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Sub-nanosecond silicon-on-insulator optical micro-ring
switch with low crosstalk
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We demonstrate a sub-nanosecond electro-optical switch with low crosstalk in a silicon-on-insulator (SOI)
dual-coupled micro-ring embedded with p-i-n diodes. A crosstalk of –23 dB is obtained in the 20-µm-radius
micro-ring with the well-designing asymmetric dual-coupling structure. By optimizations of the doping
profiles and the fabrication processes, the sub-nanosecond switch-on/off time of < 400 ps is finally realized
under an electrical pre-emphasized driving signal. This compact and fast-response micro-ring switch, which
can be fabricated by complementary metal oxide semiconductor (CMOS) compatible technologies, have
enormous potential in optical interconnects of multicore networks-on-chip.
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The rapid development of silicon photonics, including
modulators, switches, and Ge-on-Si photodetectors, has
indicated the feasibility of on-chip optical intercon-
nects in multicore computing systems. Significant in-
crements of computation performance can be expected if
high-data-rate optical signals can be switched with low
power. A silicon-based micro-resonator has been consid-
ered as the key component for the optical networks-on-
chip for its compactness, wavelength selectivity, and low
power consumption[1−4]. Some studies on silicon micro-
resonator-based optical switches have been reported,
aiming at on-chip multiplexing/demultiplexing and rout-
ing of wavelength division multiplexing signals with low
power and large bandwidth[5−9]. However, most of the
reported crosstalks and switch times are not sufficient
for future fast on-chip optical switching with transmis-
sion bit rates exceeding 10 Gb/s. A compact and low
crosstalk silicon-based electro-optical switch operating in
the sub-nanosecond regime remains to be demonstrated
for on-chip optical interconnects.

In this letter, we demonstrate a 1×2 silicon-on-
insulator (SOI) based micro-ring switch with low
crosstalk and sub-nanosecond switch time. The switch
crosstalk of –23 dB is obtained with the optimized asym-
metric dual-coupling micro-ring. Through the lateral
p-i-n diodes integrated to the ring waveguide, carrier-
induced plasma dispersion effect[10] is utilized to fast-
switch the resonance of the micro-ring. An electrical
pre-emphasized driving signal is generated and employed
for switch speed acceleration. A sub-nanosecond switch-
on/off time of 300/380 ps is realized.

The switch consists of a 20-µm-radius dual-coupling
micro-ring surrounded by p+ and n+ doped regions.
Figure 1(a) is the top-view microscope image of the fabri-
cated switch with Al electrodes. The gray lines highlight
the 20-µm-radius micro-ring and the coupling waveg-
uides. Under forward bias, the embedded p-i-n diodes
inject the carriers into the intrinsic waveguide. The vari-
ation of the carrier density changes the refractive index

and absorption coefficient because of the plasma disper-
sion effect in silicon[10]. In this way, the driving electrical
signal shifts the micro-ring resonance and controls the
on/off state of the optical signals produced from the
through- and drop-ports.

Figure 1(b) shows the cross-sectional schematic of the
micro-ring waveguide and the integrated lateral p-i-n
diodes. The waveguide was fabricated on a SOI wafer
with a 340-nm top silicon layer. All the waveguides have
∼100 nm slab thickness for the electrical integration and
are single mode rib waveguides designed for transverse
electric (TE) mode transmission. The operation speed
of a forward p-i-n diode is significantly dependent on
the carrier transport distance across the waveguide[11,12];

Fig. 1. (a) Top-view microscope image of the micro-ring
switch; (b) cross-section schematic of the fabricated ring
waveguide integrated with forward p-i-n diodes.
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thus, shortening the width of the intrinsic region is an
essential way of decreasing the switch time. We located
both the p+ and n+ regions 300 nm away from the
edges of the ring waveguide using boron and phospho-
rous implantations with concentrations of ∼1019 cm−3.
Resistance-capacitance time constant was also taken into
consideration for sub-nanosecond operations. To obtain
good ohmic contacts and low absorption losses, more
highly doped regions p++ and n++ with concentrations
more than 1020 cm−3 were implanted with moderate
distances from the intrinsic waveguide. A thin nickel-
silicide film was later formed by metal evaporation and
rapid thermal annealing because the low resistivity of
this film improves the metal contact to the highly doped
regions.

The optical configuration of the micro-ring directly
determines switch characteristics, such as crosstalk
and bandwidth. Thus, the waveguide-to-ring coupling
strengths were especially designed for moderate quality
(Q) factor and low crosstalk. The asymmetric dual-
coupling structure, which has different optical coupling
efficiencies to the input and the drop waveguides, was
adopted for its characteristics of large through-port ex-
tinction ratio (ER) and low crosstalk[13,14]. A high
through-port ER and low crosstalk can be obtained
when drop-side coupling is appropriately weakened for a
critical coupling condition (the through-side waveguide-
to-ring coupling matches the sum of waveguide loss per
round in the ring and the drop-side ring-to-waveguide
coupling)[15]. Figure 2 shows the passive structure of the
asymmetric micro-ring switch in detail. Advanced elec-
tron beam lithography and silicon etching processes were
employed to accurately control the device dimensions in
nanometer-scale tolerance. The measured widths of the
bus waveguides and ring waveguide are 400 and 600 nm,
respectively. The through- and drop-side gap widths
are 220 and 250 nm, respectively. The experimental re-
sults agree well with the designed dimensions determined
by numerical three-dimensional (3D) simulations using
beam propagation method. The optical loss in the micro-
ring was carefully suppressed during the fabrications;
thus, the slight increment in the gap width of∼30 nm was
suitable for improving the crosstalk between the through-

Fig. 2. Scanning electronic microscope (SEM) images of the
passive micro-ring switch with the asymmetrical gap widths.

Fig. 3. Transmission spectra of (a) symmetric micro-ring
switch and (b) asymmetric micro-ring switch.

Fig. 4. Transmission spectra of the micro-ring resonator un-
der the bias voltages of 0, 0.7, and 1.4 V. Inset: current-
voltage curve of the micro-ring switch.

and drop-ports.
Both the static and dynamic performances of the

electro-optic micro-ring switch were characterized. The
optical spectrum curves of the asymmetric micro-ring
switch are plotted in Fig. 3, and compared with the
optical responses of a symmetric micro-ring switch. The
two rings were fabricated together on the same wafer
and have identical dimensions except for the drop-side
gap width. The gap widths of the symmetric micro-
ring switch are 220 nm at both sides. The asymmetric
micro-ring has asymmetric gaps of 220 and 250 nm, as
mentioned above. The through-port ER of the sym-
metric ring was ∼16 dB, while the through-port ER
was increased to 25 dB with asymmetric configuration.
On account of the highly enhanced through-port ER,
the in-band crosstalk of through- and drop-channels was
suppressed to < –23 dB, showing a 10-dB improvement
from the symmetric micro-ring. A moderate Q factor of
∼11000 (bandwidth ∼18 GHz) was measured when λ0 =
1545.4 nm. This Q factor not only enables a high switch
speed but also allows high bit rate transmission beyond
10 Gb/s[16].

Figure 4 shows the optical transmission spectra be-
fore and after a direct current (DC) bias with the inset
showing the current-voltage characteristics of the p-i-n
diode. The turn-on voltage of the p-i-n diodes is about
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Fig. 5. Schematic of experimental setup for the generation of
pre-emphasized driving signals.

0.7 V, which results from the narrow width of the intrin-
sic region. The forward differential resistance of ∼75 Ω
indicates good metal contacts. As shown in Fig. 4, when
the switch is biased to 0.7 V, the through- and drop-port
spectrum curves are almost stable as the little carriers
are injected around the turn-on voltage. The resonant
wavelength was blue-shifted for ∼0.32 nm while under
a 1.4-V forward DC bias. This small resonance shift
is sufficient for the optical switching due to the high
resonating capability of the micro-ring. High ERs were
measured at the through- and drop-ports to be 25 and
13 dB, respectively, while the DC power consumption
was only 5.3 mW.

The electrical pre-emphasized signals were adopted
to drive the micro-ring switch. We developed a new
method to generate the pre-emphasized driving signals
by combining two square wave signals. Not only can
we determine the voltage levels with this generation
method, but also adjust the width of the pre-emphasized
pulse. Two channels of electrical square wave signals
(CH1 and CH2) with the same wave width and differ-
ent voltage levels were generated by a pattern generator
(PG) (Fig. 5). The electrical square wave signal with
low voltage levels (CH2) was inversed and transmitted
to a delay controller. The delay controller adjusts the
relative temporal locations of these two square waves
and actually determines the width of the pre-emphasized
pulse. The two output square waves were then combined
using an electrical power combiner (PC) and applied to
the switch.

Figure 6(a) shows the waveform of the pre-emphasized
driving signal with an emphasis pulse width of 500 ps.
The switch on and off voltages were 1.4 and 0.7 V, re-
spectively, while the forward and reverse pre-emphasized
voltages were 2.5 and –0.5 V, respectively. Figures 6(b)
and (c) are the normalized optical power measured from
the through- and drop-ports, respectively. The switch-
off voltage was set close to the turn-on voltage (∼0.7
V) of the p-i-n diode; thus, the carrier densities (as
well as refractive index) in the waveguide immediately
changed when the forward pre-emphasized pulse was ap-
plied, leading to a short 10% to 90% switch-on time of
∼300 ps. When the carrier densities began to stabilize,
the driving voltage was decreased to 1.4 V to maintain
the switch-on state with the lowest carrier density lev-
els. When the reverse emphasized pulse was applied to
the switch, the carriers were swept out of the waveguide
under the reverse electric field with little carrier stor-
age time, resulting in a ∼380 ps switch-off time. We
attribute the relatively longer switch-on time to the lim-
ited voltage level of the reverse pre-emphasized pulse.
Higher switching speed is realized if the pre-emphasized

Fig. 6. Dynamic optical responses of the micro-ring switch
driven by a pre-emphasized signal. (a) Measured waveform of
the pre-emphasized signal; (b) measured optical response at
the through-port; (c) measured optical response at the drop-
port.

pulse voltages are amplified. However, to the best of our
knowledge, these are already the shortest switch times
ever demonstrated in silicon-based electro-optical micro-
resonator switches[9].

In conclusion, we fabricate a SOI-based electro-optic
switch based on a 20-µm-radius micro-ring and forward
p-i-n diodes with complementary metal oxide semicon-
ductor (CMOS) compatible technologies. An asymmet-
ric dual-coupling configuration is adopted and carefully
optimized for large ERs and low crosstalk. The through-
and drop-port ERs are measured to be 25 and 13 dB in
the asymmetric ring, respectively. A low crosstalk of <
–23 dB is also obtained, showing a 10-dB crosstalk im-
provement from the symmetric configuration. Advanced
silicon fabrication technologies are employed for sub-
nanosecond operations, including narrowing the intrinsic
region of the p-i-n diode and reducing the conductor re-
sistance. A novel generation method of pre-emphasized
driving signals is developed to enhance speed. Finally,
a fast-response electro-optical switching is demonstrated
with the switch-on/off times of 300/380 ps, respectively.
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