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Design of Low �� High-Speed GaAs Travelling-Wave
Electrooptic Phase Modulators Using

an n-i-p-n Structure
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Abstract—GaAs-based electrooptic phase modulators using
an n-i-p-n structure and coplanar waveguide traveling-wave
electrodes are designed using the compact 2-D finite-difference
time-domain technique and Padé approximation transform. By
optimization, an electrical 3-dB bandwidth of 40 GHz and a 6.6-V

are predicted for a 5-mm-long modulator.

Index Terms—Electrooptic modulator, Padé approximation
transform, 2-D finite-difference time-domain (FDTD) method,
traveling-wave (TW) electrodes.

I. INTRODUCTION

H IGH-SPEED semiconductor optical modulators are
very important components for optical communication

systems [1]. Characteristics such as low drive voltage, wide
bandwidth, low insertion loss, low wavelength and temperature
sensitivity, and low cost are essential for these optical modu-
lators. InP-based modulators are very attractive because they
are generally more compact and have lower half-wavelength
voltage compared with GaAs and LiNbO -based mod-
ulators. Ten-gigahertz InP Mach-Zehnder (MZ) intensity
modulators using additional imbalance control electrodes and
working with zero chirp across the whole -band have been
reported [2]. Forty-gigahertz InP modulators have also been
reported which use an n-i-n waveguide structure instead of
the conventional p-i-n structure to reduce both the microwave
and optical losses. By utilizing the large electrooptical co-
efficients due to the quantum-confined Stark effect, 40-GHz
operation with a drive voltage of only 2.3 V has been achieved
[3]. These InP-based modulators have the drawback of the
wavelength dependence of the drive voltage and generally
need additional electric control to eliminate this wavelength
dependence. GaAs-based modulators do not have this problem
due to its larger bandgap energy. For GaAs modulators, the
general structure used is the Schottky-i-n (Schottky) structure
[1], [4], [5], with capacitively loaded coplanar strip line elec-
trodes [1] or coplanar waveguide (CPW) electrodes [5]. Since
a complex configuration is introduced into the electrodes high
accuracy is required in fabrication. To date such a modulator
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has been demonstrated with a 35-GHz optical bandwidth and
5 V cm [5]. In this letter, we report a new design for
GaAs modulators based on an n-i-p-n structure. The travel-
ling-wave (TW) CPW electrodes are employed to realize the
high speed operation. The structure is simple to fabricate and
should provide cost advantages. The compact 2-D finite-dif-
ference time-domain (FDTD) method and Padé approximation
transform is used for the design. By optimization, an electrical
3-dB bandwidth of nearly 40 GHz (optical 3-dB bandwidth of
80 GHz) and a around 6.6 V are predicted for a 5-mm-long
phase modulator.

II. 2-D FDTD AND PADÉ TRANSFORM

The compact 2-D FDTD technique [6] can efficiently analyze
arbitrary guided-wave structures which are uniform in the prop-
agation direction. In compact 2-D FDTD, the field dependence
on the propagation direction is represented by a phase factor

, where is the propagation constant, so that all 3-D
electromagnetic fields can be represented by a 2-D mesh, which
can greatly reduce the computer memory use and computation
time. By using a variable transform, the solver can run with
real variables; therefore, the memory requirement and computa-
tion time can be further reduced. For a general lossy waveguide
structure, the discrete equations for the electromagnetic fields
in 2-D meshes are expressed as (for simplicity, just is listed
which is the main electric field component of the quasi-trans-
verse-electromagnetic (TEM) mode of a CPW structure)

(1)

where the superscript and subscripts and are indexes indi-
cating the time step, space steps in the and direction, respec-
tively; and are corresponding step lengths; ;
and are the permeability and permittivity in vacuum; and

are the relative dielectric constant and electric conductivity of
the material. By iteration, the field evolution with time can be
simulated with the obtained data transformed into the frequency
domain to find the mode information of the modeled structure.
FFT is the tool generally used for this transformation, however,
it is inefficient for high frequency resolution. A transformation
based on the Padé approximation was employed to overcome
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TABLE I
WAFER STRUCTURE

this problem which can greatly improve the frequency resolu-
tion [7]. In this letter, we use the Padé approximation transform
to calculate the mode spectrum from which a Lorentz fitting can
generate the mode frequency and quality factor (
and are the center frequency and 3-dB bandwidth of the
mode spectrum). The amplitude loss, effective index, and phase
velocity of the modeled waveguide can, therefore, be calculated
as

(2)

where and are the wave number and light velocity in
vacuum. The characteristic impedance of the modeled wave-
guide can be calculated based on the power–current definition

.

III. TW PHASE MODULATOR DESIGN

A. n-i-p-n Wafer Structure

The wafer is configured with an n-i-p-n structure as listed
in Table I. For electrical loss reduction, n-doped GaAs is in-
troduced to make the Ohmic contact for both the signal and
ground electrode. A 0.2- m-thick p-doped ( cm )
Al Ga As layer is used as the blocking layer to prevent cur-
rent flowing between the cap and the lower n-GaAs contact
layers [8]. The intrinsic layer is designed to be 1.3 m thick
in a trade-off between wide bandwidth and low drive voltage
operation.

B. Optical Waveguide

The optical waveguide employed is a deeply etched ridge
waveguide with strong lateral optical confinement as schemati-
cally shown in Fig. 1. The width of the ridge is set to be 2 m
for ease of fabrication. A 0.4- m-thick GaAs layer is designed
as the waveguide core sandwiched by two 0.45- m-thick
Al Ga As upper and lower confinement layers to confine
the optical field in the vertical direction. Although having a
strong lateral optical confinement, the waveguide is still a
single-mode waveguide. The lower cladding layer is designed
to be 2 m thick in order to reduce the loss caused by leakage
into the high-index GaAs substrate. The beam propagation
method (BPM) is used to analyze the optical waveguide. In
Fig. 2(a), the calculated electric field distribution of the funda-
mental quasi-transverse-electric (TE) mode is plotted, which
shows a very strong mode confinement in the intrinsic layer.

Fig. 1. Cross section of the designed CPW structure.

Fig. 2. (a) Contour plot of the electric field distribution of the quasi-TE mode.
(b) Effective index of the quasi-TE mode versus wavelength calculated by the
2-D FDTD technique and the BPM method.

The fundamental quasi-TE mode has an effective index of 3.24,
a group index and group velocity of about 3.5 and 8.57 cm/ns,
respectively, at a wavelength of 1550 nm. The calculated op-
tical confinement factor in the p-doped layer is around 0.5%.
The additional loss caused by this p-doped layer is estimated
to be around 0.6 dB/cm with an absorption coefficient of
29 cm cm in p-doped GaAs at 1550 nm [9].

To verify our 2-D FDTD and Padé approximation transform
program, the mode effective index dispersion of the funda-
mental quasi-TE mode was also analyzed by this 2-D FDTD
method. To save computation time, just half of the waveguide
structure was employed in the FDTD simulation. The symmetry
plane vertically located at the center of the waveguide was set
as an electric-field wall to simulate the quasi-TE mode. The
results obtained are in very good agreement with the BPM
method, as shown in Fig. 2(b).

C. TW CPW Electrodes

The CPW electrodes are chosen for the TW design due to
their ease of fabrication. A cross section of the designed CPW
structure is schematically shown in Fig. 1. The widths of the
signal conductor are supported by bisbenzocycobutene (BCB);
the side ground conductor and the gap between the signal and
ground are set to be 3, 40, and 8 m wide, respectively, which
can ensure both impedance matching (50 ) and velocity
matching. The thickness of the Au signal and ground electrodes
is 2 m. The relative permittivity of GaAs and BCB are taken
as 12.9 and 2.6, respectively. The conductivities of the n-doped
and p-doped layers are S/m and S/m. The
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Fig. 3. (a) Contour plot of the electric field distribution of the quasi-TEM mi-
crowave mode. (b) Calculated mode spectrum and corresponding Lorentzian
fitting.

Fig. 4. Calculated microwave phase velocity and loss versus frequency.

compact 2-D FDTD method combined with the Padé approxi-
mation transform is used to simulate the CPW structure. To save
computation time again, just half of the structure is simulated.
A magnetic-field wall is employed at the vertical symmetry
plane to simulate the quasi-TEM mode and Mur absorption
boundary conditions are applied on all the other boundaries
to absorb the outgoing waves as indicated in Fig. 1. Two-step
meshes were employed. A fine mesh with a step of 0.1 m is
used to describe the waveguide while a rough mesh with a step
of 0.5 m is used to depict the GaAs substrate and the ground
electrodes. Overall the mesh steps are less than of
the microwave wavelength inside the material. The calculated
microwave electric field distribution of the quasi-TEM mode
in the CPW structure is presented in Fig. 3(a), which shows
that the microwave electric field is mainly concentrated in the
depletion region of the optical waveguide. The characteristic
impedance calculated based on the power–current definition is
close to 50 . A typical mode spectrum calculated by the Padé
approximation transform as well as the Lorentzian fitting is
shown in Fig. 3(b).

Fig. 4 shows the calculated microwave loss and index versus
frequency. The microwave loss increases with frequency,
reaching 5.2 dB/cm at 10 GHz and 12.7 dB/cm at 40 GHz. The
velocity mismatch to the optical wave is within 4% over the
frequency range between 5 and 80 GHz for this design.

Fig. 5 shows the simulated frequency response of the de-
signed modulator with a length of 5 mm. An electrical 3-dB
bandwidth of nearly 40 GHz and an optical 3-dB bandwidth
up to 80 GHz are predicted by the simulation. As the bandgap
wavelength of GaAs is much shorter than the working wave-

Fig. 5. Simulated frequency response of the designed 5-mm-long phase mod-
ulator.

length (1550 nm), the linear electrooptic (LEO) effect is the
main factor responsible for the induced index change. Since the
intrinsic layer is just 1.3 m thick and nearly 100% overlap-
ping between the optical mode and the microwave electric field,
high modulation efficiency can be expected. For a 5-mm modu-
lation length, the calculated is 6.6 V at the design wavelength
assuming an LEO coefficient of m/V for GaAs.
Across the whole -band from 1528 to 1568 nm, the varia-
tion is estimated be only about 0.25 V.

IV. CONCLUSION

In summary, a 5-mm-long GaAs TW electrooptic phase mod-
ulator with a 3-dB electrical bandwidth of 40 GHz (3-dB optical
bandwidth of 80 GHz) and a as low as 6.6 V is designed by
the compact 2-D FDTD method and Padé approximation trans-
form. The n-i-p-n structure used allows the modulator to have
a thinner intrinsic layer (1.3 m) compared with the generally
used Schottky-i-n structure which will produce a high modula-
tion efficiency.
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