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Abstract Numerical analysis of subwavelength metal–di-

electric–metal waveguide perpendicularly coupled to a single

nanostub, which is also a dielectric cavity embedded in a

metallic medium, is demonstrated using the concept of

transmission line theory. The transmission of the optical field

is explained in terms of impedance matching and phase

response in wavelength regime. Asymmetric nature of the

spectral line shape has also been explained by complex plane

investigation. Detailed study related to the influence of

structural parameters on the resonant line shape has been

carried out in order to facilitate proper choice of device

parameters for different nanoplasmonic applications. Appli-

cation of the device as an optical switch is also demonstrated.

Incorporation of an active material within the stub and exci-

tation by an optical pump provides the on–off switching

mechanism. Certain physical parameters have been defined

for performance evaluation of this switch, and switching

efficiency has been evaluated in terms of these parameters

considering operation at different infrared wavelengths.

1 Introduction

Plasmonics have emerged as an inevitable field in

nanophotonics because of its unique property of over-

coming the limitation of conventional optics to confine

light at nanoscale dimensions due to diffraction limit. The

ability of subwavelength confinement of light by plasmonic

devices results from the strong localization of surface

plasmon polaritons (SPPs) at the interface of a metal and a

dielectric [1]. Surface plasmon polaritons are quantized

surface waves propagating along a metal–dielectric inter-

face and result from coherent oscillation of the free elec-

trons of a metal on being excited by an electromagnetic

field [2]. Among the SPP-guided systems, metal–dielec-

tric–metal (MDM) waveguide-coupled structure has

emerged to be one of the promising candidates because of

its wide range of applications in integrated photonic devi-

ces such as optical switches [3, 4], power splitters [5],

waveguide couplers [6, 7], optical filters [8, 9], impedance

matching elements [10], tunable filters, sensors [11] and

many others. Cavity-coupled MDM waveguide systems

resulting in asymmetric resonances have also attracted

considerable attention for very efficient sensing as well as

switching applications [12, 13]. Because of the compact

sizes and capability to sustain subwavelength optical

modes, these components are emerging as efficient devices

for nanoscale integrated optics.

A MDM waveguide side coupled to one or more nanos-

tubs [14–17] is the most promising candidate among the

other waveguide cavity-coupled systems because of certain

advantages which include its small size, simple structure,

easy fabrication and its insensitivity to surface roughness of

the metal other than supporting deep subwavelength modes

and their wide range of applications in nanophotonics. The

transmission characteristics of these types of nanostructured

photonic systems can be investigated using different pow-

erful simulation tools which are implemented by full-wave

simulation methods in time and frequency domain (finite

difference time domain [18, 19] and finite difference fre-

quency domain method, respectively), or finite element

& Mina Ray

mraphy@caluniv.ac.in

Sushmita Paul

paul86.sushmita@gmail.com

1 Department of Applied Optics and Photonics, University of

Calcutta, Technology Campus, JD-2, Sector-III, Salt Lake,

Kolkata 700098, India

123

Appl. Phys. A (2016) 122:21

DOI 10.1007/s00339-015-9541-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-015-9541-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-015-9541-1&amp;domain=pdf


method (FEM) at the expense of computational time and

cost. Scattering matrix theory is still another approach of

solving such systems, but it also requires the use of full-

wave methods for extracting the coefficients at the waveg-

uide junctions. Another method of analysis is the application

of transmission line theory which involves the analogy of

MDM waveguide structures with microwave transmission

lines [20–22]. Though the transmission line theory was

previously developed for lossless plasmonic waveguides, a

revised model of transmission line theory incorporating

plasmonic dissipation has been reported by Pannipitiya et al.

[23, 24], yielding fairly accurate results and eliminating all

computational complexities.

In this paper, the properties of a subwavelength plas-

monic nanostub side coupled to a MDM waveguide are

investigated using transmission line theory applicable for

dissipative plasmonic waveguides and its performance as

an optical switch is explored in detail. The organization of

the paper is as follows. Structure description, dispersion

characteristics of MDM structures and mode propagation

through a subwavelength MDM waveguide are demon-

strated in Sect. 2. Section 3 deals with the numerical

approach considered for theoretical analysis of our device.

In Sect. 4, field transmission through the structure in

wavelength regime is analyzed and further explanation of

the device response is provided using complex plane and

phase analysis and by using the concept of impedance

matching. Also, influence of the stub geometry on spectral

response is analyzed in detail, for obtaining correct device

parameters for various nanophotonic applications. Finally,

the operation of the device as an optical switch and its

performance evaluation is illustrated in Sect. 5.

2 Device description and dispersion
characteristics

Our device is simply a T-shaped dielectric waveguide

embedded within suitable metal. Precisely, it comprises of

a subwavelength stub located perpendicularly to a plas-

monic waveguide which is a simple MDM structure. The

dielectric core of the waveguide is also of subwavelength

dimension, surrounded by semi-infinite metallic cladding.

The nanostub can be described as a finite branch of the

MDM structure. The device in consideration is depicted in

Fig. 1. The stub S of length d and width ws is coupled

normally to the waveguide of width wwg. Our analysis is

independent of the dimension along z-axis. When the

plasmonic waveguide is excited by an electromagnetic

(EM) field, localized transverse magnetic surface plasmon

polariton (TM-SPP) mode will be generated at both the

metal–dielectric interfaces of the waveguide. This mode

will propagate through the waveguide along the x-

direction. If the thickness of the dielectric layer is less than

the skin depth of the SPPs in the dielectric, then the

localized TM-SPP modes of each metal–dielectric inter-

faces will couple with each other [25].

The propagation of the TM-SPP mode along the

waveguide is governed by the complex propagation con-

stant b ¼ k � neff , where neff is the effective refractive

index of the MDM waveguide and k ¼ 2p
k where k is the

wavelength of the incident photons. The effective refrac-

tive index of the MDM waveguide as expressed in Eq. (1)

is strongly dependent on frequency or wavelength and can

be obtained by coupled mode approximation [26, 27]:

neff ¼
ffiffiffiffi

ed

p
1 þ k

pwwg
ffiffiffiffiffiffiffiffiffi�em

p
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 þ ed

em

r� �

ð1Þ

where em and ed are the permittivity of the metal and

dielectric, respectively. The complex and frequency-de-

pendent metal permittivity can be obtained using the

Drude–Lorentz model [28], which yields fairly accurate

results in the wavelength range of 0.2–2 lm, and is given

by:

emðxÞ ¼ 1 �
f0x2

p

x2 þ ixC0

þ
X

m

j¼1

fjx2
p

x2
j � x2 � ixCj

ð2Þ

Here the first two terms collectively describe the well-

known Drude model contributing to the free-electron

effects (intraband transition), and the final term in sum-

mation represents the bound-electron effects (interband

transition) accounting for the Lorentz oscillations. xp

denotes the plasma frequency, m is the number of interband

transitions with oscillator strength fj, frequency xj and

damping constant Uj. f0 and U0 represent the oscillator

strength and damping constant associated with the intra-

band transition.

Wavelength dependency of the complex parts of the

metal permittivity of three noble metals, silver (Ag), gold

(Au) and aluminum (Al), commonly used for surface

Fig. 1 3D schematic representation of a nanostub coupled to a

metal–dielectric–metal waveguide
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plasmon generation, is shown in Fig. 2. The value of

plasma frequency, damping constants and oscillator

strengths for various metals has been obtained from [29].

The real part of the metal permittivity which describes the

frequency-dependent behavior of the metal with electro-

magnetic field is shown in Fig. 2a, and the imaginary part

accounting for the absorption of the EM energy within the

metal is depicted in Fig. 2b. Aluminum is seen to exhibit a

distinct absorption peak due to interband transition (Lor-

entz oscillation) at 0.81 lm approximately (1.53 eV). The

absorption peak is generated as a result of the superposition

of bound-electron absorption over the intraband absorption.

Silver and gold depict almost identical behavior, silver

exhibiting higher negative values of real part of the metal

permittivity, which is a desirable feature for surface plas-

mon excitation. In view of this, silver has been considered

as the metallic substrate for further analysis of the device in

present work.

A silver–air–silver plasmonic waveguide is considered

in Fig. 3a, and the real part of the effective refractive index

is plotted as a function of wavelength in Fig. 3b for varying

waveguide core thickness. As the real part of the effective

refractive index determines the guided wavelength through

a MDM waveguide, the guided wavelength is seen to be

higher at very low wavelengths and then decreases

monotonously at higher wavelengths. Moreover, a strong

increase in the guided wavelength for very narrow

waveguides is observed, resulting from the enhanced cou-

pling of the SPPs at both metal–dielectric interfaces. The

propagation length of the SPPs can be determined through

the imaginary part of the effective refractive index through

the relation:

Lspp ¼ k
4p

1

ImðneffÞ

� �

ð3Þ

The propagation length (Lspp) is plotted for varying

subwavelength dimensions of the waveguide core thickness

in Fig. 3c as a function of wavelength. Stronger localiza-

tion of SPPs leading to higher values of propagation depth

at higher wavelengths is observed. Greater confinement of

SPPs within the dielectric for larger dimensions of

waveguide core thickness is evident because of the

reduction in energy buildup within the metal.

MDM waveguide supports two types of SPP modes: the

symmetric mode and the antisymmetric mode. In the sub-

wavelength regime (wwg � k), the symmetric mode is

cutoff and only a single antisymmetric mode is supported

by the MDM waveguide [30–32]. For this fundamental

antisymmetric SPP mode of the single-mode MDM plas-

monic waveguide, the longitudinal and transverse compo-

nents of the electric field are simulated as shown in Fig. 3d,

e, respectively. The longitudinal mode (Ex) is seen to be

strongly localized at the interface, with almost symmetric

field penetration at each metal–dielectric interfaces, while

the transverse electric field component (Ey) is concentrated

within the dielectric layer owing to the negligible field

penetration into the metal.

Fig. 2 Spectral dispersion of a real and b imaginary parts of metal

permittivity using Drude–Lorentz model

Fig. 3 a Schematic of a MDM waveguide. Contour plot of b real part

of the effective refractive index of the MDM waveguide and

c propagation length of the SPP mode with variation in wavelength

and waveguide width. d Longitudinal (Ex) and e transverse (Ey)

electric field profile of the fundamental SPP mode calculated by

considering waveguide width of 50 nm using FDTD software
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3 Numerical approach

The properties of MDM waveguide coupled to a single stub

resonator have been investigated using transmission line

theory developed and revised by Pannipitiya et al. [23, 24].

For simplification of the model, the fringing field effects and

higher-order decaying modes near the waveguide stub junc-

tion have been neglected. The concept of transmission line

theory applied for investigating systems consisting of deep

subwavelength MDM waveguides is built on the analogy

between subwavelength MDM structures and microwave

transmission lines. Also, the electric and magnetic fields of

the plasmon mode are analogous to the voltage and current in

transmission line, respectively. Employing the above analo-

gies, the MDM waveguide can be represented by an infinite

transmission line with characteristic impedance [33]:

Zwg ¼ Ey dielectricwwg

HZ dielectric

¼
bwgwwgg

ked

ð4Þ

where g is the wave impedance in vacuum (377 X). Here

bwg is the propagation constant within the waveguide with

thickness wwg. The stub that is a finite branch of MDM

waveguide can also be represented by a finite transmission

line of length equal to the stub height and characteristic

impedance Zs ¼ bswsg
ked

, bs being the constant of propagation

in the stub. These representations are valid as long as wwg

and ws are much less than the order of wavelength. Phase

shift at the stub end induced by SPP reflection is included

by terminating Zs with a load impedance ZL given by

ZL ¼
ffiffiffiffi

ed

em

q

Zs. This equation had been derived by equating

reflection coefficient using circuit theory analysis and

Fresnels complex amplitude reflection coefficient and

under the consideration that the stub end is represented by a

short-circuited line [34–36]. An equivalent transmission

line network diagram employing series connection of Zwg

and Zs and its simplified circuit model using the concept of

effective impedance given by Eq. (5) [37] is well explained

and illustrated in [24].

Zstub ¼ Zs

ZL � iZs tan bsdð Þ
Zs � iZL tan bsdð Þ ð5Þ

where bsd constitutes the phase shift of the surface plasmon

wave with propagation constant bs.

Finally, the transmittance of the MDM waveguide

coupled to a single nanostub can be evaluated using

transfer matrix method and is expressed as:

T ¼ tj j2¼ 1 þ Zstub

2Zwg

�

�

�

�

�

�

�

�

�2

exp � L

Lspp

� �

ð6Þ

where t denotes the complex transmission coefficient and

Lspp is the propagation length of SPP wave. The term

within the modulus contributes to the interference of the

incident field and the EM field reflected from the stub. The

exponential term accounts for the SPP damping. The phase

associated with the transmitted wave can be determined as:

h ¼ tan�1 ImðtÞ
ReðtÞ

� �

ð7Þ

4 Investigation of spectral response in MDM
waveguide-coupled nanostub

4.1 Resonance response analysis

Light transmission through the device is demonstrated in

Fig. 4a with device parameters wwg = ws = 50 nm,

d = 300 nm, L = 400 nm, air as the dielectric and silver

as the metal. Two dips are observed in the transmittance

spectrum at wavelengths of 0.62 and 1.78 lm for the

chosen device parameters. The occurrence of these dips is

attributed to the fact that at these particular wavelengths

light energy from the waveguide gets coupled to the stub

and forms standing waves within the stub thereby trapping

the EM energy and hence restricting light at the output.

However, different amount of energy coupling takes place

for these two different wavelengths. Maximum energy is

coupled at the resonant wavelength. But exact resonant

Fig. 4 a Transmission spectrum of the structure and relative intensity

plot considering two dielectric media; complex amplitude transmis-

sion Argand diagram is shown in the inset. b Spectral behavior of the

effective impedance of the stub and phase of the transmitted wave;

Argand diagram for the effective impedance is shown in the inset
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wavelength cannot be determined directly from the spectral

characteristics owing to the asymmetric nature of the

lineshape. The asymmetric response is confirmed by the

spiral nature of the complex amplitude transmission

Argand diagram (CATAD) shown in the inset as against

circular CATAD for symmetric lineshapes. In case of these

asymmetric responses, the resonant wavelength is deter-

mined to be the one for which the relative intensity for two

dielectric media is maximum. Here, relative intensity has

been defined as dI=Ij j where dI is the difference of the

intensities for two different dielectric medium and I is the

intensity of the reference dielectric. This relative intensity

is plotted in Fig. 4a considering air and water as two

dielectric media, and the maximum intensity is obtained at

1.78 lm. Moreover, from Fig. 4b, the effective impedance

of the stub is seen to play an important role in the spectral

lineshape response of the device. The effective impedance

is observed to have finite values only at the wavelengths in

the vicinity of transmittance dips and possesses a maxi-

mum value at the resonant wavelength (1.78 lm). Thus,

resonance condition of the device occurs through impe-

dance matching phenomenon. The Argand diagram for the

effective impedance of the stub is plotted in the inset of

Fig. 4b. The inner circle of smaller diameter corresponds to

the narrower dip at 0.62 lm (low effective impedance

value), while the outer circle of larger diameter accounts

for the broader transmission dip (high impedance value).

The phase of the transmitted wave is also plotted in

Fig. 4b. The phase depicts sharp transition at wavelengths

of 0.62 and 1.78 lm (wavelengths of transmission min-

ima), transition at 0.62 lm being sharper.

4.2 Influence of structural parameters: cavity width

and cavity height

The spectral response for the waveguide-coupled nanostub

structure can be engineered by alteration of the stub

geometry. The alteration of system response due to varia-

tion of the stub width (ws) investigated is shown in Fig. 5.

The transmission spectrum is plotted for different stub

widths in Fig. 5a varying from 30 to 130 nm by a step of

10 nm, with other parameters unaltered as in Fig. 4. The

spectrum is observed to become narrower with simultane-

ous increment in the value of the transmission peak with

increase in the stub width for the range of the values of ws

considered in the simulation. Change in stub width causes

alteration in the number of stationary waves formed within

the stub leading to modified energy trapping which finally

results in the shift of the transmission dips in the spectrum.

The full width half maxima (FWHM) of the spectral

response calculated from the transmittance plots of Fig. 5a

and depicted graphically in the inset of Fig. 5b reveal

obvious reduction in FWHM with increase in stub width.

Since the spectral width can be tuned by alteration of the

stub width, the device may be looked upon as a structural-

dependent tunable filter. A contour plot showing the

transmittance for variation of stub width and wavelength

band is shown in Fig. 5b. The contour confirms the nar-

rowing down of the spectrum with increment in stub width.

The contour also reveals occurrence of very high value of

transmittance approximately in the wavelength range of

700–1000 nm. Two arbitrary wavelengths 760 and 880 nm

are chosen from this wavelength band, and the variation of

transmittance with stub width at these two wavelengths is

simulated in Fig. 5c. At both the wavelengths, the

Fig. 5 a Transmission characteristics for different stub widths.

b Contour plot of transmission for varying stub width and varying

wavelength. FWHM for varying stub width is plotted in the inset.

c Transmittance versus stub width plots for two fixed wavelengths.

Almost flat transmission response (band-pass behavior) is shown in

the inset
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transmission initially increases with stub width and then

monotonically decreases at higher values of stub width.

The intersection of the two curves corresponding to stub

width of 86.6 nm reveals identical transmission at both the

wavelengths. For this fixed value of ws = 86.6 nm, the

transmittance spectrum is plotted for the wavelength range

of 760–880 nm and is shown in the inset of Fig. 5c. Almost

flat transmission spectrum reveals the application of the

device as band-pass filter within this particular spectral

range for this particular choice of stub width. This proce-

dure of achieving band-pass performance is equally

applicable for any other value of stub width over a different

wavelength band.

The variation of transmittance with stub height and

wavelength is also simulated as shown in the contour plot

of Fig. 6a. The plot depicts that at any particular wave-

length, the transmission switches alternatively between

maximum and minimum values. This oscillatory behavior

of transmittance between high and low values can be

explained as follows. The phase shift of the reflected wave

is affected by the phase change as the wave traverses the

length of the stub (d) and phase shift at the stub end. Hence,

by changing the stub height, the phase of the reflected wave

changes. The total phase shift between this reflected and

transmitted wave causes constructive or destructive inter-

ference resulting in alternate occurrence of maxima and

minima. The density of this occurrence of maxima and

minima is seen to be higher at lower wavelengths in the

wavelength range considered. Two fixed wavelengths,

visible wavelength 633 nm and zero dispersion wavelength

1550 nm, are considered, and 2D plots of transmittance

versus stub height are plotted for these two wavelengths as

shown in Fig. 6b, c, respectively. At both these wave-

lengths, the amplitude of oscillation between maxima and

minima gradually decreases at higher values of stub height.

The frequency of switching between low and high trans-

mission values with increasing stub height decreases at

higher wavelengths. Repetitive nature of dips and peaks in

the transmission spectrum allows us to choose a proper

stub height as per requirement of maximum and minimum

transmission for a predefined wavelength value. Moreover,

reverse engineering, i.e., selecting a wavelength for pre-

defined stub height, is also possible with the help of the

contour plot depicted in Fig. 6a.

5 Switching application

Incorporation of a semiconductor material in the cavity of a

cavity-coupled plasmonic waveguide leads the device to

act as an on–off switch [4], as tuning the absorption

coefficient of semiconductor material results in optical gain

which is utilized for on–off switching application. Tuning

the absorption coefficient of certain semiconductor quan-

tum dots by optical excitation also leads to active control of

optical signals [38, 39].

CdSe quantum dot (QD)-doped silicon dioxide has been

used as a filling material within the cavity for switching

application [40], where absorption of the optical energy by

CdSe QD-doped silica in the presence of optical pumping

provides the switching mechanism. Though II–VI semi-

conductor quantum dots like CdSe and ZnSe provide

stronger exciton–photon interaction and higher exciton

binding energies compared to IV and III–V semiconduc-

tors, CdSe is difficult to be tuned in UV and is toxic and

hence not preferable for medical applications and ZnSe

shows considerable degradation [41]. ZnO having direct

wide bandgap energy of 3.37 eV at room temperature and

having the advantage of large exciton binding (60 meV),

long-term stability, high defect resistance, biocompatibil-

ity, environmental friendliness and low material cost is

preferable over CdSe and ZnSe for practical applications

[41]. In view of these advantages, ZnO QDs have been

considered as the active material for switching application

in present analysis.

5.1 Principle of switching and performance

evaluation of the optical switch

For switching operation with our device, we consider the

nanostub to be filled with ZnO QDs, whose absorption

coefficient (imaginary part of the refractive index) is

intensity dependent and thus can be tuned by optical pump

excitation. Numerically, the refractive index of the active

material can be represented as n ? ij, j being the

absorption coefficient whose zero and nonzero values,

respectively, determine the ‘off’ and ‘on’ switching states.

Fig. 6 a Transmission contour plot for varying stub height and

wavelength. 2D plots of transmission characteristics for varying stub

heights for b 633 nm and c 1550 nm wavelength, respectively
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At resonant wavelength, transmission is almost zero as

seen from the transmission characteristics of Fig. 4a. The

wavelength corresponding to transmission minima (i.e.,

resonant wavelength) can be tuned to the desired value by

optimizing the stub geometry. By proper choice of the stub

parameters, the resonant wavelengths of 1.55 and 1.3 lm

(minimum dispersion windows) have been obtained and

transmission spectrum in both the presence and absence of

optical pumping has been plotted for these two resonant

wavelengths in Fig. 7. In the absence of optical pumping

(corresponding to j = 0), the transmission is significantly

low, whereas in the presence of pumping (corresponding to

j = 0), the on-resonance transmission increases owing to

absorption of photons by the active material. The trans-

mission enhancement due to absorption in the cavity can be

explained as follows. The bandgap of different semicon-

ductor materials (ZnO QD in this case) is dependent on its

refractive index (r.i.) [42]. Modulation of its absorption

coefficient (j) through optical pump excitation results in

alteration of refractive index (since r.i. = n ? ij) and

consequent modulation in the bandgap of the material.

Thus, in the presence of pumping, the bandgap energy is so

modified that the photons are absorbed by an intraband

transition process in the QDs, unlike in the absence of

pumping where the energy of the photons is smaller than

that of the QDs for absorption to take place [40]. Moreover,

from [40], the on-resonance transmission can be deduced

from: T ¼ Qe=ðQe þ QoÞ½ �2, where Qe and Qo are the

quality factors associated with power escape through the

waveguide and internal loss of the cavity, respectively.

When the material absorbs photon energy in the presence

of pumping, more energy builds up within the cavity

causing an increase in Qe and hence finally enhances the

transmittance. Thus, the presence and absence of optical

pump in the presence of the active material within the stub

provide the on–off switching mechanism of the device.

The transmission characteristics during both ‘on’ state

and ‘off’ state are plotted for two communication wave-

lengths 1.55 and 1.3 lm in Fig. 7a, b, respectively. The

stub parameters chosen for obtaining resonant wavelength

of 1.55 and 1.3 lm are ws = 50 nm, d = 147 nm and

ws = 50 nm, d = 120 nm, respectively. The value of the

absorption coefficient for ‘off’ and ‘on’ state is taken as

j = 0 and j = 0.1, respectively. If Ton-res and Toff-res be

defined to be the transmittance values during the ‘on’ and

‘off’ states, respectively, at the resonant wavelength (kres),

then difference of transmittance value between these two

states (DT) at kres can be represented as

DT ¼ Ton�res � Toff�res ð8Þ

which has been calculated to be 25 dB and 24 dB from

Fig. 8a, b, respectively. High value of DT reveals efficient

switching operation provided by the device.

The variation of ‘‘on–off’’ ratio [(g = Ton/Toff), Ton and

Toff being the transmission values during on and off states]

with absorption coefficient (j) is plotted in Fig. 8a for two

values of kres 1.3 and 1.55 lm. Maximum value of ‘‘on–

off’’ ratio (gmax) has been obtained at j = 0.19 and

j = 0.22 for 1.3 and 1.55 lm resonant wavelength,

respectively. Let jon-max be the value of j at gmax when g is

evaluated for transmission response plotted at the resonant

wavelength. gmax has been determined to be 16.62

(28.11 dB) and 14.28 (26.59 dB) at values of jon-

max = 0.22 and 0.19, respectively. Transmittance (T) ver-

sus wavelength (k) for j = 0 (representing the off state)

and j = jon-max (representing the on state) is plotted in

Fig. 8b, c, respectively. Values of jon-max taken to simulate

these two plots are 0.22 and 0.19 as obtained from Fig. 8a.

Moreover, DTmax (value of DT at kres for jon-max) have been

evaluated to be 28 and 27 dB at two resonant wavelengths

1.55 and 1.3 lm, respectively.

As already discussed earlier, DT is an important factor in

realizing the switching efficiency of the device. The

Fig. 7 Transmission characteristics for j = 0 (without pumping) and

j = 0.1 (with pumping) for resonant wavelength a 1.55 and 1.3 lm.

For both figures, the device parameters are chosen to be L = 400 nm

and wwg = ws = 50 nm and d = 147 nm in (a) and 120 nm in (b)
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performance of the optical switch can also be expressed in

terms of gres and DT through the relation:

gres ¼ 1 þ DT
Toff�res

ð9Þ

where (Ton-res/Toff-res) defines the parameter gres. This

equation confirms that a high value of DT would yield a

higher on–off ratio at the resonant wavelength, for a fixed

value of Toff-res. Thus, appreciable values of DT as obtained

from the plots of Fig. 8b, c manifest efficient switching

efficiency of the device. However, for different resonant

wavelengths, different sets of optimized structural param-

eters would lead to different values of Toff-res and hence gres

would no longer retain proportional relation with DT as in

Eq. (9). Moreover, lower value of Toff along with higher

DT, resulting in a higher value of gres, would provide

enhanced switching performance of the device.

5.2 Switching performance for different resonant

wavelengths in the infrared (IR) spectral range

Different physical quantities, namely jon-max, g, gmax, gres,

DT and DTmax, are defined in Sect. 5.1 to evaluate the

performance of the optical switch. All these values have

been determined at two fixed telecommunication wave-

lengths for the corresponding set of optimized device

parameters. In order to gain an insight into the nature of

variation of these parameters with change in resonant

wavelength, jon-max, gmax, DTmax and gres-max (value of gres

for jon-max) are calculated and tabulated in Table 1 for

different infrared resonant wavelengths (kres) considered in

the range 1–1.9 lm. Values of stub height (d) which has

been varied in order to achieve the corresponding values of

kres are also provided in the table, other device dimensions

being the same as that in Figs. 7 and 8.

The calculated data in Table 1 reveal a proportional

relation of jon-max with resonant wavelength. Also, DTmax

increases at higher values of kres. SinceDTmax is a measure of

switching efficiency, the device performance as an optical

switch enhances with red shift of the resonant wavelength.

The more or less oscillating nature of gmax with change

in kres may be accounted to the oscillating nature of

transmittance with variation in d (Fig. 6), since d had to be

varied for obtaining the corresponding value of kres.

Though the value of DTmax increases with increase in

resonant wavelength, gres-max decreases with kres due to the

simultaneous increment of Toff-res along with DTmax.

6 Conclusions

To summarize, we have thoroughly investigated the optical

field transmission through a subwavelength MDM waveg-

uide coupled to a nanocavity, where the transmission

characteristics can be tailored by tuning the stub dimen-

sions. We have also shown that by varying the stub width

we can tune the spectral bandwidth, leading the device to

be used as a tunable band-pass filter. On the other hand,

alteration of the stub height causes the transmission to shift

between maxima and minima, and this phenomenon has

been used to select the desired resonant wavelength for

switching operation. If the stub is filled with an active

semiconductor medium like ZnO quantum dots accompa-

nied by excitation through an optical pump, present theo-

retical simulations are found to support enhancement of

transmission at the resonant wavelength (on state) com-

pared to a lower value of transmission in the absence of

pumping (off state). It is to be noted that the light launching

within the waveguide is challenging due to the

Fig. 8 a ‘‘On–off’’ ratio (Ton/Toff) is plotted against absorption

coefficient (j) with device parameters L = 400 nm and wwg = -

ws = 50 nm and d = 147 nm (solid curve) and 120 nm (dotted

curve) corresponding to two chosen wavelengths. Plot of transmit-

tance (T) versus wavelength (k) for j = 0 and jon-max = 0.22 and

0.19 in (b) and (c), respectively

Table 1 Optimized parameters for efficient switching at different

infrared wavelengths

kres (nm) d (nm) jon-max gmax

(actual/dB)

DTmax (dB) gres-max

1000 90 0.15 02.85/10.47 23.4534 0.5827

1100 100 0.17 06.14/18.14 24.7687 0.5609

1200 110 0.18 11.40/24.34 25.8094 0.5429

1300 120 0.19 14.28/26.58 26.6278 0.5278

1400 132 0.21 11.52/24.4 27.3889 0.5126

1500 142 0.22 15.77/27.58 27.8754 0.5018

1600 152 0.23 16.50/28.03 28.2560 0.4923

1700 165 0.24 10.73/23.73 28.6251 0.4816

1800 175 0.25 14.70/26.88 28.8232 0.4746

1900 185 0.26 17.58/28.67 28.9649 0.4682
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subwavelength dimension in the present scheme. However,

overcoming this limitation, novel coupling schemes have

been recently reported [43, 44]. In conclusion, present

simulation-based quantitative analysis provides the opti-

mized parameters for efficient switching at different reso-

nant wavelengths which will definitely benefit the future

research community interested in further exploring this

field theoretically as well as experimentally.
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