expect that

our results could lead to the realization of optimum

designs of nano-lenses [15]. This should play an

important role in inspiring new experiments and

applications in nanophotonics.
Acknowledgements
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