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Full analysis of a high-bandwidth microring-based PIN modulator
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This study presents a new simulation strategy for a high-speed microring-based PIN modulator using the finite element
method. It includes dc and transient simulations of the electro-optical behavior of the device. Variations in the effective
refractive index and their effect on the optical output fields are determined by applying a reverse bias voltage pulse to the
device. The frequency responses have been calculated for the microring modulator and 3 dB bandwidth. Cal culations show a
3 dB bandwidth of over 115 GHz for aring with aradius of 8 um and awidth of 0.5 um at -7 V biasing voltage.
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1 Introduction

Modulators convert electrical datato optical datain
high speed opticadl communications’. For direct
modulation of injected carriers of Fabry-Perot lasers,
parameters such as photon-carrier interaction,
frequency chirp, and differential gains limit the
modulation bandwidth?®, Higher bit-rates and long
optica fiber links require external modulators.
Several types of externa electro-optic modulators are
realized based on Mach-Zehnder interferometer
(MZI) and ring-resonator schemes on LiNbOs,
polymer®, GaAs®, and InP’ materials. Electro-optic
modulators on an InP substrate have the advantage of
monolithic integration with lasers at a wavelength®
of 1.55 um.

Travelling wave (TW)-MZI modulators on the InP
substrate are relatively large (mm range) and have the
highest bandwidth of 112 Ghit/s dua polarization
quadrature phase shift keying”. A MZl-based PIN
modulator was investigated having a bandwidth of
more than 40 GHz with the ability of monalithic
integration with an arrayed waveguide grating laser™.
To overcome the deficiencies in the TW-MZI, eectro-
optic modulators using a high-quality optical ring
cavity have been proposed on polymers" and
semiconductor-on-insulator ~ platforms'.  Micro-ring
(MR) modulators have a natural resonance. Changing
the radius and refractive index of the ring will shift the
resonant wavelength and produce a large modulation
depth near the resonance pesk. MR modulators™*?
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have low insertion loss and driving voltage, but cannot
be integrated with active components.

The present study presents and fully analyzes a
novel high-speed ring resonator modulator based on
carrier depletion in a reverse-biased PIN diode on an
InP substrate. The simulation accounts for the
electrical and optica properties of the microring PIN
modulator using the finite element method (FEM).

2 Microring-Based Modulator

A schematic structure for the MR modulator is
illustrated in Fig. 1(a). The structure is composed of a
conventional PIN layer stack and a ring resonator
which is coupled to two straight waveguides. The
width of the ring and the straight waveguides, the gap
between the ring and the straight waveguides, and the
radius of ring are shown in Fig. 1(b). The layer stack
consists of a film layer of non-intentionally doped
InGaAsP with a bandgap wavelength of 1.25 um, a
thickness of 500 nm, a doping level of 6x10™/cm?,
and an upper cladding layer of p-InP with a doping
level of 10'®/cm?® and a thickness 1 um on a highly n-
doped substrate having a doping level of 10%/cm®.
The ring cavity has two additional thin layers of p™
and n"* InGaAs with a doping of 4x10"/cm® as the
ohmic p and n contact layers on top and an electrode
on each side to apply reverse voltage (Fig. 1(c)). An
optical continuous wave illuminates the input port of
the straight waveguide and is coupled to the ring
cavity. By applying reverse bias voltage to the
electrodes, the guiding layer and part of the adjacent
layers are fully depleted and the effective refractive
index of the ring varies from the plasma dispersion
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effect, band filling (BF) effect, and electrical field
created in the PIN junction’®. The change in the
effective refractive index of the ring waveguide
modifies the resonance wavelength and subsequently
modul ates the transmitted signal.

An accurate three-dimensona smulation of the ring
resonator modulator requires a high-speed and  high-
cgpacity computer with a long execution time. These
limitations mean tha the ring resonator modulator was
primarily andyzed to determine the carrier concentration,
eectricd fidd, and effective refractive index in the laterd
cosssction (Fg. 1(c)) and then the opticd fidd
digribution, transmisson and 3-dB bandwidth in the
longitudind cross-section (Fig. 1(b)).

The free carrier concentration and the electric field
inside the PIN structure vary, which changes the
refractive index of the InP cladding and InGaAsP film
layers by applying reverse bias voltage to the
electrodes of the ring. The electro-optical effects in
the bulk InP and InGaAsP are given for the Pockels,
Kerr, plasma, and BF effects 1%*3* as:
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In which ny is the refractive index, ra is the linear
eectro-optic coefficient, E is the dectric fidd, S, is the
quadratic coefficient for TM and TE polarization, Ny is the
doping levd of the carrier concentration, e is the eectron
charge, & isthe vacuum permittivity, cisthelight oeedin
vacuum, my, and my, are the heavy and light hole masses,
reppectivdy, P and N ae the decron and hole
concentrations, respectively, m is the eectron mass, and A
isthe wavdength. The main parameters of the eectro-optic
effectsareligedin Table 1.

The semiconductor and Maxwel's equations were
taken into account usng COMSOL software, FEM and
Matlab codes to dmulate the MR modulator. Spetid
discretization was carried out using triangular mesh in the
laerd and longitudind cross-sections of the MR
modulaor.
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Fig 1 — (@ Three-dimensond schemdic view of the MR-modulator,
(b) top view and (c) laerd crosssections of the draght waveguide
(left) and ring resonator (right) with the specifications of MR-modulator
and layers

Table 1 — The main parameters of the electro-optic effect

Parameter Vaue

o 14x10%2(InP) mV
o 1.6x10%2(QL.25) m\V
S 11.9x10%(Q1.25) V2
Su 21.5x10%°(Q1.25) m?/v?
AE) 3.65x107% (InP) m®
AE) 5.7x10% (Q1.25) m®
Agr 5x102 (InP) m®
Agr 14x10%(Q1.25) m®
Nrp 3.1669

Norizs) 3.3636

In the first gep, eectricdl smulation was done by
solving the continuity, Poisson's, and impact ionization
equations for each biasing voltage to determine dl rdevant
quantities, including carrier digtribution and eectricd fied
inthe laterd cross-section of the microring (Figs 2 and 3).
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Fig. 2 — (a) Electrons, (b) holes concentrations at 0, -3, and -7 V (from left to right), (c) eectrons and (d) holes concentrations at
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Fig. 3 — Electric field distribution at the three bias voltages of
oV (--),-3V

As expected, the depletion region extended toward the
whole InGaAsP layer and the dectrica fidd wasincreased
by increasing the reverse voltage gpplied to the €ectrodes.
The variations in refractive index (dnga) Were cdculated
usng reldions (1-5) in dl mesh nodes. The effective
refractiveindex of the ring resonator, determined by moda

andlyss as a function of the biasng voltage, is shown in
Fig. 4. The effective refractive index declined linearly with
the reverse increase in the biadng voltage. The effective
refractive index of the straight waveguide was cd culated to
be 3.05171 for TE polarization. In the second sep, the
optica continuous wave was launched to the input port of
the longitudind cross-section of the ring resonator shown
in Fg. 1(b). The optical powers transmitted to the through
and drop ports of the MR modulator were determined by
solving the Maxwell's equations. The magnitude of the
optica power tranamitted to the through port ((S4]) as a
function of the incident opticd wavelength is shown in
Fig. 5 a a biasng voltage of 0 V. This demonsrated a
resonance pesk & a waveength of 1.56142 ym, a free
spectrd range of 16.1 nm and afull width at haf maximum
of 201 nm. By applying bias voltages of -3 and -7 V, the
resonance wave ength pesks shift 0.33 and 0.77 nm, which
results in 43 and 50 dB extinction ratios, respectively
(Fig 6). The magnitude of the optica output power ((|S])
versus the voltages applied to the through port is shown in
Fig. 7 a an incident optica wavelength of 1.56066 pm and
demondrated linear behaviour like that of the effective
refractiveindex of thering.
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Fig. 4 — Effective refractive index of ring as a function of the
biasing voltage for TE polarization mode
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Fig. 5 — The transmission spectrum of ((|Sy]) MR-modulator
at 0V biasing voltage
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Fig. 6 — The opticd transmission (|Sy|) as a function of wavelength
at biasing voltageof 0V (- -), -3V ( CID -7 V (1)
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Fig. 7 — Transmission as a function of bias voltage a the
wavelength peak of 1.56066 pm
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Fig. 8 — (a) The transient electric pulse (A) switching between two
voltages of 0 and -7 V and the effective refractive index of ring
(0) and (b) The optica transmission from input to through port by
applying the transient electrica pulse to the electrodes

To evauate the bandwidth of the M R-based moduletor,
a 1 ps trandent dectricd pulse (x(t)) was applied to the
eectrodes a an amplitude voltage of -7 V (Fig. 8(@). The
effectiverefractive index of thelatera cross-section of the
ring a each gpplied voltage and time step was determined
(Fig 8(8). The effective refractive indices of the straight
waveguide and ring were then transferred to the
longitudind cross-section. Findly, the magnitude of Sy
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Fig. 9 — Transfer function for two applied voltages of -3 V (dot)
and -7 V (solid)

was determined by illuminating an opticd field with a pesk
resonance waveength of 1.56066 pm a each time gep, as
shown in Fg. 8(b). The rétio of the fast Fourier transform
(FFT) of the optica output signd ([Y(f)| = FFT(|Sx)) to the
FFT of the input dectrica pulse (JX(f)] = FFT(x(t)) was
caculaed to determine the frequency response of the PIN
modulator as [H(f)| = [YOVX()| Figure 9 shows the
frequency response of the MR-based modulator & -3 and -
7 V. It shows a 3-dB bandwidth of more than 115 GHz at
thebiasng voltageof -7V.

3 Conclusions

The present study anayzed and presented a
complete simulation roadmap of a high-speed
microring resonator-based modulator on an InP-
substrate at 1.55 pm. The modulator was simulated
using FEM for DC and transient time simulations to
determine the distribution of the carriers and electrical
field inside the layer stacks. Variation in the effective
refractive index of the ring was determined by
applying reverse bias voltage caused by plasma,

Pockels, Kerr, and BF effects. The reverse bias
voltage shifted the resonance peak wavelength so that
the optical incident signal switched back and forth
between the output drop and through ports. To
determine the bandwidth of the modulator, a transient
voltage pulse was applied to the electrodes and the
transient optical output power was calculated. The
transfer function of the MR modulator was cal culated
using the FFT of the optical transmission to the input
voltage pulse.
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