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We propose and experimentally demonstrate a low-power 2 × 2 silicon electro-optic (EO) switch consisting of a
double-ring assisted Mach–Zehnder interferometer (DR-MZI). Active tuning elements based on p-i-n diodes and
silicon resistive micro-heaters are embedded in the microrings for high-speed EO switching and low-loss
thermo-optic (TO) tuning, respectively. The transmission spectrum shows the device can perform switching in
a 60 GHz spectral window with a crosstalk less than −20 dB. After phase error correction with 2.31 mW TO power,
the EO switch power from cross to bar states is only 0.69 mW. The rise and fall times of the switch are 405 and
414 ps, respectively. The switch operation of the device is verified by high-throughput optical signal transmission
up to 25 Gbps. © 2014 Optical Society of America
OCIS codes: (130.0130) Integrated optics; (130.4815) Optical switching devices; (230.5750) Resonators.
http://dx.doi.org/10.1364/OL.39.001633

Large-scale optical matrix switches composed of
multiple 2 × 2 switch elements are an essential part in
flexible and intelligent optical communication systems.
A broadband, low-power optical 2 × 2 switch is a key
component for these matrix switches especially when
the channel number is very large [1]. At the chip level,
silicon-based optical switches have been a viable
solution due to its compatibility with complementary
metal-oxide-semiconductor (CMOS) technology and
the capability for dense integration [2–4]. Silicon electro-
optic (EO) switches based on free-carrier plasma
dispersion (FCD) effect have fast switch time in the order
of subnanoseconds [3] but suffers from extra loss caused
by free carrier absorption (FCA).
Mach–Zehnder interferometers (MZIs) [1–5] and mi-

croring resonators (MRRs) [6–10] are the two common
optical structures for switch elements. MZIs have a
broadband optical bandwidth. However, the modulation
arms need to be at least hundreds of micrometers long to
achieve π phase shift using the FCD effect. Moreover, it is
difficult to suppress the crosstalk (CT) to below −20 dB
with single-arm modulation [5]. In contrast, MRRs are
very compact with the typical radius of several microm-
eters. The main shortcomings of MRRs are the narrow
optical bandwidth and the Lorenzian line shape of the
passband. Decreasing Q-factor of MRRs to obtain wider
optical bandwidth will make the passband roll-off even
slower. As a consequence, it needs a large refractive in-
dex change to achieve low CT, which also increases the
insertion loss (IL) due to FCA [10].
In this Letter, we demonstrate a 2 × 2 silicon EO switch

based on double-ring assisted MZI (DR-MZI), as shown in
Fig. 1(a). Double-ring assisted MZIs with asymmetric
arms have been demonstrated as optical interleavers
[11] and linearized modulators [12]. The DR-MZIs com-
bine the merits of resonance enhancement in MRRs
and the coherent interference in MZIs. The transfer func-
tion of the DR-MZI can be expressed as
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where the first and the third matrices on the right side
represent the two couplers of the MZI with τ � κ �
1∕
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for 3-dB coupling ratio. ETi � Tieiφi (i � 1, 2) in

the second matrix describes light transmission through
the MRR-coupled MZI arms. The input-normalized optical
power responses of the bar and cross outputs are
given by

Fig. 1. (a) Schematic illustration of the 2×2 DR-MZI based
EO switch. Insets show cross-sectional views of the p-i-n diode
and the silicon resistive microheater. The input ports are la-
beled as 1 and 2 and the output ports are labeled as 3 and
4. (b) Phase responses of the two MRRs with one ring (R1)
blue-shifted after tuning. λ1 and λ2 are the resonance wave-
lengths of R1 and R2, respectively. λp is the switch operation
wavelength. (c) Transmission spectra of the 1–4 and 1–3 paths.
Solid lines: before tuning; dotted lines: after tuning.
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Pbar � jEbar∕Einj2 � �T2
1 � T2

2 − 2T1T2 cos�φ1 − φ2��∕4
(2)

Pcross � jEbar∕Einj2 � �T2
1 � T2

2 � 2T1T2 cos�φ1 − φ2��∕4.
(3)

If the loss of the MRRs is negligible, then there is
only pure resonant phase change in ETi, i.e., Ti � 1
for all wavelengths. We consider two states used for
switch operation. When φ1�λ� � φ2�λ�, which is the case
that the two MRRs have exactly the same response, Pcross
reaches the maximum and the DR-MZI is at the
cross state. When one ring is detuned so that
jφ1�λp� − φ2�λp�j � π, Pbar reaches the maximum at the
operation wavelength λp and the DR-MZI is at the
bar state.
Figure 1(b) shows the phase responses of the two rings

with one ring (R2) at the original resonance wavelength
λ2 and the other (R1) blue-shifted to λ1 after tuning. The
phase difference of the two arms changes rapidly in
between λ1 and λ2. Slight refractive index variation of
R1 induces a π phase difference between the two arms
at λp � �λ1 � λ2�∕2, switching the state of the transmis-
sion. Therefore, the 2 × 2 EO switches based on DR-MZIs
are more power efficient than individual MZIs and MRRs.
Because of the small refractive index change, the perfor-
mance deterioration due to FCA is also alleviated.
The solid lines in Fig. 1(c) show the transmission spec-

tra of 1–3 (2–4) and 1–4 (2–3) paths at the cross state.
After tuning R1, the optical signal at λp from port 1 (2) is
transmitted to port 3 (4), as shown by the dotted lines in
Fig. 1(c). As tuning is performed to the MRRs, the MZI
arms can be designed to be as short as possible to minia-
turize the device footprint. The MRRs work in the over-
coupling regime to provide 2π phase change around
resonances. With increasing coupling between the MRRs
and the arm waveguides, the optical bandwidth of the
DR-MZI is broadened, and the refractive index change
to switch the optical transmission state is also increased.
Micro-racetracks can be used to enhance the coupling in
order to obtain a broadband switch response.
To enable active tuning, p-i-n diodes and silicon resis-

tive microheaters are both embedded in the two MRRs.
The insets of Fig. 1(a) show the cross-sectional views of
the p-i-n diode and the microheater. The p-i-n diodes are
used for high speed EO switching, while the microheat-
ers are used to align the resonances of the two MRRs and
tune the switch operation wavelength. Our previous
work has reported using p-i-p microheaters for high-
efficient and low-loss thermo-optic (TO) tuning [13].
The working principle of the microheater in this work
is similar except that the waveguide doping is increased
to 8 × 1016 cm−3 for low voltage operation. The fabrica-
tion of the microheaters is compatible with that of
p-i-n diodes without increasing fabrication complexity.
Our devices were fabricated using a CMOS compatible

process on a silicon-on-insulator (SOI) wafer with a
220-nm-thick top silicon layer and a 2-μm-thick buried
oxide layer. Figure 2(a) shows the microscope image
of the fabricated device consisting of a symmetric MZI
and two micro-racetracks. The MZI is composed of

two 2 × 2 multimode interferometers (MMIs). Grating
couplers with a 630 nm period and a 70 nm shallow etch
depth are used for coupling with optical fibers at the in-
put and output ends. The radius of micro-racetrack is
10 μm. In order to achieve broadband operation, the cou-
pling length and the gap between the racetrack and the
bus waveguide are designed as 2.9 μm and 200 nm, re-
spectively. The cross-sectional dimension of the silicon
waveguide is 500 nm × 220 nm and the slab height is
60 nm. Figures 2(b) and 2(c) show the zoom-in scanning
electron microscope (SEM) images of the grating cou-
plers and MRRs, respectively. The n� and p� regions
in p-i-n diodes and microheaters are 4-μm wide with a
doping concentration of 1020 cm−3. Each has a separation
of 0.6 μm from the waveguide edges.

The transmission spectrum of the device is mea-
sured using the Agilent loss and dispersion analyzer
(86038B). The measurements are all for TE polarization.
Figure 2(d) shows the measured transmission spectra of
the DR-MZI without active tuning. The spectra are nor-
malized to a straight reference waveguide. The excess
loss of the device mainly comes from the unoptimized
MMI couplers. Because of the fabrication error, the
two MRRs are not well aligned, leading to the two deep
dips in the 1–4 path. The off-resonance transmission in
the 1–3 path is larger than −15 dB, which is likely due to
the uneven optical power splitting of MMIs.

In order to compensate for the phase error between
the two MRRs, the microheater in R2 was first turned
on. Figures 3(a) and 3(b) show the measured transmis-
sion spectra in the 1–3 and 1–4 paths for various TO tun-
ing powers. With the increasing tuning power, the
resonance of R2 is gradually red shifted. At 2.31 mW,
the resonances of the two MRRs are almost overlapped.
Therefore, at the operation wavelength of 1552.45 nm,
the transmission of the 1–3 path reaches the minimum
of −28.2 dB while the 1–4 path reaches the maximum
of −2.1 dB. It sets the cross state of the switch.

To switch the cross state to the bar state, the p-i-n di-
ode in R1 was then turned on. Figures 3(c) and 3(d) show
the measured transmission spectra of the 1–3 and 1–4
paths upon EO tuning. The resonance of R1 is gradually
blue-shifted with the increasing tuning power. With only

Fig. 2. (a) Microscope image of the fabricated device.
(b) Zoom-in SEM image of the grating couplers. (c) Zoom-in
SEM image of the MRRs. (d) Measured transmission spectra
of the device without active tuning.
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0.69 mW tuning power, the transmission of the 1–3 path
reaches the maximum while the 1–4 path reaches the
minimum. It indicates the DR-MZI is switched to the
bar state. The switch operation bandwidth, defined as
the 3-dB optical bandwidth of the 1–3 transmission pass-
band, is ∼60 GHz (∼0.48 nm). When the EO power is fur-
ther increased to 0.92 mW, the spectral window becomes
even broader. However, the stopband in the 1–4 path be-
gins to split into two, deteriorating the channel isolation.
Figures 3(e) and 3(f) show the transmission spectra of
the other two paths (2–3 and 2–4) at the bar and cross
states.
Table 1 summarizes the optical performances of the

DR-MZI switch. There is slight difference between the
ILs of the 1–3 and 2–4 (1–4 and 2–3) paths, which is
probably due to the nonuniform grating coupler loss
and the uneven power splitting ratio of the MMIs. The
output channel CTs are all better than −20 dB at the
operation wavelength.
In order to verify the switching functionality, high-

speed signal transmission experiments were carried
out. A MZI optical modulator was used to externally

modulate a continuous wave at the wavelength of
1552.45 nm. The optical signal was coupled to port 1
via the on-chip grating coupler. The output signal from
port 3 or 4 was then amplified by an erbium-doped fiber
amplifier (EDFA). After passing through a band-pass fil-
ter to suppress the amplified spontaneous emission
(ASE) noise from the EDFA, the optical signal was de-
tected by a 30 GHz optical receiver. The eye diagrams
for 10–25 Gbps optical signals at the bar and cross states
are shown in Fig. 4. Because the optical bandwidth of the
DR-MZI is around 60 GHz, clear and open eye diagrams
are observed, verifying the signal integrity up to 25 Gbps
optical data rate (limited by our modulator) after passing
through the 2×2 switch. As the CT of the device is lower
than −20 dB, the eye diagrams from the switch-off paths
are totally closed.

We also characterized the switching speed of the de-
vice by measuring the time-domain response. An electri-
cal square-wave signal is applied to the p-i-n diode of R1
via a 40 GHz RF probe, and the output modulated optical
signal is measured as shown in Fig. 5. The 10%–90%

Fig. 3. (a) and (b) Measured transmission spectra of the
DR-MZI under various TO tuning powers of R2. (c) and
(d) Measured transmission spectra upon tuning of the p-i-n
diode in R1. The TO power on R2 is kept at 2.31 mW.
(e) and (f) Measured transmission spectra of the 2–3 and
2–4 paths at the bar and cross states.

Table 1. Transmission Performances of the
DR-MZI Switch

Path Power (mW) IL (dB) CT (dB)

Bar state 1–3 2.31� 0.69 −1.8 −24.4
2–4 2.31� 0.69 −3.4 −22.3

Cross state 1–4 2.31 −2.1 −23.8
2–3 2.31 −3.0 −20.2

Fig. 4. Eye diagrams of the back-to-back (BtB) transmission
and the switch transmissions via 1–3 and 1–4 paths at the
bar and cross states. The optical signal is a pseudorandom
binary sequence (PRBS) signal with a length of 231 − 1.

Fig. 5. Time-domain optical response of the DR-MZI switch.
(a) Applied square-wave electrical driving signal. (b) Measured
optical waveform. The dashed lines indicate the 10% and 90%
power levels.
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rise and fall times are 405 and 414 ps, respectively, indi-
cating the switching speed can be up to GHz. The switch-
ing speed is limited by the slow diffusion speed of the
minority carriers, which can be further increased by
using pre-emphasis driving signals [14].
Table 2 summarizes the switching performances of the

previously reported silicon 2 × 2 switches using FCD ef-
fect. It shows that our DR-MZI has low EO switching
power and CT. The performance of our device can be fur-
ther improved by optimizing the MMI couplers especially
its power splitting ratio.
In conclusion, a 2 × 2 silicon EO switch based on a

DR-MZI has been experimentally demonstrated. Experi-
mental results show that the IL of our switch is within
−1.8 dB to −3.4 dB and the CT is better than −20 dB.
The TO power consumption of the microheater for
phase error correction is 2.31 mW, while the EO switch-
ing power of the p-i-n diode is only 0.69 mW.
High-throughput data transmission up to 25 Gbps was
demonstrated at both bar and cross states with no
observable deterioration on eye-diagrams. Time-domain
measurement reveals the switch speed is in the order of
GHz. Given its compact size, large operation bandwidth,
and low switching power, our 2 × 2 DR-MZI switch can
function as a good building block for large-scale inte-
grated optical switch fabrics.
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Table 2. Comparison of Silicon 2 × 2 Switches using FCD Effect

Technologies Power(mW) IL (dB) CT (dB) Optical Bandwidth (nm)

MZI (FCD) [1] ∼3 <2.9 −16 ∼110
MZI (FCD� TO) [3] 2.5� 8.6a <2.2 −14 ∼30
MZI (FCD, double-gate) [5] 40.8∕19.1 3.5∕2.5 −31∕ − 43 ∼40
CROW (2 MRRs, FCD) [7] 17.4 <2.0 −9.8 0.48
MRR (FCD) [10] 0.61 ∼7 ∼ − 5b 0.45
This work (DR-MZI, FCD� TO) 0.69� 2.31 <3.4 < − 20 0.48
aAverage value of the 2 × 2 switch elements in a 4 × 4 switch fabric.
bData from Fig. 9(b) of [10].
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