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A 2× 2 electro-optic switch is experimentally demonstrated using the optical structure of a Mach–Zehnder inter-

ferometer (MZI) based on a submicron rib waveguide and the electrical structure of a PIN diode on silicon-on-insulator

(SOI). The switch behaviour is achieved through the plasma dispersion effect of silicon. The device has a modulation

arm of 1 mm in length and cross-section of 400 nm×340 nm. The measurement results show that the switch has a

VπLπ figure of merit of 0.145 V·cm and the extinction ratios of two output ports and cross talk are 40 dB, 28 dB and

−28 dB, respectively. A 3 dB modulation bandwidth of 90 MHz and a switch time of 6.8 ns for the rise edge and 2.7 ns

for the fall edge are also demonstrated.
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1. Introduction

As essential components in opto-electronics in-
tegration circuits (OEIC) and on-chip optical inter-
connection systems, high-speed electro-optic modu-
lators and switches have gained more and more at-
tention among silicon photonic devices. They are
used to put high-speed analogue or digital electrical
signals onto continuous optical carrier waves. Be-
cause silicon is a kind of semiconductor with cen-
trosymmetric crystal structure, its linear electro-optic
(Pockels) coefficient vanishes. Silicon-based modula-
tors and switches are often based on the free carrier
plasma dispersion effect.[1] Therefore, the modulation
speed or switch time is primarily limited by carrier
transport processes in the semiconductor. With a
forward-biased PIN injected structure, carrier diffu-
sion is dominant, and thus the modulation speed is
not so high, typically ∼20 MHz based on rib waveg-
uides with large cross-sections,[2] while in a MOS ca-
pacitor or reverse-biased PN junction, carrier drift
under high electrical field is dominant. This leads
to much higher modulation speeds; for example, a
10 GHz modulator based on a MOS capacitor[3] and
a 20 GHz modulator based on a reverse-biased PN

junction[4] have been experimentally demonstrated.
However, the modulation efficiency of these devices
is much smaller than PIN injected ones and they are
more complicated to fabricate. The device lengths
are often in the order of several centimetres. For-
tunately, using nanophotonic waveguides with sub-
micron cross-sections, the transport distance can be
shortened significantly in forward-biased PIN diodes,
and thus modulation speeds higher than 1 GHz can
be also achieved.[5]

In this paper we report a high-speed 2 × 2
PIN injected Mach–Zehnder electro-optic switch with
nanosecond switch time. The device is fabricated with
a series of aligned electron beam and photolithography
steps. Measurement results show that the modulation
efficiency figure of merit VπLπ is 0.145 V·cm and the
transient rise and fall time are 6.8 ns and 2.7 ns, re-
spectively. Some other results are also reported.

2. Device design and fabrication

The electro-optic switch is designed with the op-
tical structure of a 2 × 2 Mach–Zehnder interferome-
ter (MZI) and the electrical structure of a PIN diode.
The MZI consists of two identical 2 × 2 multimode
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interference (MMI) couplers and two long arms with
submicron rib waveguides with the same length. After
input into MMI, the light from one of the input ports
is split into two beams which propagate in their own
arm. These two beams have the same intensity but
a phase difference of π/2 (the beam in the cross port
lags). As the MZI has identical arm lengths, the two
equal beams arrive at the output MMI with the same
π/2 phase difference. Then the behaviour of output
MMI is the same as the input MMI, except that their
input and output ports are exchanged. Therefore all
the light propagates through the cross port of the MZI
(cross state). With a PIN diode in one arm of the MZI,
carriers can be injected into the waveguide under for-
ward bias. Thus the refractive index and absorption
coefficient will change due to the plasma dispersion
effect, and follow the relationships below:[1]

∆n = −8.8× 10−22∆Ne − 8.5× 10−18(∆Nh)0.8,

∆α = 8.5× 10−18∆Ne + 6.0× 10−18∆Nh, (1)

where ∆n and ∆α are the changes of the refractive in-
dex and absorption coefficient, and ∆Ne and ∆Nh are
the changes of the carrier concentration of electrons
and holes, respectively. Then the two equal beams
propagating in the arms of the MZI will experience
different phase shifts. If the phase difference achieves
π, all the light will propagate through the bar port of

the MZI (bar state). In this way the switch behaviour
is realized.

With a thin 100 nm slab, the rib waveguide on
each arm is 340 nm in height, 400 nm in width. These
parameters are chosen to ensure that the waveguide
satisfies the single-mode condition.[6] The length of
the modulation area is 1000 µm. Compared to direc-
tional couplers, MMIs can provide wide optical band-
width and large fabrication tolerance. The two 2 × 2
MMIs have the same waveguide width of 6 µm, and
their lengths and the positions of the input/output
waveguides are optimized through numerical simula-
tions in order to achieve good power balance and low
extra loss. The tapered input and output waveguides
are used to reduce optical reflection at the waveguide
discontinuities. The PIN diode is formed across the
waveguide, with a heavily doped area on its slab and
an intrinsic area in the waveguide core. A schematic
of the device is shown in Fig.1(a), together with the
cross-section of the modulation area. The heavily
doped regions are 1.5 µm away from the edge of the
waveguide core in order to reduce absorption loss due
to the overlap of the optical mode and the optically
absorbing heavily doped regions. However, it will take
a longer time for carriers transporting to cross the
waveguide due to this long distance, hence the modu-
lation speed is not as high as that reported by IBM.[5]

Fig.1. (a) A schematic of the PIN-MZI electro-optic switch; (b) The microscope image of a fabricated device

with a modulation arm length of 1000 µm.

We fabricated the devices on a SOI wafer with a
top silicon layer of 340 nm thickness and a BOX layer
of 2 µm thickness from SOITEC.[7] The submicron
rib waveguide and MZI are defined using electron-
beam lithography (EBL).[8] Then 240 nm thick silicon
is etched using an inductively coupled plasma (ICP)
dry etcher, leaving a slab 100 nm thick. After that,

two steps of aligned photolithography are used to de-
fine the ion implantation windows. The boron ions,
with energy of 10 keV and dose of 8.0×1014 cm−2

and phosphorus ions, with energy of 20 keV and dose
of 2.0×1015 cm−2, are implanted to form the P and
N heavily doped areas, respectively. Then a 500 nm
thick SiO2 layer is deposited on the device by plasma
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enhanced chemical vapour deposition (PECVD), fol-
lowed by a rapid thermal anneal (RTA) for 10 sec-
onds at 1050 ◦C, to activate the implanted dopants.
Then via holes for metal contacts are formed by pho-
tolithography and SiO2 ICP etch. After the silicon
is exposed, a thin layer of Ti is evaporated onto the
surface and annealed in N2 atmosphere for 1 min at
800oC to form the TiSi2 contact layer and TiN bar-
rier layer. A thick layer of aluminium is then evap-
orated and used to form coplanar transmission line
electrodes through photolithography and wet etching.
A microscope image of a fabricated switch is shown
in Fig.1(b). The devices are then diced and cut by
a lithography-based method[9] to form the waveguide
facets for measurements.

3. Measurement results

We measured both the static and dynamic per-
formances of the electro-optic switches. The TE-
polarized light with a power of 15 dBm is launched into
one of the input ports of the switch through a tapered-
lensed fibre. The output light is also coupled through
a similar fibre into an optical powermeter. The opera-
tion optical wavelength is 1.55 µm. Figure 2(a) shows
the output optical power of both bar and cross ports
with different bias voltages. As the voltage increases
from 0.93 V to 1.45 V, the output power of the cross

port decreases from maximum to minimum and the
output power of the bar port increases from minimum
to maximum. This indicates that the output light is
switched from the cross port to the bar port. Thus
the VπLπ is 0.145 V·cm for the device. The optical
structure of the switch shows great performance. The
extinction ratios of the bar and cross ports are 40 dB
and 28 dB respectively and the cross talk between the
two ports is −28 dB. The large extinction ratios and
small cross talk come from the good power balance of
the input and output MMI splitter and coupler. It is
worth noting that the output of the bar port is not
extinct while no voltage is applied to the device. This
may result from asymmetry of the two arms of the
MZI due to fabrication error. However, this can be im-
proved by shifting the optical wavelength to a proper
value. We also measured the current–voltage charac-
teristics of the PIN diode in one arm of the switch, as
shown in Fig.2(b). From the curve we can obtain that
the DC power consumption of the switch is as small as
9.4 mW. Also, the forward differential resistance of the
PIN diode is ∼70 Ω after the diode is turned on. This
large resistance may lead to impedance mismatch to
drive electronics and measurement instruments, thus
deteriorating the frequency response of the device. In
order to reduce the resistance, the contact resistance
of the metal electrode to the heavily doped region and
the doping concentration should be optimized further.

Fig.2. (a) The output optical power of the bar and cross ports of the switch versus applied bias voltage;

(b) I–V curve of the PIN diode in one arm of the PIN-MZI switch.

The dynamic performance of the switch is first

characterized by small signal frequency response. We

apply a 1.2 V DC bias on the switch to ensure the de-

vice is operating in the linear-modulated region. Then
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an RF signal with a power of −1 dBm is also applied
on the device through a bias-tee. The optical out-
put is coupled into a 12 GHz high-speed detector and
then into an electrical frequency spectrum analyser.
The RF frequency sweep is performed from 1 MHz
to 1 GHz. The frequency response of the switch is
shown in Fig.3, indicating a 3 dB bandwidth of about
90 MHz.

The switch time is measured by application of a
pulsed electrical signal on the device. The rise/fall
time of the pulsed signal is less than 1 ns and the am-
plitude is set to Vπ. The switch output is first directed
to a high-speed detector with a maximum conversion
gain of −600 V/W for opto-eletronic conversion and
then displayed by the oscilloscope, as shown in Fig.4.
The 10%–90% rise and fall time are 6.8 ns and 2.7 ns,
respectively. In the rise edge, carriers are injected into
the intrinsic region of the PIN diode. Diffusion due to
the nonuniform concentration distributions dominates
in carrier transportation. In the fall edge, carriers are

depleted in the intrinsic region. Drift under electric
field dominates in this procedure. The drift velocity
of carriers is often much higher than the diffusion ve-
locity. That is why the rise time is much longer than
the fall time.

Fig.3. The frequency response of the the switch, mea-

sured at the cross port, with frequency sweep from 1 MHz

to 1 GHz.

Fig.4. (a) The pulse response of the switch displayed by the oscilloscope, (b) the rise edge, (c) the fall edge.

Compared to other PIN injected silicon nanopho-
tonics devices,[5,10,11] this is the first electro-optical
switch with two input and two output ports. Our de-
vice has a relatively high modulation efficiency - figure
of merit VπLπ of 0.145 V·cm. By shortening the length
of the modulation arms, the VπLπ can be decreased
further. Although the modulation speed is compa-
rable to that of the MIT injection modulator,[10] the
static extinction ratio is larger than those of previous
reported devices.[5] This is due to our careful design
for the optical structure. As mentioned above, the
switch time is significantly dependent on the carrier

transport distance across the waveguide. By shorten-
ing the distance between the edge of the heavily doped
region and the waveguide ridge ddop, we can reduce
the switch time. Theoretical simulation results indi-
cate that the rise time can be reduced by 61% and the
fall time by 83% when ddop is decreased from 1.5 µm
to 0.3 µm. In addition, carrier lifetime reduction is an-
other efficient way to reduce the switch time.[11] The
carrier lifetime in the intrinsic region of the PIN diode
can be reduced by helium,[12] oxygen,[13] silicon[14] or
some other ion implantation. Taking these two im-
provements together, it is possible to realize a silicon-
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based electro-optic switch with switch time less than
1 ns.

4. Conclusion

We report a 2 × 2 PIN injected Mach–Zehnder
interferometer based electro-optic switch with a few
nanoseconds switch time. The device is based on SOI
submicron rib waveguides and thus shows good static
and dynamic performance. The measured modulation
efficiency figure of merit VπLπ is 0.145 V·cm for the
1000 µm long MZI arm and the extinction ratios of the
bar and cross ports are 40 dB and 28 dB respectively;
the cross talk between the two ports is −28 dB. The
DC power consumption is only 9.4 mW. A small sig-
nal frequency sweep shows that the 3 dB modulation
bandwidth is about 90 MHz, and the rise and fall time
is 6.8 ns and 2.7 ns by application of a pulse electrical

signal on the device. The switch time can be reduced
further through shortening the distance between the
edge of the heavily doped region and the waveguide
ridge and the carrier lifetime.
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