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High-speed and broad optical bandwidth silicon modulator*
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A high-speed silicon modulator with broad optical bandwidth is proposed based on a symmetrically configured Mach—
Zehnder interferometer. Careful phase bias control and traveling-wave design are used to improve the high-speed perfor-
mance. Over a broadband wavelength range, high-speed operation up to 30 Gbit/s with a 4.5 dB-5.5 dB extinction ratio is

experimentally demonstrated with a low driving voltage of 3 V.
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1. Introduction

Silicon-based photonic integrated circuits (Si-PICs) are
emerging as a promising solution for chip-scale high-speed
data communication with potentially low cost and low power
consumption.!’?) As a critical component in the Si-PIC,
the depletion-mode Mach—Zehnder modulator (MZM) can
offer high modulation speed, and it has experienced dra-
matic performance improvements over the past few years.>4]
High-speed electro-optic modulation over 40 Gbit/s has been

demonstrated for this kind of silicon modulator recently,>~7]

and it has been chosen as a critical component for Si-PICs!]

or used for the advanced modulation formats.[!0:!!

I Owing
to the relatively weak phase changes via carrier depletion,
the proposed MZM was fabricated in an asymmetric Mach—
Zehnder interferometer (MZI) with arms of different lengths,
which could provide a proper phase bias at a certain wave-
length to enhance the modulation. However, the use of the
asymmetric MZI led to high sensitivity to ambient tempera-
ture fluctuations due to the large thermo-optic coefficient of
silicon!!?! and offered only a discrete operational wavelength
range of a few nanometers or less. These properties make
the asymmetric MZM unsuitable for application to wavelength
and dense wavelength division multiplexing (WDM/DWDM)
systems because they have the intrinsic requirement of a high
optical bandwidth. Further, these properties also make unsuit-
able the integration of the asymmetric MZM with the light
source as the laser chip with an accurate output wavelength is
not available in high volumes, not to mention the wavelength
drift caused by the environmental effects such as variations
in ambient temperature and power supply voltage.[! This has
led to considerable interest in improving the stability of silicon
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optical modulators.[4-17]

Theoretically, a symmetric MZM is not sensitive to the
change in temperature or operational wavelength, as its sta-
bility depends mainly on the variation in the characteristics
of the coupler structure.*! Therefore, the demand for high
speed, high thermal tolerance, and broadband optical band-
width for the silicon modulator can be fulfilled by a symmet-
rically configured MZM. However, due to the relatively long
phase shifters necessary for both low-voltage driving and low-
power control of the phase bias, the transmission-line (TL) ef-
fect is a critical issue that determines the high-speed perfor-
mance of the modulator. In this paper, we present a silicon
modulator with a broad optical bandwidth based on a sym-
metric MZI structure. Through careful control of the phase
bias and the traveling-wave design, a high-speed electro-optic
modulation of up to 30 Gbit/s with a low driving voltage of
Vop = 3 V is experimentally demonstrated over a broad wave-
length range.

2. Device design and fabrication

Figure 1(a) shows the schematic view of the MZM and
the phase shifter with periodically interleaved PN junctions.
The MZM was fabricated into a symmetric MZI structure
in a CMOS-compatible foundry. Multi-mode interferences
(MMIs) and grating couplers were utilized for light split-
ting, combining and coupling in and out. When the segment
width of the interleaved PN junctions is equal to the deple-
tion thickness, a maximal phase shift per unit length could
be achieved.['8! However, due to the limitation of the fabri-
cation tolerances, the interleaved PN junctions were designed
to have a short segment width of 300 nm in the case where
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moderate doping concentrations of Ny = 3 x 10'7 cm™ and
Np =5 x 10'7 cm—3 were used.

phase shifter J

Fig. 1. (color online) (a) Schematic view of the MZM and the phase
shifter with periodically interleaved PN junctions. (b) Microscope im-
age of the MZM.

For the depletion-mode MZM, usually an extremely high
driving voltage or a long phase shifter is necessary to achieve
a m-phase difference between the phase shifters.[®! The ideal
transfer function of an MZM can be described by means of a
periodic cosine function

1
Pout = EPin[l'i‘COS((PO'FA(Pm)]v (D

where P, and P, are the output and input optical power, @ is
the initial phase bias, and A@y, is the modulated phase differ-
ence. At quadrature bias, the slope of Py is steepest. There-
fore, the control of the phase bias is essential for the enhance-
ment of the electro-optic modulation with a low driving volt-
age. Several methods could be utilized to induce the phase
bias, such as heating a phase shifter or injecting carriers into
it. Since phase shifters should be formed in both arms to bal-
ance the carrier-induced optical loss, the low-power control
of the phase bias can be realized by carrier depletion as well.
The modulation efficiency VL, was estimated to be approx-
imately 2 V-cm. Accordingly, a single phase shifter of 3 mm
in length can provide a phase shift of 0.5 for phase bias or
modulation by a driving voltage of only 3.3 V. An asymmetric
MZM (AMZM), with the same phase shifter structure but an
additional 100-pum-long strip waveguide in one arm, was fab-
ricated for the extraction of the modulation efficiency of this
phase shifter.

The high speed performance of the MZM mainly depends
on the TL effect associated with the interaction between the
microwave and the light wave.l!1>?1 Good velocity matching
between the modulating microwave signal and the modulated
optical signal will permit the phase modulation to accumulate
effectively for high-speed operation, especially for an MZM
with a long phase shifter. On an silicon-on-insulator (SOI)
wafer with a 220-nm-thick top silicon layer and a 2-pum-thick
buried oxide layer, a rib waveguide was designed to be 400-nm
wide with a 90-nm high slab. The optical effective index was

simulated using the full-vectorial beam-propagation method.
As the grating couplers were designed for the transverse-
electric (TE) mode, the effective index of the fundamental TE
mode was considered only. Figure 2(a) shows the simulated
results at different wavelengths around 1550 nm and the group
Based

on the proposed circuit model,*!! both impedance matching

index is approximately 3.78 for the rib waveguide.

and velocity matching were carefully considered. The width
of the overlapping region in the interleaved PN junction was
designed to be 300 nm in the center of the rib waveguide,
which was intended to induce a low junction capacitance of
Cy =274/+/0.92 —v (fF/mm) at a certain reverse bias voltage
(v) for the MZM. A 1-um-thick aluminum coplanar waveg-
uide (CPW) electrode was designed for the transmission of
the driving signal. Both the width of signal line and the width
of the gap of the CPW electrode were optimized to be 20 pum.
Highly doped P+ and N+ regions were respectively defined
600 nm away from the edge of the rib waveguide. Figure 2(b)
shows the curves of designed characteristic impedance Zy and
effective index nqg of the microwave of the MZM versus fre-
quency. When the bias voltage is reduced from O Vto -3V,
the Zj increases from 35 Q to 45 Q and the nes decreases from
4.0 to 3.4 which are around the group index of the rib waveg-

uide.
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Fig. 2. (color online) (a) Optical effective indices versus wavelength of
the rib waveguide and the strip wave guide. (b) Designed characteristic
impedances and effective indices versus frequency of the MZM at bias
voltages of 0 V and —3 V.
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3. Measurement results and discussion
3.1. DC performance

The transmission spectra of the AMZM were measured
in order to extract the modulation efficiencies of the phase
shifter at different reverse-bias voltages. The phase shifters
of the AMZM are 2-mm-long with an additional strip waveg-
uide that is 100-um-long and 400-nm-wide in one arm. Equa-
tion (1) shows the ideal transfer function of an MZM, in which
the initial phase bias @q for the proposed AMZM is expressed
as

=T AL )
where A is the wavelength, nes and AL are the effective index
and the length of the strip waveguide, respectively. If only the
first-order dispersion of the effective index is considered, the
group index of the strip waveguide can be approximated by

Ines(A)
ar

where kg is the first-order dispersion constant. Figure 2(a)

R Nes — kg X A, 3

Ngs = Neg — A

shows the values of simulated ne; at wavelengths around
1550 nm, and the ng and the ks were calculated to be
4.32 nm~! and —1.35 x 1073 nm™~!, respectively. Therefore,
the transfer function of the proposed AMZM at a bias voltage
(Vbias) 1S rewritten as

Pout = ;Pm{ 1+cos |:27TAL(n;S - s) +A(Pm(vbias):| } “4)
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Fig. 3. (color online) (a) Normalized output powers versus the wave-
length of the AMZM. (b) Extracted phase shift versus bias voltage.

Accordingly, the group index could be extracted from
Eq. (4) by
o MminAmax
& ALFSR(L)’
where the free spectrum range (FSR) is the spectral periodic-
ity of the MZM in a certain wavelength range around A, and

&)

Amax and A pin represent the spectral positions of the transmis-
sion minima and maxima adjacent to the wavelength A, re-
spectively. Figure 3(a) shows the measured transmission spec-
tra and those calculated by Eq. (4). Excellent curve-fitting has
been achieved by setting ngs = 4.4, ks = —1.3553 x 103 nm~!
and A@y(0 V) = 0. The phase shifts at different reverse bias
voltages were extracted by fitting the measured curves and are
shown in Fig. 3(b).
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Fig. 4. (color online) (a) Normalized output powers of the MZM ver-
sus bias voltage for the cases of different phase biases. (b) Measured
transmission spectra versus wavelength of the MZM.

For the symmetrically configured MZM with 3-mm-long
phase shifters, the transmission spectra can be calculated using
Eq. (4) as well. Figure 4(a) shows the curves of output optical
power versus bias voltage for the cases with no phase bias and
with a /2 phase bias at 0 V. It demonstrates that by applying a
7 /2 phase bias with a driving voltage of 3 V, the static ER can
be raised from 1.7 dB to 11.9 dB, though with an additional
3-dB optical loss. The measured result shows good agreement
with that prediction. Figure 4(b) shows the measured trans-
mission spectra of the MZM versus wavelength in the case
with a 7/2 phase bias, for which a reverse phase bias voltage
lower than 4.5 V is needed. The 3-dB optical bandwidth of
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the MZM is 39 nm, ranging from 1533 nm to 1572 nm, which
almost covers the entire C band in the fiber-optic communica-
tion systems. The limitation of the optical bandwidth is mainly
caused by the grating coupler utilized for coupling light in and
out. With the reverse bias voltage increasing, the transmission
spectra tend to be uneven and a few spectrum notches appear,
which indicates the transmission spectra become sensitive at
a low optical power level. The on-chip insertion loss of the
MZM was measured to be ~ 9.5 dB by normalizing the maxi-
mum output spectrum to that of the grating couplers.

3.2. Dynamic performance

An on-wafer de-embedding technique!*?! was applied to
the extraction of TL characteristic parameters. The S param-
eters of the phase shifters with different lengths of 1000 pm
and 750 pm were measured. The testing system, including the
vector network analyzer, cables, probes, the bias-tee, and the
DC block, was calibrated using the short-open-load-through
calibration method on an impedance standard substrate. Fig-
ures 5(a)-5(c) show the test characteristic impedances, the

40 RX¢ RRRK XK KKK AKX,

I TAAAAAAAAAAANAAAAADAANNARN
20

Characteristic impedance Z,/2

A test at O V X test at =3V
_40F — calculated 0 V — calculated —3 V
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4.0 v
L (c) v

Attenuation/dB-mm~!

5.0 10.0 15.0
Frequency/GHz

effective indices of the microwave and the attenuation con-
stants of the MZM and that calculated by the proposed circuit
model.[>!] The measurements indicate that the junction capac-
itance is Cy = 360/+/0.92 —v (fF/mm), which is 30% higher
than the designed value. It is believed that this discrepancy
results from the fact that the overlapping region of the inter-
leaved PN junctions spreads across the entire rib waveguide by
diffusion. When the driving voltage changes from 0 V to -3V,
the Z varies from 30 Q to 40 Q, the ng is in a range from 4.5
to 3.5 and the attenuation constant with a —3 V bias decreases
to approximately half that without a bias. These parame-
ters were characterized in a frequency range from 40 kHz to
15 GHz, the extraction at higher frequency is disturbed by the
spectrum notch of the measured S-parameters which may re-
sult from the half-wavelength resonance. >3 Figure 5(d) shows
the measured electro-optic (E/O) modulation response of the
MZM against frequency. A response notch around 13 GHz ap-
pears which is mainly caused by the driving signal resonation.
The 3-dB E/O bandwidth is approximately 14 GHz for the
MZM with a low bias voltage of —1.5 V.

Vv test at 0 V X test at —3 V

o
=)
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20 L L L
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Effective index of microwave neg
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Fig. 5. (color online) Measured and calculated frequency-dependent TL parameters of the MZM at 0 V and —3 V: (a) characteristic
impedances, (b) effective indices of microwave, (c) attenuation constants. (d) Measured E/O modulation response of the MZM at a

bias of —1.5 V.

Optical eye diagrams were measured to demonstrate the
high speed performance of the MZM by using a 30-Gbit/s non-
return-to-zero pseudorandom binary sequence (PRBS) signal
with a pattern length of 23! — 1. The phase difference between

the two arms was set to be /2 by applying a reverse bias volt-

age to one phase shifter. The PRBS signal was set to have 3-V
peak-to-peak amplitude and was biased at —1.5 V to drive the
other phase shifter of the MZM. A standard 50-Q SMA ter-
minal resistance and a DC block were both used as a termina-

tion load. A continuous-wave laser beam was coupled into the
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MZM through a grating coupler. From the grating coupler on
the other side, the modulated optical signal was amplified by
erbium-doped fiber amplifier and detected by the optical mod-
ule of a Tektronix digital oscilloscope. Figures 5(a)-5(d) show
the output eye diagrams measured at different wavelengths
from 1545 nm to 1565 nm. An extinction ratio (ER) of over
4.5 dB was measured over this broad wavelength range.

Fig. 6. (color online) The 30 Gbit/s eye diagrams measured at differ-
ent wavelengths. (a) A = 1545 nm, ER=4.5 dB, (b) A = 1550 nm,
ER=5.1 dB, (¢c) A = 1560 nm, ER=5.5 dB, and (d) A = 1565 nm,
ER=4.7 dB.

4. Conclusions

In this paper, we present a high-speed silicon modulator
with broad optical bandwidth. The phase-shifter based on the
interleaved PN junctions is fabricated in a symmetrical MZI
structure. The 30-Gbit/s electro-optical modulations with al-
most no additional bias power consumption are experimentally
demonstrated over a broad wavelength range. Owing to its in-
trinsic property of being insensitive to change in temperature
or operational wavelength, the silicon electro-optic modulator
proposed has potential in more practical applications.
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