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Abstract A cuprous oxide-based ultra-compact nano-

plasmonic coupler has been proposed and analyzed

numerically. Numerical simulations show that a coupling

efficiency of 56 % has been achieved at the optical com-

munication wavelength. The proposed nanoplasmonic

coupler has the advantage of operating at broad frequency

range. The fabrication process of the coupler is also easier

compared to other proposed structures since it is a flat

rectangular-shaped coupler and does not require any

tapering at any point.

Keywords Surface plasmon polariton � Plasmonic

waveguide � Nanoplasmonic coupler � Finite-difference

time domain

Introduction

Plasmonic waveguides have been a field of extensive

research interest for the past few years. In particular, the

metal–insulator–metal (MIM) configuration of the plas-

monic waveguide has the ability to squeeze the optical

modes within the insulator layer on deep sub-wavelength

scales (Barnes et al. 2003; Zia et al. 2004). This amazing

property of the plasmonic waveguides has a promising

role in minimizing the size of the integrated photonic

devices and acts as a bridge between conventional optics

and sub-wavelength electronics devices. The confinement

of the optical mode depends on the thickness of the

insulator layer. The thinner the layer, the more confined is

the optical mode. However, the tradeoff is increased

propagation power loss in the metallic layer which limits

the distance of how much the surface-plasmon-polariton

(SPP) mode can propagate. Even the fabrication-related

disorders have far less impact on the propagation loss

than the losses that occur in metallic layers. This problem

can be addressed using both dielectric and plasmonic

waveguide in the same chip. The dielectric waveguide

will carry the optical mode while the plasmonic wave-

guide will address the sub-wavelength scale issue. This

calls for the need of efficient coupling of optical modes

from the dielectric waveguide to the plasmonic wave-

guide. Therefore, designing efficient nanoplasmonic cou-

plers with different materials and structures can be a

pioneering step in miniaturization of the integrated pho-

tonic devices.

In the past years, several plasmonic couplers have been

proposed by different researchers. Veronis and Fan (2007)

proposed a coupler with multi-section tapers. Ginzburg and

Orenstein (2007) reported a k/4 coupler to couple optical

modes from a 0.5-lm- to 50-nm-wide plasmonic wave-

guide. Pile and Gramotnev (2006) presented an adiabatic

and a non-adiabatic tapered plasmonic coupler. Wahsheh

et al. (2012) reported an analysis on nanoplasmonic air-slot

coupler and its fabrication steps.

In this paper, we present a novel design and analysis of a

nanoplasmonic coupler using cuprous oxide, based on the

finite-difference time-domain method (Yee 1966). To the

best of our knowledge, this is for the first time one proposes

and analyzes a nanoplasmonic coupler using cuprous

oxide. We have achieved a coupling efficiency of 56 % at

the telecommunication wavelength. The advantage of this

design is that it can operate at a wide range of frequencies

and is easier to fabricate since it is a simple flat terminal
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waveguide without any tapering placed at the entry of the

MIM plasmonic waveguide.

Formulation of the materials and the structure

Material models

The frequency-dependent permittivity function of single-

pole pair Lorentz model is given by (Kunz and Luebbers

1993),

erðxÞ ¼ e1 þ x2
oðes � e1Þ

x2
o þ j2dx � x2

ð1Þ

where, e? is the infinite frequency relative permittivity, es

is the zero frequency relative permittivity, j is the imagi-

nary unit, d is the damping coefficient and xo is the fre-

quency of the pole pair.

The frequency-dependent permittivity function of Lor-

entz–Drude 6 (six)-pole model is given by (Kunz and

Luebbers 1993),

erðxÞ ¼ 1 �
fox2

p

x2 � jCox
þ
X5

i¼1

fix2
p

x2
oi þ jCix � x2

ð2Þ

where, xp is the plasma frequency, Ci is the damping fre-

quency, fi is the oscillator strength, j is the imaginary unit

and xoi is the resonant frequency.

We have used single-pole Lorentz model to account

for the dispersive property of cuprous oxide (Cu2O) and

six-pole Lorentz–Drude model to integrate the dispersion

property of silver (Ag) in the simulation model. An

excellent agreement has been achieved with the experi-

mental values (Palik 1998) by fitting Cu2O to the single-

pole with e? = (1.41)2, es = (2.49)2, d = 6.1 9 1010

rad/s and xo = 0.53 9 1016 rad/s. The modeling param-

eters for Ag have been determined by Rakic et al.

(1998).

Structure formulation

We have developed the 2D simulator based on the finite-

difference time-domain (FDTD) method proposed by Yee

(1966). A general auxiliary differential equation (ADE)-

FDTD algorithm is used to integrate the frequency-

dependent dispersion properties of the materials (Alsunaidi

and Al-Jabr 2009; Al-Jabr and Alsunaidi 2009). This

algorithm is useful where materials with different disper-

sion properties are present. The perfectly matched layer

(PML) has been used to avoid reflection of incident wave

from the boundaries (Berenger 1994).

Considering the material dispersion, the frequency-

dependent electric flux density can be given as

DðxÞ ¼ eoe1EðxÞ þ PðxÞ: ð3Þ

The general Lorentz model is given by

PðxÞ ¼ a

b þ jcx � dx2
EðxÞ ð4Þ

which can be written in time domain through inverse

Fourier transform as

bPðtÞ þ cP0ðtÞ þ dP00ðtÞ ¼ aEðtÞ: ð5Þ

The FDTD solution for the first-order polarization of

Eq. (3) can be expressed as

Pnþ1 ¼ C1Pn þ C2Pn�1 þ C3En ð6Þ

where

C1 ¼ 4d � 2bDt2

2d þ cDt
; C2 ¼ �2d � cDt

2d þ cDt
; C3 ¼ 2aDt2

2d þ cDt
:

The values of C1, C2 and C3 depend on the material under

consideration.

Finally the electric field intensity becomes

Enþ1 ¼ Dnþ1 �
PN

i Pnþ1

eoe1
ð7Þ

where Dn?1 is the update value of the electric flux density

calculated using the FDTD algorithm.

Structure specifications and simulation

The proposed nanoplasmonic coupler structure that has

been used for simulation is given in Fig. 1. Here, the width

of the Cu2O layer has been taken as 300 nm and the width

of the air layer in the MIM waveguide has been taken as

60 nm.

A monochromatic point source has been used to excite

the optical modes. Since the coupler can operate at a broad

frequency range, we have used input signals of

Fig. 1 Schematic diagram of the coupling structure used for the

numerical analysis
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wavelengths ranging from 900 to 2,000 nm. The reason we

have limited our simulation within this wavelength range is

that the modeling parameters for the materials we have

used are applicable within this wavelength boundary only.

To get accurate results and maintain the courant stability

criteria (Taflove and Hagness 2000), we have taken

Dx = 5 nm, Dy = 5 nm and the time step as

Dt ¼ 0:95

c
ffiffiffiffiffiffiffiffiffiffiffi

1

Dx2þ 1

Dy2

p
Þ
:

We have defined the coupling efficiency as the ratio of

the transmitted power into the MIM waveguide to the

incident power in the input dielectric waveguide. The

incident power of the fundamental mode has been mea-

sured right before the interface between dielectric and

MIM waveguide and the transmitted power has been

measured right after the interface.

The reflection coefficient, return loss and voltage

standing wave ratio (VSWR) have also been determined

to analyze the performance of the coupler. The method

we have used for calculating reflection coefficient is as

follows. First, an optical mode has been incident in the

dielectric waveguide when there is no plasmonic wave-

guide. The value of the electric field is then recorded at

one point. This represents the value of the incident wave.

Then, the same thing has been done with the plasmonic

waveguide. This time the electric field represents the

value of the incident wave plus the reflected wave since

some part of the incident wave will be reflected by the

MIM waveguide due to the difference in dispersion

property of the materials. Therefore, we can calculate the

reflected wave by subtracting the incident wave from this

value. The reflection coefficient is then calculated by

taking the maximum of the ratio of the reflected wave to

the incident wave. This has been done for all the input

signal wavelengths for which we have run the simulation.

After determining the reflection coefficient, we have

determined the return loss and VSWR using analytical

formulas.
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Fig. 2 Coupling efficiency of the proposed nanoplasmonic coupler
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Fig. 3 Variation of coupling efficiency with varying width of the air

layer
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Fig. 4 Numerically calculated i reflection coefficient, ii return loss,

iii voltage standing wave ratio (VSWR) of the proposed nanoplas-

monic coupler
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Results and discussion

The coupling efficiency of the proposed nanoplasmonic

coupler using cuprous oxide has been determined for dif-

ferent input signal wavelengths and presented in Fig. 2.

From the figure, it can be observed that the coupling effi-

ciency keeps on increasing as we increase the input signal

wavelength reaching about 66 % at the input signal

wavelength of 2,000 nm. The optical communication

wavelength is of particular interest for us and at this

wavelength the coupling efficiency is 56 %.

The variation of the coupling efficiency as a function

of the width of the air layer has been depicted in Fig. 3.

We have varied the width from 30 to 110 nm in the step

of 10 nm. In each case, the wavelength of the input

signal has been kept fixed at 1,550 nm. A maximum

efficiency of 61.89 % has been achieved for 30 nm width

and a minimum of 52.9 % has been observed when the

width is 100 nm. However, for the ease of fabrication we

have kept the width at 60 nm while doing the final

simulation.

The numerically calculated reflection coefficient has

been given in Fig. 4i. From the figure, it can be observed

that the reflection coefficient is decreased as the input

signal wavelength is increased and at the optical commu-

nication wavelength the reflection coefficient is 0.34 which

indicates that the amount of reflection is very small for the

proposed coupler.

From the numerically calculated reflection coefficient,

we have determined the return loss and the voltage stand-

ing wave ratio which are given in Fig. 4ii, iii. The return

loss is increasing with the increase in input signal wave-

length and it is 9.32 dB at the optical communication

wavelength which indicates that the impedance mismatch

is low at this wavelength. The VSWR is also very low at

this wavelength having a value of 2.04 only.

The electric field distribution inside the coupling struc-

ture for cuprous oxide has been presented in Fig. 5. From

the colormap of the figure, it is understood that the field

intensity is higher in the dielectric waveguide than the

plasmonic waveguide. Besides, due to higher losses in the

metallic layer the field intensity decays if one goes into the

top and bottom metallic layers from the dielectric region of

the plasmonic waveguide.

The coupler proposed by Wahsheh et al. (2012) pro-

vides a theoretical efficiency of 50 % at the optical com-

munication wavelength whereas our proposed coupler

provides a theoretical efficiency of 56 % at the same input

signal wavelength. The proposed couplers of Veronis and

Fan (2007) and Pile and Gramotnev (2006) contain multi-

section tapers which are difficult to fabricate at the nano-

scale. But our proposed structure is easier to fabricate since

we have not used any tapered interface. Therefore, it is

evident that our proposed coupler using cuprous oxide

provides noticeably better performance in terms of effi-

ciency and ease of fabrication.

Conclusion

We report the design and analysis of a nanoplasmonic

coupler using cuprous oxide. The coupling efficiency,

reflection coefficient, return loss and VSWR for different

input signal wavelengths have been determined and pre-

sented. Our proposed coupler yields a coupling efficiency

of 56 % at 1,550 nm wavelength and the impedance mis-

match is also quite small. We expect that the analysis

presented here will be useful in the fabrication process of

nanoplasmonic couplers.
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