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Abstract We present a novel technique for enhancing the bandwidth of a silicon traveling-wave modula-
tor by incorporating micro-capacitors distributed along its electrode. A bandwidth of 61 GHz is achieved,
substantially higher than a conventional design (45 GHz) with a comparable V..
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Introduction

The development of optical interconnects toward
higher transmission data rates has led to the
growing demand for higher modulator bandwidth.
Silicon photonics is a prominent technology for
optical transceivers because of advantages such
as small size, CMOS compatibility, and low cost.
Recent advances in silicon photonic modulators
have achieved very high bandwidths such as mi-
croring modulators (MRMs) with a bandwidth of
110 GHz (using optical peaking) and 240 Gb/s
PAM-8l! and slow-light modulators with a band-
width of greater than 100 GHz and 110 Gbps
OOK2l. These results show the great potential of
silicon photonics for very high data-rate transmis-
sion. Nevertheless, these resonator-based de-
vices confront challenges of narrow optical band-
width, sensitivity to temperature variation, and low
power handling capacity®l. To date, traveling-
wave Mach-Zehnder modulators (TW-MZMs) are
still the most popular in practical applications
thanks to their robustness and easy operation.
A 67-GHz bandwidth has recently been demon-
strated for a segmented TW-MZME.  However,
achieving such a high bandwidth required a very
short segment (2 mm in the referencel®), leading
to a high single-segment V. (about 14 V).

It has been shown that the bandwidth of the sili-
con TW-MZM depends on microwave attenuation
along its traveling-wave electrode loaded by the
PN junction in the doped silicon waveguidel®+.
The microwave attenuation increases quickly with
the distributed capacitance in an RF transmission
line, which is normally dominated by the junction
capacitance in the silicon TW-MZM.

In this work, we propose a novel traveling-
wave electrode design with vertical metal micro-
capacitors connected in series to the PN-junction
to reduce the overall distributed capacitance.

Using this technique, we have substantially in-
creased the bandwidth by more than 30% (from
45 GHz to 61 GHz) with an only slightly increased
V.. for a silicon TW-MZM fabricated using a stan-
dard silicon photonic foundry process.

Design and Fabrication

The schematic of our proposed micro-capacitor
(MC) enhanced TW-MZM is shown in Fig.
It consists of two depletion-type phase shifters
using the free-carrier plasma dispersion effect,
which have a length of 4 mm and are connected in
the series push-pull configuration driven by a TW
electrode. The TW electrode (the hashed area)
has a coplanar strip (CPS) structure with peri-
odic T-shaped extensions to reduce the velocity
of the microwave signal to match that of the opti-
cal wave. The design of the silicon phase shifter
and the CPS follow the procedure explained com-
prehensively in our previous works®. As ob-
served in the 3D model of the phase shifter in
Fig. three levels of doping have been used
for the PN-junction in a silicon rib waveguide that
is 220-nm height. To lower the resistance of the
PN-junction for higher bandwidth, an intermediate
doping level (N+, P+) is applied. The PN junc-
tion and electrodes have ohmic contact by use
of a highly doped level (N++, P++). At the in-
put of the MZM, an adjustable coupler using two
metal heaters balances the input power between
the MZM arms for a better extinction ratio.

The distributed micro-capacitors along the TW
electrode are designed in the vertical direction
with two metal layers (M1 and M2 in Fig[]). A se-
ries of identical T-shaped extensions (each 47 um
in length) are designed in both metal layers that
are connected through a via (VIA2 in Fig[1]) for
every other T-shaped extension. The PN junc-
tion underneath is segmented with the same size



4mm
Fig. 1: Left: Schematic of the designed modulator (inset: 3D model of the phase shifter). Right: Photo of the chip under test

as these T-shaped extensions. Those pairs of T-
shaped extensions without the via connection ef-
fectively form small capacitors that are connected
in series with the capacitance of the junction seg-
ments. Using this technique, we reduce the to-
tal loaded capacitance to about 70% of its value.
Note that the electrodes are in the top metal (M2).
Additionally, we electrically connect the adjacent
junction segments with and without the micro-
capacitors in the heavily doped silicon slab (N++
and P++) with very low resistance. This assures
the PN junction connected to the micro-capacitors
can be effectively charged at DC and low frequen-
cies and thus maintain the modulation efficiency.
For comparison, we also designed a conventional
TW-MZM where M1 and M2 are connected for all
the junction segments. Both devices were fabri-
cated on the same wafer using a 200-mm-wafer
silicon photonics foundry process. Figure [T[b)
shows the fabricated chip under test. We will see
later that the two designs have almost the same
V.

Simulation and Analysis

Figure [2 shows the simulated electro-optic re-
sponse (S21) of the conventional 4mm TW-MZM
and the MC-enhanced TW-MZM using a time-
domain numerical model?. The propagation con-
stant and the characteristic impedance of the un-
loaded CPS electrodes are numerically calcu-
lated using the finite element method in ANSYS
HFSS. The conventional TW-MZM (CON) has an
E-O bandwidth of 27.5 GHz and 46.5 GHz when
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Fig. 2: EO response simulation for conventional 4mm MZM
(CON) and integrated micro-capacitance (CAP) one at 0V
and 4V.

reversely biased at zero and 4V, respectively. Us-
ing the integrated micro-capacitors (CAP), the
simulation predicts a bandwidth of 36 GHz and
60 GHz at OV and 4V, respectively, indicating
greater than 30% enhancement. Small peaks are
observed at frequencies near 5 to 10 GHz for
both designs, which are attributed to the variation
of the characteristic impedance of the TW elec-
trodes. In other words, the impedance mismatch
between the TW electrode and the 50-ohm termi-
nation leads to slight impedance peaking.

To better understand the principle, we show an
equivalent circuit model of one junction segment
for the conventional (Fig. [8g) and MC-enhanced
design (Fig. Bp). The junction segment is very
short (< 50 um) so that we can treat all the el-
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Fig. 3: a) Equivalent circuit of the conventional TW-MZM, b)
Equivalent circuit of the TW-MZM with MC-enhanced design.

ements as lumped. In Fig. 3} C;, R;», and R;,
stand for junction capacitance and resistances (in
N and P doped silicon), respectively, and C,; and
Rn+4 are the integrated vertical micro-capacitor
and the resistor through the heavily doped slab.
We can see that C), is connected in series to the
P-N junction capacitance (C;). It was shown that
adding a serial RC equalizer increases the cut-off
frequency of a forward-biased PIN modulator with
alumped electrodel®. In our design, the adding of
Cyy along the TW electrode reduces the total ca-
pacitance loaded to the transmission line and thus
leads to a lower microwave loss and ultimately a
higher bandwidth.

DC and RF Characterization

DC characterization of the phase shifter shows a
VL of about 3 V-cm. Figure [4] shows the normal-
ized optical power varied with applied DC voltage.
We can observe a V. of 7.5 V for the conventional
design and a lightly higher value (about 8.3 V) for
the MC-enhanced TW-MZM. Figure |5 shows the
measured electro-optic responses of the conven-
tional TW-MZM (CON) and MC-enhanced TW-
MZM (CAP) at zero and 4 V reverse biases.
These results were obtained using a vector net-
work analyzer (VNA - Keysight N5227A) and a
70-GHz photo-detector. In comparison to the
conventional design, the MC-enhanced TW-MZM
shows a bandwidth substantially increased from
28 GHz to 36 GHz at zero bias and from 45 to 61
GHz at 4 V reverse bias. We also observe good
agreement between the measurement and simu-
lation results (Fig. [2).

Conclusion

We have proposed and demonstrated a novel sil-
icon TW-MZM using distributed micro-capacitors.
We showed that utilizing the distributed micro-
capacitors connected to the PN-junctions along
the TW electrode can substantially increase the
bandwidth while maintaining a V,, comparable to
the conventional design.
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Fig. 4: Measured optical power transmission as a function of
applied DC voltage on the conventional TW-MZM (CON) and
the micro-capacitor enhanced TW-MZM (CAP).

av

S21 (dB)

—— CON-0V
----- CON-4v
A0 | - - —capov
CAP-av 28GHz
R I
14 & w w w w w w ,
0 10 20 30 40 50 60 70

Frequency (GHz)

Fig. 5: Measured EO responses of the conventional
TW-MZM (CON) and micro-capacitance enhanced TW-MZM
one (CAP) reversely biased at OV and 4V.
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