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Manipulating surface plasmon waves by transformation
optics: Design examples of a beam squeezer, bend,
and omnidirectional absorber*
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We present several design examples of how to apply transformation optics and curved space under coordinate transfor-
mation to manipulating the surface plasmon waves in a controlled manner. We demonstrate in detail the design procedure
of the plasmonic wave squeezer, in-plane bend and omnidirectional absorber. We show that the approximation method
of modifying only the dielectric material of a dielectric—-metal surface of the plasmonic device could lead to acceptable
performance, which facilitates the fabrication of the device. The functionality of the proposed plasmonic device is verified
using three-dimensional full-wave electromagnetic simulations. Aiming at practical realization, we also show the design of
a plasmonic in-plane bend and omnidirectional absorber by an alternative transformation scheme, which results in a simple
device structure with a tapered isotropic dielectric cladding layer on the top of the metal surface that can be fabricated with

existing nanotechnology.
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1. Introduction

In recent years, much attention has been given to transfor-
mation optics (TO) which have the potential ability to arbitrar-
ily manipulate electromagnetic (EM) wave propagation. The
TO method is based on the form-invariant of Maxwell’s equa-
tions under different coordinate transformations,!'"2 and can
be used to design novel devices that control the EM waves with
the pre-defined distribution of material constitutive parameters
implemented through artificial metamaterials.'?! The most
important example that has been proposed and designed by
means of TO, are the invisibility cloaks that can guide light
around the desired hidden region, making it transparent to ex-
ternal observation.!'>! Various other unprecedented devices
have also been proposed, such as the EM field concentrator, 6!
beam bend,!”-8 beam splitter,[®*! beam squeezer!*!!! and om-
nidirectional absorber.[!>~13]

Surface plasmon polaritons (SPPs) are surface elec-
tromagnetic waves propagating along the dielectric—metal

16,171 These surface waves are well confined along

interface.l
the interface, and become evanescent in the direction perpen-
dicular to the interface with their field magnitude exponen-
tially decaying both in the metal and on the dielectric sides.
As the surface waves are limited to sub-wavelength scales, this
could lead to miniaturized optical integrated circuits and de-
vices with scales smaller than the light wavelength.[!81°]

As TO is based on the form-invariant of Maxwell’s equa-
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tions, it may be applied to all EM waves including SPPs. Re-
cently, some effort has been made in the successful application
of TO to the efficient manipulation of SPP waves.*-23] With
the help of metamaterials, different plasmonic structures have
been theoretically proposed to manipulate SPP waves, such as
the invisibility cylinder or carpet cloak, SPP beam shifter, con-
centrator, and rotator.20-24 Besides the theoretical studies, ex-
perimental explorations have been carried out on constructing
and verifying the performances of a plasmonic Luneburg lens
and a plasmonic Eaton lens by spatially varying the thickness
of a thin dielectric film on the metal [>!

In this paper, we continue the theoretical studies on de-
signing plasmonic structures and devices for manipulating the
SPPs through TO. We present three examples: an SPP beam
squeezer, a bend and an omnidirectional concentrator. De-
tailed design procedures and three-dimensional (3D) full-wave
simulations will be demonstrated to verify their functionality.
Firstly, we present a beam squeezer for SPPs with anisotropic
and inhomogeneous transformed materials. Secondly, we nu-
merically demonstrate an in-plane wave bend based on both
transformation optics and geometrical optics. Focused on
practical applications, we finally focus on the design of the
SPP wave bend and omnidirectional absorber constructed by
conventional dielectric cladding with varying thicknesses on a
silver surface, which could facilitate the practical realization.
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2. SPP devices designed by transformation op-

tics

The TO is based on the form-invariance of Maxwell’s
equations under coordinate transformation. It provides a use-
ful way to arbitrarily manipulate the EM waves through meta-
materials whose constitutive parameters can be determined
through particularly chosen coordinate transformation. By
mapping an area in the free space with a distorted coordinate
(virtual) to a medium with constitutive tensors € and p in a
physical space with a uniform coordinate, we are able to route
the EM propagation characterized by the distorted coordinate.
The mathematical formalism used for the calculation of the
permittivity and permeability tensors of the functional mate-
rial can be summarized as follows. For a spatial coordinate
transformation between the virtual space (x', y’, z') and the
transformed physical space (x, y, z), the coordinate transfor-
mation can be described by the Jacobian matrix J as

[
ox'  dy d7

|9 9y Iy
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Enforcing the form-invariance of Maxwell’s equations in
either coordinate, the material tensors € and p for the medium

in the physical space can be determined by
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where & and Lo are the permittivity and permeability of the
free space.

As TO is applied to all EM waves, it can be extended to
SPPs. A rigorous TO process applied to SPP structures should
require coordinate transformation on both the dielectric and
the metal sides of the interface. However, it has been shown
that modifying only the EM propagation on the dielectric side
is also feasible and results in relatively simple structures due
to much smaller decay length of SPP waves in the metal 2122}

2.1. SPP beam squeezer

For the first example, we consider a plasmonic beam
squeezer that can be used for modulating the SPP beam width
as sketched in Fig. 1(b). We begin with a two-dimensional

(2D) squeezer structure designed by an exponential coordinate
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Fig. 1. (color online) (a) The transformed space for designing a two-dimensional squeezer with an exponential transformation. (b) A three-dimensional
schematic picture for a plasmonic squeezer. (c) Transmission efficiencies of the plasmonic squeezer in an optical range. Blue squares: without TO
on the metal side; red circles: with TO on the metal side. (d) The electric field E; distribution at 600 nm wavelength for a plasmonic squeezer with
transformed materials on both the dielectric and metal sides (e) The electric field E distribution when a transformation material is inserted only on the

dielectric side.

034102-2



Chin. Phys. B Vol. 22, No. 3 (2013) 034102

transformation similar to that discussed in Ref. [11]. This ex-
ponential transformation maps a 2D rectangular region sized
by [/ and a into a taper with the output width b, shown in
Fig. 1(a). The exponential transformation formula is written
as

x=x, y:y’(b/a)x,/l, z=17. (3)

According to the TO, the material parameters of this slab in
the Cartesian coordinates (x, y, z) can be expressed through
Eq. (2) as

&y & O
e/eo=p/lo=| & &y 0 [, S
0 0 g

where &, = &, = (b/a)™!, &, = e,yIn(b/a)/l, and &, =
1/&cc+ €2 /.

Other coordinate transformations can be used to gener-
ate a beam squeezer, but compared with that from linear and
parabolic transformations,'!! the material parameters deduced
from exponential transformation exhibit slow variation in spa-
tial distribution.

Next, we extend the above-mentioned 2D transformation
results to a 3D beam squeezer for SPPs propagating along the
interface (at z = 0) of two semi-infinite regions, which are
filled with dielectric (upper region) and silver (lower region),
respectively. The relative permittivity of silver is given by the
Drude model as follows:

02

P Q)

) oo

where &, is a constant that describes the contribution from in-
terband transitions at infinite frequency, @, is the plasma fre-
quency, and ¥ is the damping rate (€. = 3.7, @, = 9.1 €V,
y=0.018 V). In rigorous TO framework, in order to con-
trol the SPPs in designed manner, we should manipulate the
transformation of material parameters on both the dielectric
and the metal sides, with metamaterials 1 and 2 as shown in
Fig. 1(b). On the dielectric side, the material parameters are
expressed in Eq. (4). On the metal side, the material tensors
are transformed to

€m = Em€, Mm = UmM, (6)

where the relative permeability of silver u, = 1. To con-
firm the performance of the SPP beam squeezer, full-wave
EM simulation is carried out using the commercial COMSOL
MULTIPHYSICS package. A Gaussian SPP wave propagat-
ing along the air-silver interface at wavelength A = 600 nm
is perpendicularly incident on the transformed slab composed
of metamaterials 1 and 2 designed with a = 6 um, / =2 pm
and b = 3 um. Therefore, when we set the incident Gaus-

sian SPP with width 5 pum, the width of the output should

be squeezed to 2.5 pum in theory, which is verified well in
Fig. 1(d). To study the broadband functionality of this device,
the power flow transmission efficiencies of SPPs through the
beam squeezer are calculated at different optical wavelengths,
which are shown in Fig. 1(c). The transmission efficiency is
defined as the ratio of power flow between the output and the
input ports. In the process of simulation, we have neglected
the loss of the silver so as to only investigate the effectiveness
of the transformed medium, and the incident Gauss SPP waves
at different wavelengths are set to have the same beam width.
When a rigorous TO is used, both the dielectric and the metal
materials are transformed. Thus, the transmission efficiency
of SPPs is almost 100% over the wavelength range.

We also compare the results with those of the approxi-
mate case that only the dielectric side (upper region) is trans-
formed under TO. Without the transformation on the metal
side, the transmission efficiency of the beam squeezer de-
creases slightly from a value of 98% at 800 nm to 93.5% at
450 nm. There are two reasons for this slight degradation. On
the one hand, as most energy of the surface wave is confined
on the dielectric side, the transformation only for the dielectric
side cannot obviously affect the desired performance.?!=23]
On the other hand, the SPP energy on the metal side increases
with frequency, which leads to the increased reduction of the
transmission at short wavelengths. Figures 1(d) and 1(e) show
the electric field distributions with and without the transforma-
tion on the metal side, respectively. It is worth mentioning that
there is no significant difference in field distribution between
the two cases as shown in Figs. 1(d) and 1(e).

2.2. SPP wave in-plane bend

Manipulating the surface plasmonic wave along a bended
dielectric—metal interface has been recently studied in a 2D
case under the framework of geometric optics.[>?! Here, as a
second example, we discuss the beam bend within the plane
dielectric—metal interface for SPPs which is capable of chang-
ing the direction of the surface waves in a 3D case. Such an
in-plane beam bend can be achieved by using either the TO
or geometrical optics.[”8] As regards to the TO, a 2D bend
is obtained from a Cartesian-to-polar coordinate transforma-
tion, where a b x b square area in a Cartesian coordinate is
transformed into fan-shaped region in a polar coordinate.®!
Figure 2(a) shows the fan-shaped region in the transformed
coordinate system with the inner radius » = a and outer ra-
dius r = b. The relative material constitutive parameters of the
beam bend can be expressed in the cylindrical (r, ¢,z) coordi-

nate as
2b/mr 0 0
efeo=p/to = 0 mr/2b 0 . ™)
0 0 2b/mr
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By applying this material transformation to both the dielectric
and metal sides of a dielectric—metal interface, we can realize
a beam bend for SPPs with metamaterials 1 and 2 as shown in
Fig. 2(b). The material parameters of metamaterials 1 and 2
are obtained by

{€d=€, Hd = M, (8)
Em = &mE, Hm = UmM,

where &, and U, are the relative permittivity and permeability
of metal chosen here as silver. The performances of a right-
angle SPP bend were verified with COMSOL simulation at
wavelength A = 600 nm. The SPP beam with Gaussian mag-
nitude distribution in the y direction propagates perpendicu-
larly into one side of the bend as shown in Fig. 2(b). The
dimensions of the bend are a = 0.55 pm and b = 4.4 pm, and
the central axis of the incident SPPs is at y = 2.1 pm. Fig-
ure 2(c) shows the 3D simulation of the right-angle bend for
SPPs when the transformation is applied to both the dielec-
tric and metal side. In such an ideal case, the output direction
of SPP propagation from the bend is rotated by 90° from the
+x direction to the —y direction. We also compare the case
when transformation is only applied to the dielectric side. The
resulting field distribution is displayed in Fig. 2(d). It shows
that the propagation trajectory of SPPs has little difference be-
tween the two cases.

(@) Y

Fig. 2. (color online) (a) The transformed space for designing a two-
dimensional bend. (b) A three-dimensional schematic picture for a
beam bend for SPPs. (c) The electric field E; distribution of SPPs at
600 nm wavelength for a three-dimensional beam bend based on the
transformation optics. The transformed materials are both on the di-
electric and metal side. (d) The bend when the transformed material
is only used on the dielectric side.

Another way to design a bend for SPPs is based on geo-
metrical optics.”! The design requires only isotropic material,
and is easy for practical implementation in comparison with
the method based on the TO. The material parameters of the
nonmagnetic bend on the dielectric side can be expressed as

e=e&(A/r), p= o, ©)

where A is a constant. In order to allow the SPPs to propagate
synchronously on both the dielectric and the metal side, the
material parameters on the metal side should satisfy

€m = En&(A/r)?,  pm = Uo. (10)

Figure 3(a) shows the ideal performance of the 3D beam
bend of SPPs at 600 nm wavelength, when the material pa-
rameters on the dielectric and metal side are obtained under
geometrical optics from Eqgs. (9) and (10), respectively. Fig-
ure 3(b) illustrates the corresponding performance of an SPP
bend in which only the dielectric side is filled with the de-
signed material from Eq. (9). In this case, the deflection an-
gle of the SPP beam is slight larger than 90°, which may be
caused by the unbalanced material parameters on both sides
of the dielectric—metal interface for the SPPs. Therefore, it is
necessary to revise the material parameter distribution on the
dielectric side when the metal side is kept unchanged. When
adopting the modified permittivity as e = £(A/r)'* on the di-
electric side, we could achieve a similar performance to that in
the ideal case, which is shown in Fig. 3(c).

Fig. 3. (color online) (a) The electric field E, distribution of SPPs at
600 nm wavelength for a three-dimensional beam bend. The material
parameters on the dielectric and metal side are obtained from geomet-
rical optics (b) The bend for SPPs when the material is only on the
dielectric side is obtained by geometrical optics. (c) The bend with
revised refractive index on the dielectric side.

3. Realization examples with realistic materials

The SPP devices designed under the TO framework
sometimes cause their materials to be anisotropic, i.e., inho-
mogeneous permittivity and permeability tensors, thus they
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are difficult to realize. However, by adopting appropriate
transformation, isotropic material parameter may be obtained,
which facilitates the implementation of the device. For ex-
ample, the plasmonic device with horizontally distributed
isotropic material on the dielectric side can be accomplished
by a dielectric layer with varying thickness cladding on the
metal >3] Modulating the thickness of the middle dielectric
in the dielectric/dielectric/metal (DDM) hetero-structure, we
can change the effective mode index of SPPs. The implicit ex-
pression of the dispersion relationship for this hetero-structure

can be described as!!”]

o—2hd _ Ki/&tka/€ i/ €1+ kin/Em
k]/b‘] 7k2/82 k1/81 *km/8m7

Y

where the subscripts 1, 2, or m correspond to the middle, top
dielectric layer, or the metal substrate, the k is the wave vector
perpendicular to the interface in the three media in the hetero-
structure, and d is the thickness of the middle dielectric. All
the permittivities in Eq. (11) indicate the relative permittivi-
ties. The metal permittivity &, is determined by the Drude

model, and the top dielectric is assumed to be air with &, = 1.

3.1. SPP in-plane bend with isotropic and homogenous
materials

In Section 2.2, the SPP in-plane bend designed with
geometric optics transformation results in isotropic material
parameters, and can be realized utilizing the DDM hetero-
structure. In the bend structure the material parameters change
with the radius of the fan-shape region, and therefore can
be implemented by a cladding dielectric layer with thickness
varying with radius. Considering the practical realization, we
use SiO; as a cladding material whose permittivity is £ = 2.4
in an optical frequency range. According to Eq. (11), the rela-
tionship between the thickness d of SiO, layer and the radius
r for the bend at wavelength A = 600 nm is shown in Fig. 4
(solid line). For simplicity, the relationship is approximated by
a linear function (straight dashed line) and the corresponding
schematic diagram for a 90° bend is illustrated in the inset of
Fig. 4. The SiO, cladding is of an incomplete cone structure
with a conical base of a 1/4 circle ring. The outer and inner
radius of the cladding dielectric are b =4 pm and @ = 2 um,
respectively. The corresponding height is 160 nm. In the sim-
ulation, the loss of the silver is neglected, and the input SPP

wave is propagating along the +x direction.

0.4

03F
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Thickness/pm
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2.0 2.5 3.0 35 4.0 4.5
Radius/pm

Fig. 4. (color online) The solid line corresponds to the relationship
between thickness d of the middle insulator and radius r for the plas-
monic bend, and the dashed line is a straight line approximately rep-
resenting the solid line. The schematic of a bend for SPPs is inserted
into the picture.

The 3D simulation of the 90° bend at wavelength A =
600 nm is shown in Figs. 5(a) and 5(c). We note that the Gaus-
sian SPPs propagating along the bend undertake a slight com-
pression at the middle position. The transmission efficiency
of the SPP bend, determined by the ratio of power flow be-
tween the output and the input, is calculated, and the results
are shown in Fig. 5(b). The transmission loss is caused mainly
by the mismatch at the port boundary, which leads to the para-
sitic scattering of SPPs into the free-space modes. Connecting
two 90° bends, we can obtain a 180° bend for SPPs and the
performance is depicted in Fig. 5(d). From the results of the
90° and 180° bends in Fig. 5, these simplified designs for ro-
tating SPPs can achieve good performances.

3.2. SPP omnidirectional absorber by isotropic and ho-
mogenous materials

The omnidirectional EM wave absorbers (or sometimes
called EM wave black-holes) that can almost completely
absorb all incident electromagnetic radiation within a cer-
tain radius (radius of the event horizon) have recently been

[12-15] and experimentally realized at

theoretically proposed
microwave frequencies.'*! The absorber proposed by Nari-
manova and Kildisheval'?! from the approach of Hamiltonian
optics is composed of isotropic material, which is different
from the anisotropic material required by the Schwarzschild
metric in the black hole.">! Such an omnidirectional absorber
designed with isotropic permittivity distribution can be de-

scribed as follows:!!2!

&, r>R,
e(r)=1< &(R/r)", Re <r<R, (12)
&+iy, r<R.,

where n is the order number, R is the outer radius of the om-
nidirectional absorber, and the core radius R, is regulated by
R. = R{/€&y/¢. to insure the continuity of the real part of the
permittivity at the core boundary.
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Fig. 5. (color online) (a) The electric field E; distribution of SPPs at 600 nm wavelength for a 90° bend. (b) Transmission efficiency of the plasmonic
90° bend versus wavelength in optical range. (c) Top view of the electric field for the 90° bend at the metal interface. (d) Top view of the electric field

for the 180° bend at the metal interface.

Using the DDM hetero-structure, the SPP omnidirec-
tional absorber can be achieved by an isotropic dielectric layer
with varying thickness on the top of the metal surface. Here,
we take the design of the omnidirectional absorber as an ex-
ample, which is composed of an inner dielectric with radius
R. = 1.9 pum surrounded by an outer dielectric shell part
with tapered thickness and outer radius R = 3.5 um, which
is schematically shown in the inset of Fig. 6. The relative per-
mittivities of the cladding dielectric for the outer shell and the
inner core are € = 3.5 and & + 1y = 3.5+ 0.351, respectively.
Similarly to the previous example, we calculate the values of
thickness d of each cladding layer as a function of position
corresponding to the radius r for the omnidirectional absorber
with order n = 2 and 3, respectively, which are shown in Fig. 6.
The curve corresponding to order n = 2 has a moderate varia-
tion and can be approximated by a linear function as a straight
line.

We simulate the SPP wave propagations of a Gaussian
beam incident at different positions along the y axis. From
Fig. 7, we can observe that the incident SPPs that hit the outer

shell are bent to the inner core and the SPP energy is absorbed
by the omnidirectional absorber for different incident posi-
tions. Due to the circular symmetry associated with the de-
vice, it functions to all incident waves that hit the outer shell,
thus forming an omnidirectional EM wave absorber.

150

120 f

90 [

60

Thickness/nm

30

0 2.0 2.4 2.8 32 3.6

Radius/pm

Fig. 6. (color online) The two solid curves correspond to the relation-
ship between the thickness d and radius r for the plasmonic omnidi-
rectional absorber with n =2 and n = 3, respectively. The dashed line
represents the result for the simplified structure. The inset shows the
simplified design for the omnidirectional absorber.
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Fig. 7. (color onine) (a) Three-dimensional simulation of electric field E, distribution for the plasmonic omni-directional absorber at wavelength
632.8 nm. The central position of incident SPPs is 1.8 um at the y axis. (b) Magnitude of the magnetic field at the metal interface for the central
incidence on the inner core. (c) Magnitude of the magnetic field at the metal interface when the central position of incident SPPs at the y axis is 1.8 um.
(d) Magnitude of the magnetic field at the metal interface for central position 2.5 pm at the y axis.

4. Conclusion

In this paper, we show several design examples of surface
plasmonic devices under the framework of transformation op-
tics and the curved space under coordinate transformations.
SPP wave manipulation devices such as a beam squeezer, in-
plane bend, and omnidirectional EM absorber are designed
and their performances are validated through 3D full-wave EM
simulations. Although a rigorous implementation of transfor-
mation optics to the SPP manipulations results in the trans-
formation of material on both sides of the dielectric—metal
interface, we show that the approximate approach modifying
only the dielectric side can lead to a satisfactory performance,
therefore it facilitates the realization of the devices. Focusing
on practical applications, we also propose simple designs for
the SPP wave bend and omnidirectional EM absorber based on
the curved space under coordinate transformation. These de-
signs can be realized through conventional dielectric cladding
with varying thickness on a metal surface, which can be fab-
ricated by existing nanotechnology, such as gray scale elec-
tron beam lithography.[>>) All examples demonstrate the sig-
nificance of transformation optics and the curved space under
coordinate transformation for designing a device that manipu-

lates the SPP waves efficiently and flexibly.
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