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Abstract. In this paper, we propose an optical switch based on a
metal-insulator-metal plasmonic waveguide with Si3N4 core sandwiched
between two gallium (Ga) metal layers. Combining the unique structural
phase transition property of gallium, within a total length of only 400 nm,
an extinction ratio as high as 7.68 dB can be achieved in the proposed
nanoplasmonic structure. The phase transition may be achieved by
changing the temperature of the waveguide or by external light excitation.
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1 Introduction
Silicon-based photonic components and circuits are widely
used in information processing and data storage. Optical
switches and modulators, as essential elements in the cir-
cuits, have been studied intensely.1, 2 However, due to the
relatively weak nonlinear optical properties of silicon, i.e.,
the weak dependence of refractive index and absorption co-
efficient on the free-carrier concentration,3 these devices
are only achieved by using very high power in large or
nonplanar structures,4–6 which make them not suitable for
dense circuit component integration and hence limits their
applications. A promising solution may be found in sur-
face plasmon polaritons (SPPs), i.e., surface electromag-
netic excitations coupled with collective electrons, which
have intrigued considerable interest. Since SPPs exhibit ex-
tremely small guiding wavelengths and high field intensities
along dielectric-metal interfaces, optical confinement can be
scaled to deep subwavelength dimensions in plasmonic de-
vices. A wide range of passive SPP-based circuit elements,
which include waveguides,7 couplers,8 interferometers,9, 10

splitters,11, 12 reflectors,13 wavelength demultiplexers,14 and
resonators,15 have been proposed and successfully demon-
strated. Furthermore, the strong confinement of the field to
the interface renders the SPP propagation to be extremely
sensitive to the minor changes of optical properties in the
vicinity of dielectric-metal interface, which may be induced
by the refractive index change of the dielectric materials or
the metals. In this context, dynamic control of SPP prop-
agation properties has been realized by using different ap-
proaches; most of them rely on the manipulation of the re-
fractive index of the dielectric material adjacent to the metal
surface by applying voltages16–20 or illuminating pump light
on the dielectric material.21–24 In addition, plasmonic mod-
ulators based on quantum dots,25 ferroelectric materials,26

and liquid crystals27 have been studied. Another example is
a metal-oxide-silicon field effect plasmonic modulator, called
“plasMOSter,” which works by switching off the photonic
mode when voltage is applied and therefore only supports
plasmonic mode.28 Strong modulation of the electromag-
netic fields of SPPs is also achieved by implementing an
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external magnet to control electrons of the ferromagnet in a
gold-ferromagnet-gold structure.29

Recently, considerable interest arises in the nonlinear
effect enhancement by structural phase transitions in polyva-
lent metals, for example, Ga, which has already shown to en-
able all optical switching at megawatt power levels.30 Ga is a
material known for its polymorphism.31 The stable “ground-
state” phase, α-gallium, is a highly anisotropic metal because
molecular and metallic properties may coexist.32 The phase
transitions between α-gallium and metallic gallium will oc-
cur when the temperature is close to the melting temperature
of α-gallium, which is very low as 29.8 ◦C. The switching
may be achieved by external optical excitation or just simply
changing the temperature of the metal with the switching
time approximately in the picosecond–microsecond range.33

The significant difference in the optical properties of α-phase
and metallic phase makes gallium a very suitable material for
plasmonic modulators and switches. In 2004, Krasavin and
Zheludev proposed an Au/Ga waveguide, which contains
a 2.5-μm long gallium switching layer. Surface plasmon
signals in the waveguide can be efficiently controlled by
switching the structural phases of Ga, and a signal modulation
depth exceeding 80% is observed in the proposed structure.30

2 Structure Design
Based on the previous work done by Krasavin and
Zheludev,30 in this paper we employ the unique phase tran-
sition property of gallium and focus on the signal light trans-
mission through a simple Ga-Si3N4-Ga waveguide. We use
the finite-difference time-domain (FDTD) method34, 35 to in-
vestigate the switching properties of the plasmonic waveg-
uide. In the FDTD simulations, the experimental data for the
frequency-dependent dielectric constants of Ga is directly
used,36, 37 including both the real and imaginary parts for
the three main crystalline axes (a-axis, b-axis, and c-axis)
of α-gallium and the metallic gallium. The simulated struc-
ture is created as a simple coupler by placing a Ga-Si3N4-Ga
plasmonic waveguide embedded between two identical di-
electric (silicon) waveguides, as shown in Fig. 1(a). The sili-
con waveguides and the Ga-Si3N4-Ga waveguide are aligned
along the light propagation direction. The two silicon waveg-
uides are used to couple optical signals into and out of the
Ga-Si3N4-Ga waveguide, respectively. Recent work shows
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Fig. 1 (a) A Ga-Si3N4-Ga plasmonic waveguide embedded between
two silicon dielectric waveguides, wd: width of the dielectric waveg-
uide, wp: width of the dielectric core of the plasmonic waveguide, lp:
length of the plasmonic waveguide, d: thickness of the metallic gal-
lium which is formed at Si3N4 and α-gallium interface. (b) Dielectric
gaps are introduced at both ends of the plasmonic waveguide.

that high efficiency photonic-plasmonic-photonic coupling
can be achieved through this configuration.8 In order to cal-
culate the power transmission of the Ga-Si3N4-Ga waveg-
uide, a fundamental TM mode in the input silicon waveguide
is excited by a mode source. The power fluxes are measured
in both the input and output silicon waveguides. Since the
center of attention describes the switching characteristics of
the plasmonic waveguide, the parameter optimization of the
whole structure to achieve high extinction ratios, as well as
waveguide transmission, will be discussed later in the paper.
We temporarily put the width of the silicon waveguides, wd
= 400 nm, the length of the Ga-Si3N4-Ga waveguide, lp
= 400 nm, and the width of dielectric core, wp = 60 nm.
Perfectly matched layers are used at all the boundaries of
the simulation area to minimize the unnecessary reflection.38

The spatial and temporal steps are set as �x = �y = 2 nm
and �t = �x/2c39 respectively, to ensure accurate results in
the FDTD simulations and c is the speed of light in free space.

3 Two-Dimensional Simulation Results and
Discussions

We investigate the different conditions when external op-
tical excitation is applied and hence, the phase of gallium
parts may completely switch between the ground phase, α-
gallium, and the metallic phase. The simulations include all
main crystalline orientations of α-gallium. First, we consider
the different transmissions of the waveguide at a wavelength
of 1550 nm. In the simulations, we assume that the gallium
part is a homogeneous medium either in the α-phase or in
the metallic phase. Figures 2(a) and 2(b) are the simulation
results of the power distributions when the gallium is in the
metallic phase and α-phase, CB (CB denotes the c-axis lying
along the propagation direction and the b-axis lying along the

(a) 

(b)

Fig. 2 (a) Simulation result of field distribution with metallic gallium.
(b) Simulation result of field distribution with α-gallium, CB.

transverse direction which is perpendicular to the Ga-Si3N4
interface, similar notations will be used in other figures),
respectively. For a better comparison, the two figures are
normalized to the maximum value of the result with metal-
lic gallium. Simulation results with the α-gallium in other
crystalline directions showed similar power distributions as
shown in Fig. 2(b). The power transmission decreases from
24.8% (with metallic gallium) to less than 5.77%, depending
upon a specific crystalline direction, 1.36% for AB, 2.72%
for AC, 4.4% for BA, 5.77% for BC, 1.62 for CA, and 1.06%
for CB. Here, we define at a given wavelength,

Extinction ratio (in dB) =10 log

(
Tmetallic

Tα- max

)
, (1)

where Tα-max is the maximum transmission among those of
the waveguide with α-gallium, and Tmetallic is the transmission
of the waveguide with metallic gallium at the same wave-
length. Compared with the 2.5-μm long (the length of the
gallium section, not including the lengths of the Au sections
and the two 10 element coupling and decoupling gratings)
structure in Ref. 26, an extinction ratio as high as 6.33 dB can
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Fig. 3 Power transmission of the Ga-Si3N4-Ga plasmonic waveguide as a function of wavelength for different phases and crystalline directions
of gallium.

be achieved in the simple Ga-Si3N4-Ga waveguide, with a
total length of only 400 nm. This result is noticeable since the
optical switch has been considered as a part of the integrated
circuit, and the embedded structure is ready for fabrication.
The detailed fabrication processes will be discussed with the
three-dimensional (3D) structure, together in Sec. 4.

To further investigate the performance, we varied the
working wavelengths of the optical switch from 1000 to
2000 nm in the simulations. Figure 3 shows the transmis-
sions at different wavelengths of incident light for the same
structure. The most important information obtained from the
simulation results is that the structural phase of the gallium
is the main factor to determine the transmission of the Ga-
Si3N4-Ga waveguide. From Fig. 3, we find that as the wave-
length increases, the transmission levels for all the cases
increase, except for the transmission of the waveguide with
metallic gallium decreases at a very narrow wavelength range
(1000 to 1070 nm). We also note that an extinction ratio over
3 dB (not shown in Fig. 3) can be achieved at wavelengths
approximately from 1160 to 2000 nm. The reason can be
attributed to the following: when the structural phase of gal-
lium changes, the changed refractive index of gallium will
cause the propagation loss as well as the impedance change.
By carefully examining Fig. 3, we found that at λ = 1360 nm,
the extinction ratio reaches its maximum, which is 7.68 dB.

Transitions between different structural phases in a bulk
material are not reversible and therefore would not be
suitable for controlling light with light. However, this will
become a dynamic coexistence of structural forms if the
material is placed in a restrictive geometry. The simplest
form of confinement is the formation of an interface with

another material.32 The phase transition of gallium is a
surface-mediated effect.30 As shown in Fig. 1(a), we assume
that a very thin layer of metallic gallium with thickness d
develops at Si3N4 and α-gallium interface. The thickness
of metallic gallium layer d will steadily increase with either
temperature just below the gallium bulk melting point or
incident light intensity.30 We simulate the conditions as
the thickness d of metallic gallium continuously increases.
The transmissions of the waveguide for a series of incident
wavelengths and the corresponding extinction ratios are
shown in Figs. 4(a) and 4(b), respectively. In the simulations,
a thin layer metallic gallium is sandwiched between Si3N4
and α-gallium, CB. The simulated structure and main
geometric parameters are kept the same as the previous
simulations. It is clearly seen that with the presence of tens
of nanometers thick metallic gallium, the transmissions of
the waveguide, as well as the extinction ratios, increase
rapidly. This may be due to that only the metal in the
vicinity of the metal-dielectric interface will be involved in
the switching processes, since the field decays exponentially
inside the metal at the interface. As shown in Fig. 4(b), at λ
= 1550 nm, with a 40-nm thick metallic gallium layer, the
extinction ratio reaches around 9.98 dB and the transmission
increases to 10 times of its original value [see Fig. 4(a)].

The plasmonic waveguide with metallic gallium repre-
sents an “on” state while with α-gallium represents an “off”
state. The transmission of the waveguide with metallic gal-
lium can be improved by choosing the optimal geometric
parameters of the waveguide or simply introducing dielectric
gaps to the structure, as shown in Fig. 1(b). Those gaps may
function like “funnels” to gather more SPPs to the dielectric
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Fig. 4 (a) Power transmissions as a function of the depth d of metallic
gallium thin film. (b) Extinction ratios of the Ga-Si3N4-Ga plasmonic
waveguide as a function of d.

core of the waveguide.12 With two 40-nm wide gaps placed at
both ends of the plasmonic waveguide, at an incident wave-
length of 1550 nm, the transmission of the waveguide with
metallic gallium is improved to 30.3%, while the extinc-
tion ratio is approximate 7.05 dB. Other parameters (e.g., the
width of Si3N4 core, wp), can also be optimized to increase the
power transmission. From simulation results, with increased
core thickness wp, the transmission of the waveguide will in-
crease as well. For example, when wp = 90 nm, transmission
of the waveguide with metallic gallium increases to 39.7%
at λ = 1550 nm. The whole structure exhibits Fabry–Pérot
effect as the length of the plasmonic waveguide changes,8

when the length of the Ga-Si3N4-Ga waveguide is 140 nm,
transmission with metallic gallium is around 40.7%, and the
extinction ratio is approximately 4.25 dB.

4 3D Implementation and Fabrication Steps
Until now, an efficient two-dimensional (2D) optical switch
has been successfully demonstrated. Here, we propose
a possible 3D implementation of the optical switch.
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Fig. 5 (a) Starting the fabrication process on an SOI wafer. (b) Defin-
ing the input and output Si waveguides. (c) Deposition of Si3N4 film
as the core of the plasmonic waveguide. (d) Deposition of gallium
film.

Figures 5(a)–5(d) illustrates the main fabrication steps of the
optical switch. First, the input and output silicon waveguides
will be fabricated on a silicon-on-insulator (SOI) wafer.
In the second step, the dielectric core of the plasmonic
waveguide, silicon nitride, will be deposited between the two
silicon waveguides by a method named hot-wires chemical
vapor deposition.40 With NH3/SiH4 ratios between 40 and
70, and at low substrate temperature of 100oC or 250oC,
dense films (2.56 to 2.74 g/cm3) and refractive index between
1.93 and 2.08 can be obtained.40 The following lithography
and etch steps will pattern the dielectric core. Good align-
ment is required to make the dielectric core be in alignment
with the input/output silicon waveguides in the y-axis. In the
third step, a high quality gallium film will be deposited on the
substrate from Ga targets using a Q-switched mode-locked
Nd:YAG laser (λ = 1.064 μm; τ FWHM = 60 ps).41 It has been
reported that gallium nanoparticles with a relatively narrow
size could be formed on the substrate if it was illuminated
by very low intensity laser light.42, 43 The gallium film will
re-solidify to α phase after the melting process.41

To characterize the optical switch in a 3D configuration
and compare the extinction ratios with the 2D switch, the
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Fig. 6 Extinction ratio as a function of thickness of silicon nitride or gallium film.

dimensions of the optical switch is similar to those in 2D
simulations. The cross section of the Si waveguides in the
y-z plane is assumed to be square, where the height of
the Si waveguides hd equals the width wd to be 400 nm.
The height of the plasmonic waveguide hp is identical as hd.
The length lp and the width wp are set as lp = 400 nm and wp
= 60 nm, respectively. In the 3D numerical simulations, the
gallium is either in the metallic phase or in the α-phase. The
same notation of gallium in the α-phase is used, for example,
CB represents c-axis lying in the light propagation direction,
x-axis, b-axis lying in the z-axis, and a-axis lying in the y-
axis. A mode with the main component of E in the y direction
is excited in the input silicon waveguide. The power transmis-
sion measured at the output silicon waveguide is as follows:
31.1% for metallic gallium, 1.2% for AB, 2.95% for AC,
4.3% for BA, 7.0% for BC, 1.34% for CA, and 1.0% for CB.
The extinction ratio using Eq. (1) is calculated as 6.48 dB,
which is consistent with that of the 2D switch, 6.33 dB.

Recently, experimental demonstrations of plasmonic
waveguide44 and coupler45 have been reported. Different
from our proposed structure, the core material of the fab-
ricated waveguides is air. One challenge of the fabrication
process for our structure is the conformality of each de-
posited film. In order to show how the thicknesses of the
silicon nitride or the gallium film will impact the extinction
ratio, we performed a series of simulations with the condi-
tions that either the silicon nitride or the gallium film was not
at the target thickness, which is 400 nm. Figure 6 shows the
extinction ratio as a function of the thickness of silicon ni-
tride or gallium. For simplicity, in each simulation, only one
film (silicon nitride or gallium) thickness varies, while the
other one has a thickness of 400 nm. The range of thickness
variation is 400 ± 40 nm. From the results, it is seen that gal-
lium film thickness is more critical, since ± 10% thickness
variation will cause a maximum 15% extinction ratio change,
while with the same thickness variation, silicon nitride will
only bring an 8.4% change in extinction ratio.

5 Conclusions
Recently, all-optic switching has also been reported in metal-
insulator-metal waveguides with Kerr nonlinear defects.46, 47

Compared with the plasmonic waveguides proposed in those
papers, the switching mechanism of our Ga-Si3N4-Ga waveg-
uide mainly depends on the waveguide material (gallium)
property, not by introducing an additional nonlinear medium.
Hence, our proposed structure is much simpler and easier to
fabricate.

To summarize, we have investigated the potential switch-
ing properties of a simple Ga-Si3N4-Ga plasmonic waveg-
uide. With a length of only 400 nm, an extinction ratio as
7.68 dB can be achieved in the proposed structure. Since the
phase transition of gallium is a surface-mediated effect, we
also show that with tens of nanometers thick metallic gal-
lium sandwiched between Si3N4 and α-gallium, the power
transmission level will increase greatly. Further study on the
parameter optimization confirms that the transmission of the
waveguide can be improved to 40.7%, while the extinction
ratio is still kept over 4.25 dB.
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