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We propose a III–V-based electro-absorption plasmon modulator that can be used to construct fully monolithic
plasmonic integrated circuits. Our device consists of a GaInAsP/InP gap-surface-plasmon-polariton waveguide
with TiO2 ∕ITO layers on both sides of the InGaAsP core. Using this design, the intensity of transmitted light
can be modulated by controlling the carrier concentration of the ITO layer, as a positive gate voltage induces
electron accumulation in the ITO layer (this is similar to the operation of FinFETs). The extinction ratio was
4.5 dB∕μm with a gate voltage swing of 0–5, and the insertion loss was found to be 1.5 dB∕μm. The figure of merit
(ratio of extinction ratio to transmission loss) is 3, a result that is far superior to other conventional Si-based
plasmonic photomodulators. © 2014 Optical Society of America
OCIS codes: (130.0130) Integrated optics; (130.4110) Modulators; (250.5403) Plasmonics.
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1. INTRODUCTION
Photonic integrated circuits (PICs) have made remarkable
progress in the past few decades with the development of
applications in the fields of optical communication, sensing,
and imaging. At present, considerable attention is being paid
to downscaling and reducing the power consumption of
photonic devices to produce advanced PICs with high-density
integration and high-level functionality.
The III–V compound PIC excels in functionality because it
can monolithically integrate various photonic devices including light sources (lasers and light-emitting diodes), modulators, isolators, and detectors [1–3]. At the same time, the
silicon PIC has been actively studied because it has the potential for ultrahigh-density integration that makes use of strong
optical confinement, due to a large difference between the
refractive indices of Si and SiO2 [4–7]. However, it is still difficult to create monolithic light sources on silicon platforms
because of the indirect bandgap of Si. Therefore, silicon PICs
for practical use tend to take the form of hybrid integration
with III–V compound devices [8–11].
Toward next-generation PICs, plasmonic integration technology based on surface plasmon polaritons has attracted
growing attention in recent years [12–14]. Plasmonic integration has a considerable advantage in that it enables III–V compound photonic devices to be integrated into an extremely tiny
size beyond the diffraction limit [15]. Using this technology will
enable us to manufacture III–V compound PICs with high integration density, superior to that of silicon PICs. To further this
goal, nanoscale III–V photonic devices based on the plasmonic
integration concept are beginning to be developed: leading
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examples are ultralow threshold nanolasers [16–19] and
high-speed, highly sensitive nanodetectors [20–22].
In this paper, we demonstrate the theoretical possibility of
nanoscale III–V photonic modulators based on the plasmonic
integration. Plasmonic integration technology has been applied to Si-based photonic modulators, and the production
of several devices has been reported [23–26]. However, these
Si-based devices are incompatible with monolithic integration
including light sources. The large transmission loss caused by
metal absorption in these devices is also an obstacle to
practical use. The plasmonic III–V modulator we propose
can overcome these problems to achieve both high modulation
efficiency and low metal loss.
In the following sections, we first propose a III–V-based
electro-absorption plasmon modulator. Our device consists
of a plasmon-polariton waveguide in which the transmittance
of light can be controlled by a gate voltage. We then confirm
the operation of the device with the aid of computer simulation based on the finite element method. The simulation
shows that an extinction ratio of 4.5 dB∕μm can be obtained
with a gate voltage swing of 5 V. The transmission loss, or insertion loss, is 1.5 dB∕μm at a gate voltage of 0 V. Therefore,
the figure of merit (ratio of extinction ratio to transmission
loss) is 3, a result far superior to those of Si-based plasmonic
photomodulators.

2. DEVICE STRUCTURE AND OPERATION
PRINCIPLES
The modulator we propose consists of a gap-plasmon-polariton
(GPP) waveguide with a gate to control the light transmittance.
© 2014 Optical Society of America
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Figure 1(a) gives a three-dimensional view of our device, while
Fig. 1(b) is a cross section perpendicular to the light propagation. The core of the device is a waveguide consisting of an
i-InGaAsP layer (bandgap wavelength  1.22 μm) sandwiched
between i-InP (upper) and n-InP (lower) clad layers. Both sides
of the InGaAsP core are side-etched to form a deep-ridge waveguide and covered with a transparent conductive indium-tinoxide (ITO) layer, a TiO2 insulating layer, and a metal (Au with
a Ti buffer) gate, in this order. We have designed the device to
operate at a wavelength of 1550 nm. [A sample fabrication process for an actual physical device is as follows: (1) high mesa
formation by dry etching, (2) wet etching on both sides of
the InGaAsP core, (3) deposition of the ITO and TiO2 with
atomic layer deposition, and (4) metal electrode formation.]
In this device, the gap-surface-plasmon-polariton (GSPP)
waves are excited along the interface of the gate metal and
the TiO2 ∕ITO layers on both sides of the InGaAsP core. This
produces strong optical confinement in the waveguide beyond
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the limit of diffraction. The polarization of the propagating
light is transverse electric (TE), the same as for most existing
PICs. This is a considerable advantage over other plasmon
modulators [23–26], which are designed for transverse
magnetic (TM) mode operation.
The intensity of transmitted light can then be modulated by
controlling the carrier concentration of the ITO layer. Carrier
control can be achieved by applying a voltage signal between
the metal gate and the n-InP lower clad layer. A positive gate
voltage induces electron accumulation in the ITO layer (this is
similar to the operation of FinFETs). The peak position of the
GPP-wave distribution occurs in the TiO2 ∕ITO layers, and
therefore the light transmission can be modulated effectively
as a result of the electron accumulation in the ITO layer.
The important indices of the modulators are the extinction
ratio and insertion loss. In plasmon-polariton devices (including our device), metal parts strongly absorb light and
reduce insertion loss. Therefore, reducing insertion loss is of
particular concern.

3. MODULATING OPTICAL PROPERTIES OF
ITO LAYER
To design the device, we determined the optical properties of
ITO, i.e., the refractive index and absorption coefficient, as
functions of carrier density.
The optical response of electrons in transparent conductive
oxides such as ITO can be determined approximately using
the Drude model and the Tauc–Lorentz model [27]. The
plasma frequency, ωp , and the relaxation coefficient, Γ, of
the conductive oxide are given by

ωp N 

ΓN 

e2 N

m Nϵ∞ ϵ0

1
2

;

e
;
m Nμopt

(1)

(2)

where N is the density of the electrons, e is the elementary
charge, ε0 is the vacuum permittivity, ε∞ is the relative permittivity at optical frequencies, μopt is the electron mobility at optical frequencies, and m N is the effective mass as a
function of N. Note that N is the total density of the electrons,
i.e., the sum of electrons from including both dopants and
electrons induced by the gate-field effect. Taking the nonparabolicity and degeneracy of the conduction band into account
[28–30], m N is given by

1
2Pℏ2
2 2
m N  m0 1   3π 2 N3 ;
m0

Fig. 1. (a) Schematic bird’s-eye view image of GaInAsP/InP plasmonpolariton modulator with ITO thin film. (b) Schematic cross-section
image of modulation region of device.

(3)

where m0 is the electron mass and P is a fitting parameter,
equivalent to 0.18 eV−1 for ITO [31]. Here we set the electron
mass m0 to be 0.4m0 considering the Moss–Burstein shift,
because ITO is always degenerately doped.
Using Eqs. (1)–(3) and the parameters given in Table 1, we
calculated the refractive index and absorption coefficient of
ITO as a function of wavelength for various electron densities.
The results are listed in Fig. 2. At the optical communication
wavelength of 1.55 μm, both the refractive index and the
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Table 1. Parameters Used in the Simulation

width of the InP clad layers to 400 and 500 nm, respectively.
Other important dimension parameters are the width of the
core layer, the thicknesses of the TiO2 and ITO layers, and
the dopant density of the ITO layer. This section describes
the determination of the optimal TiO2 thickness and ITO
dopant density.
The TiO2 thickness has a significant influence on the GSPP
wave states. We simulated the propagation of light along the
core for various values of TiO2 thickness, and the finite difference method with the scattering boundary condition was then
applied. The parameters used in this simulation are listed in
Table 1.
Figure 3(a) depicts the optical confinement factor and
propagation loss of light as a function of the core width,
W core , with the TiO2 thickness as a parameter. In this simulation, we assumed a structure with no ITO layer; that is, we set
the ITO thickness to 0. Figure 3(b) shows the distribution of
the electric field strength of the GSPP waves excited in the
waveguide. It is apparent that the hybrid-mode GSPP waves
[32] are excited. With large TiO2 thicknesses, the optical
waves leak into the clad layers to produce a large propagation
loss. With small thicknesses, effective optical confinement is
established, and therefore propagation loss remains small,
even if W core is reduced beyond the diffraction limit. However,
the TiO2 thickness cannot be reduced without limit because
this layer has to withstand the gate voltage. We therefore set it
to 10 nm.
We then studied the effect of the electron density of the ITO
layer on the light transmission loss. Figure 4 shows the results
for light of 1.55 μm wavelength, with W core as a parameter. In
this example, we set the thickness of the ITO layer to 5 nm and
used the data given in Fig. 2. At low electron densities (region
A), the ITO behaves as a dielectric (see Fig. 2). In this condition, the GSPP waves are in the normal mode, and the distribution peak of the waves remains a small distance from the Au
gate layer. This results in a small propagation loss. As the
electron density increases (region B), the ITO changes from
dielectric to metallic. In this condition, the GSPP waves transition into the strongly confined mode, and the distribution
peak of the waves moves to the gate layer. As a result, the
propagation loss abruptly increases due to absorption in
the gate metal.
To operate the device as a modulator, a driving voltage is
applied to the gate to change the electron density of the ITO
layer. If the gate voltage is 0 V, the electron density is equal to
the dopant density in the ITO. When a positive gate voltage is
applied, the electron density increases because field-induced
electron accumulation is added. To achieve small insertion
loss, the operating point of the device must be in region A
(see Fig. 4) at a gate voltage of 0 V. To achieve high modulation efficiency, the operating point must move deeply into
region B at positive gate voltages. Considering the above,
we set the dopant density to 1.0 × 1020 cm−3 .

Material Parameters
Parameter

Symbol

Value

m0

0.4

P
μopt

0.18 eV−1
25 cm2 ∕Vs

ε∞

3.8

—
—
—

InP: 3.17
GaInAsP: 3.38
2.2
0.145  10j

Symbol

Value

htop∕bottom
Wtop∕bottom
hcore
W core
t
g

400 nm
500 nm
200 nm
Variable
Variable
Variable

Electron mass (degenerately doped ITO
thin film)
Fitting parameter (ITO thin film)
Electron mobility at optical frequencies
(ITO thin film)
Relative permittivity at optical frequencies
(ITO thin film)
Refractive indices of the III–V compound
semiconductor
Refractive index of TiO2
Refractive index of gold (Au)

Structure Parameters
Parameter
Height of InP top/bottom layer
Width of InP top/bottom layer
Height of GaInAsP core layer
Width of GaInAsP core layer
Thickness of TiO2 insulator
Thickness of ITO thin film

absorption coefficient change significantly with electron density. At low carrier densities (sufficiently lower than
5 × 1020 ∕cm3 ), the ITO shows dielectric properties with very
little light absorption. As the carrier density increases, however, the ITO changes from a dielectric to a metallic material
and demonstrates strong light absorption. By utilizing this
characteristic, we can create plasmon-polariton modulators
with a large extinction ratio and low insertion loss.
The theoretical characteristic mentioned above is also
applicable to other conditions as follows: (1) carrier concentration increased by doping in a material; (2) carriers induced
by an external bias voltage. Therefore, the subsequent discussion is based on the results of this section.

4. DETERMINING TiO2 THICKNESS AND
ITO DOPANT DENSITY
We then designed a device prototype. The thickness of the InGaAsP core layer was set to 200 nm, and the thickness and

5. SIMULATING MODULATOR OPERATION

Fig. 2. Dependence of refractive index and absorption coefficient on
wavelength, with carrier density as a parameter.

We simulated the operation of the device and calculated the
extinction ratio and insertion loss. To achieve this, we first
calculated the carrier accumulation in the ITO layer induced
by the gate voltage, using a device simulator (Silvaco ATLAS
Device3D) comprising the Poisson equation, the electron and
hole continuity equation, the parallel electric field-dependent
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Fig. 4. Calculated propagation loss of GPP waveguide as a function
of initial doping concentration in ITO thin film, with W core as a
parameter.

Fig. 5. Carrier concentration distribution near the TiO2 ∕ITO
interface under bias voltage, with ITO film thickness of 5 nm.

Fig. 3. (a) Calculated core confinement factor and propagation loss
in GPP waveguides as a function of W core , with TiO2 film thickness, t,
as a parameter. (b) Mode distribution profile in each structure.

mobility model, the concentration-dependent carrier mobility
model, the Shockley–Read–Hall (SRH) recombination model,
the material-dependent band parameter model, and Fermi–
Dirac statistics. Figure 5 shows the electron distribution in
the ITO layer for various gate voltages. In simulation, the
TiO2 and ITO thicknesses were set to 10 and 5 nm, respectively, and the dopant density in the ITO was 1 × 1020 cm−3 .
The maximum driving voltage was set to 5 V to prevent the
TiO2 layer from breakdown. The resultant carrier accumulation occurred within 2 nm of the TiO2 ∕ITO interface. The
carrier density at the interface increased to 6 × 1020 cm−3
for a gate voltage of 5 V, and the ITO changed its optical properties from dielectric to metallic. The width and density of the
carrier accumulation depended only on the gate voltage and
did not depend on the ITO thickness, provided the thickness
was equal to or larger than 5 nm.
From the electron distribution in the ITO layer and the data
given in Fig. 2, we determined the profile of the optical
constant in the ITO layer. We then calculated the distribution

of the GSPP waves in the device, using the finite element
method. Figure 6 shows a sample result, where the InGaAsP
core width is 100 nm, the TiO2 thickness is 10 nm, and the
dopant density of the ITO is 1 × 1020 cm−3 . As the gate voltage
increases, the distribution profile of the light is drawn toward
both sides of the waveguide because the ITO changes to a

Fig. 6. Mode field distribution (a) without bias voltage and (b) with
bias (5 V). The distribution profile of the light is pulled toward both
sides of the waveguide because the ITO changes to a metallic state at
the Al2 O3 ∕ITO interface.
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Table 2. Comparison of Plasmon Modulators in Main
Academic Institutions
Group

UC
Berkeleya

Karlsruhe Institute
of Technologya

This Work

Papers

[24]

[13,23]

This Work

Material

ITO/silicon

ITO/silicon

Extinction
ratio (ER)
Off-state
propagation
loss (α)
Figure of
merit (ER∕α)
Polarization state

0.8 dB∕μm

2.2 dB∕μm

ITO/GaInAsP/
InP
4.2 dB∕μm

−1.0 dB∕μm

−8.6 dB∕μm

−1.3 dB∕μm

0.8

0.25

3.23

TM

TM

TE

a

Data reported by UC Berkeley and Karlsruhe Institute of Technology are
experimental results.

6. CONCLUSION

Fig. 7. (a) Calculated extinction ratio and propagation loss without
gate bias as a function of W core . (b) Calculated figure of merit as a
function of W core .

We proposed a III–V-based electro-absorption plasmon
modulator to construct fully monolithic plasmonic integrated
circuits. The device consists of a GSPP waveguide with a
FinFET-like gate structure to control the transmission of light.
We confirmed the operation of the device with the aid of
computer simulation. The extinction ratio was 4.2 dB∕μm
with a gate voltage swing of 0–5, and the insertion loss
was 1.3 dB∕μm.
Table 2 compares the performance of our device with that
of plasmon modulators developed by other research institutes. Our device can achieve a large extinction ratio and figure of merit. The remarkable advantage of our design is that it
is InP-based and operates in the TE mode, unlike other similar
devices. This makes our design quite compatible with fully
monolithic plasmon integrated circuits.
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