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Abstract— Photonic Integrated Circuits (PICs) benefit from the
technology advances in the semiconductor industry to incorporate
an ever-increasing number of photonic components on a single
chip to create large-scale photonic integrated circuits. We here
present a broadband, compact and low-loss Silicon Photonic
MEMS switch based on a Single-Pole Double-Throw (SPDT)
architecture, where curved electrostatic actuators mechanically
displace a movable input waveguide to redirect the optical signal
on chip efficiently to either of two output waveguides. The
photonic switch has been fabricated in an established silicon
photonics technology platform with custom MEMS release post-
processing. With a compact footprint of 65 x 62 pum?, the switch
exhibits an extinction ratio exceeding 23 dB over 70 nm optical
bandwidth, a low insertion loss and a fast response time below
1 us, meeting the requirements for integration in large-scale
reconfigurable Photonic Integrated Circuits. [2020-0391]

Index Terms— Microelectromechanical systems, photonic inte-
grated circuits, silicon photonics, photonics, optical switch.

I. INTRODUCTION
HE field of Electronic Integrated Circuits (ICs) has expe-
rienced a remarkable development throughout the past
decades, which has led to circuits with billions of switching
transistors on a single chip, underpinning much of modern
day computing. Equivalently, the field of Photonic Integrated
Circuits (PICs) has recently seen tremendous progress in inte-
gration, whereby tens of thousands of optical components can
be operated on a single chip. Among the enabling components
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in PICs are optical switches, which allow for efficient routing
of light on-chip.

Optical switching in PICs is commonly implemented using
the thermo-optic, electro-optic, or plasma dispersion effect.
Recently, optical switching by exploiting mechanical effects
in PICs has gained interest [1], primarily due to the potential
for compact, low-loss and low-power optical switches. Several
types of photonic MEMS switches have been demonstrated
in the past years, with in-plane and out-of-plane moving
electrostatic devices being the most prevalent [2]-[5].

The functionality of an integrated circuit, whether it be
electronic or photonic, is determined as much by the per-
formance of constituent elements as by the extent of their
connectivity. By scaling up the number of devices in a single
circuit, the richness of its connectivity is enhanced, thereby
enabling increased complexity, such as dense, on-chip switch-
ing networks [4]. In the pursuit of large-scale integration,
several criteria must be observed: photonic components should
present low optical loss, have a small footprint, consume little
power, and ideally, be compatible with existing technology
platforms [6].

While designs of similar devices have been introduced
conceptually for GaAs platforms previously [7], we here
present a new type of photonic switch with single-pole double-
throw (SPDT) topology that uses a compact electrostatic
MEMS actuator. The device is implemented in a standard
silicon photonics technology platform with a few custom post-
processing steps, and achieves broadband transmission, high
extinction ratio (ER), and low insertion loss (IL), making it
suitable for large-scale integration.

II. OPERATING PRINCIPLE AND DESIGN

The Silicon Photonic MEMS switch is based on a sin-
gle side suspended movable input waveguide, which can be
displaced by curved electrostatic actuators to redirect the
optical signal to either one of two output waveguides, as
shown in the schematic top view diagram in Figure 1. The
input consists of a freestanding, single mode silicon photonic
strip waveguide, with a height of 220 nm, width of 450 nm
and a length of 23.4 um. The waveguide is freestanding and
anchored on one side, which serves as a mechanical clamp
and optical connection to the photonic circuit. The central
part of the waveguide incorporates a 70 nm thick shuttle with
220 nm high wings that serve as movable electrodes for the
electrostatic actuators. The design values and dimensions are
summarized in Table I.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. Schematic diagram of the photonic MEMS switch showing the single
side suspended input, which is free to move at its free end towards either of
the two suspended, fixed outputs under the influence of an electrostatic force
produced at the anchored, curved electrostatic actuators.

TABLE I
SILICON PHOTONIC MEMS SWITCH DESIGN PARAMETERS

Symbol Quantity Value
g0 Initial coupling gap 400 nm
) Waveguide width 450 nm
c Coupling length 2.7 pm
w Electrode width 5 pm

Omax Maximum electrode-shuttle distance 700 nm

Omin Minimum electrode-shuttle distance 200 nm
s Shuttle wing length 5.8 um
z Length of input waveguide 23.4 um

The design of the initial coupling gap go, waveguide width
wo, and coupling length ¢ are defined by the optical func-
tionality, while the remaining dimensions are defined by the
electromechanical behavior. As highlighted schematically by
hatched areas in the figure, the stopper and electrodes are also
anchored to the substrate, as the undercut resulting from a
timed etch step used to release the waveguides only partially
removes the oxide under these regions.

The device, including all optical, mechanical, and electrical
components has a footprint of 65 x 62 um?. Including the
MEMS cavity used for electrical contact and isolation and
optical transitions to the oxide-clad parts of the circuit, the unit
cell of this device is approximately 120 x 150 um?, which is
comparable to the dimensions of switches used in previously
demonstrated large-scale switch matrices [4].

A. Operating Principle

Conceptually, the device is the optical analog of the electri-
cal single-pole double-throw switch [8]: the input signal can be
switched to either output upon mechanical movement. In the
IDLE state, the input waveguide is perfectly centered between
the two output waveguides with a gap separation equal to
80, resulting in only residual light coupling in equal amounts
to both output branches (Figure 2a). Note, that the device is
rarely operated in this mode: light is almost always coupled
exclusively to either of the two outputs, where there is a high
extinction ratio.
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Fig. 2. Distribution of optical power (normalized to the maximum intensity)
between the input and output waveguides (a) IDLE state where only a small
amount of residual light is coupled to the outputs (b) ON1 state for which
light is completely coupled to output 1.

By applying an actuation voltage to electrode 1 (while
keeping the input waveguide grounded), an electric field builds
up between the electrode and the raised regions of the shuttle’s
wings. The resulting attractive electrostatic force pulls the
movable shuttle and attached input waveguide towards fixed
electrode 1, thereby decreasing the coupling gap between the
input waveguide and the waveguide of output 1. This smaller
coupling gap g < go couples the optical power carried in
the input waveguide preferentially to output 1, and as the
gap is further decreased by increasing the applied voltage,
it is eventually completely coupled to output 1 (Figure 2b),
resulting in the ONI1 state. Applying potential to the other
electrode produces the ON2 state.

The mechanical stoppers indicated in Figure 1 are designed
to limit the maximum displacement of the input waveguide
to when it comes in contact with the output waveguide, i.e.,
g = 0 nm. In this manner, the input waveguide should not
further push against the output waveguide, which could cause
it to bend or deform. Additionally, in order to prevent an
electrical short upon contact between the movable shuttle and
the stoppers, the two regions are biased at the same voltage as
the input waveguide. This zero-gap separation is one of the ON
states for the active output. While this design prevents contact
between the waveguide and electrode, further improvements
towards limiting displacement can be achieved by for example
adding a second pair of mechanical stoppers to the right side
of the electrodes.

B. Optical Design

The switch is designed for single-mode operation for pho-
tonic signals in the telecom C-Band, i.e. 1530 nm — 1565 nm.
We use a 220 nm thick and 450 nm wide silicon strip
waveguide, which provides low-loss, single-mode operation
within the C-band. The use of strip waveguides is motivated
by the desire for small bending radii in the output waveguides,
enabling a compact device. On the moveable shuttle, however,
rib waveguides are used, to maximize the actuation electrode
surface (and thus the electrostatic force) in the raised regions
on the wings, while still isolating optically the light-carrying
region in the center. The tapers on the input and output
of the shuttle are used to provide an adiabatic transition
between the strip and rib waveguide structures and mini-
mize optical losses associated with an abrupt step transition.
Furthermore, the input and output waveguides are tapered
from 450 nm down to 200 nm over the coupling region.
This approach allows for short coupling lengths, and has
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Fig. 3. Simulated power transmission versus gap between input and output

waveguides for the ONI state. An even distribution of power to output 1
and output 2 can be observed for zero tip displacement and a complete
transmission of power to output 1 occurs at a tip displacement of 400 nm.
The input waveguide is tilted with respect to the output (= 1°), so there is
variation in the gap along the coupling length; however, because this bending
angle is small and the suspended waveguide is long, it can be treated as
uniform.

the added benefit of increasing the optical bandwidth of the
device.

The optical coupling mechanism is evanescent field cou-
pling, i.e. the closer the waveguides, the better the coupling.
The relationship between coupling gap and coupling length has
been analyzed in various analytical models for standard direc-
tional couplers [9]. However, the complex geometry is difficult
to describe by simple analytical models, and we hence revert to
numerical simulation of the coupled waveguide modes based
on a commercial 3D finite difference time domain (FDTD)
solver (Lumerical), which provides a convenient and fast
approach to extracting the relationship of optical power versus
coupling gap.

Optical design of the device using a 3D-FDTD model
begins with simulating an ideal ON state with maximum
coupling and minimal losses. Optical power coupling between
the waveguide tips can be achieved simply with two long
(> 5 um), 450 nm rectangular slab waveguides separated by
a small coupling gap (i.e., go = Onm). However, the abrupt
ending of the tip is lossy and such a generic structure is long.
By introducing adiabatic tapering on the input waveguide, and
keeping the output waveguide straight, there is a smooth tran-
sition in geometry-related effective index change and losses
are reduced. In order to achieve symmetric behavior, and to
reduce the effect of an abrupt index transition, the other side
of the input waveguide and the outer side of the output tips
are also tapered. Here, as the input waveguide decreases in
width (from 450 nm to the minimum of 200 nm dictated by
the lithography), the outputs get wider and we have strong
coupling. The coupling length is also adjusted because when
it is too long we have beating, and when it is too short, we
have a lossy, abrupt transition. Finally, the coupling gap is
increased to ensure an IDLE state with < —5 d B transmission
to either output.

The sequential approach outlined above leads to the opti-
mized optical design parameters as listed in Table I. Figure 3
illustrates the power transmission for the optimized design
from the input waveguide to the outputs as a function of the
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Fig. 4. Simulated wavelength sweep of the power to each of the outputs

for the IDLE state as well as the ONI state for which all input power is
transferred to output 1; the low wavelength-dependence of the optical transfer
characteristic indicates broadband behavior.

gap between the input and output waveguides. As the gap
between the input waveguide and that of output 1 decreases,
we see enhanced coupling and therefore a higher power trans-
mission into output 1. At the same time, the complementary
gap between the input waveguide and that of output 2 increases
and we see a corresponding decrease in power transmission to
output 2.

Optical simulation of the photonic MEMS switch over a
range of wavelengths in the IDLE state and the ONI1 state in
which input power is transferred entirely to output 1 (Figure 4)
confirms the broadband behavior resulting from the adiabatic
coupler design. The optical characteristics for the ON2 state,
where the input power is now transferred entirely to output 2
is not illustrated, but is symmetric to that shown. In this case,
the power transmission to output 2 is at a maximum and that
of output 1 is at a minimum.

C. Electromechanical Design

The design of the electrostatic actuator and the mechanical
suspension is imposed by the requirement to achieve 400 nm
displacement for full optical power transfer. We limit the
actuation voltage to a maximum of 40 V for compatibility with
standard driving electronics. In order to establish the bound-
aries of the design space, a simplified analytical model of an
ideal electrostatic actuator is used, described by the initial gap
distance do, the suspension spring constant k, and the actuator
electrode surface A. The operation of the actuator is in pull-in
mode wherein the electrostatic attraction between the raised
wings and electrodes exceeds the restoring mechanical spring
force. This force imbalance pulls the movable input waveguide
towards one output waveguide, increasing optical coupling.
Ignoring fringing fields and assuming a small gap spacing,
which allows for a 1-dimensional electric field distribution, it
is possible to derive an expression for the pull-in voltage.

8kd
Vpull—in = 27A 1)

For this simplified model, pull-in occurs at one third the
initial gap, do, which is directly related to the optical design.
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Fig. 5. Flat versus curved electrode, where the latter exhibits a gradual
increase in the gap spacing from left to right, towards the tip.

Specifically, the initial coupling gap of 400 nm required for
0 to 100% power transmission represents this initial gap
(do = go).- We use this pull-in voltage as the parameter to
be optimized, subject to the constraints of fabrication limits
and the desire for small form factor. For a transversely loaded
beam with rectangular cross-sectional area and spring stiffness
corresponding to clamped-free boundary conditions k, we find
that (1) predicts a pull-in voltage ranging from 5 V for a
12 um beam to 20 V for a 6 um long beam with the same
cross sectional area. As expected, increasing the length of the
movable structure decreases the required pull in voltage.

The parallel plate model underestimates the pull-in volt-
age because by construction it decouples the spring stiffness
from the geometric dependence of the system’s capacitance.
Our use of the transversely loaded cantilever’s stiffness and
cross-sectional area simply provided an approximation of the
expected pull-in voltage for minimal dimensions. In order
to refine the analysis, the electromechanical behavior can be
described by a cantilever-electrode arrangement, where geom-
etry defines both the electrical and mechanical behavior. For
example, the distributed electrostatic force can be represented
as a bending moment applied to the cantilever tip instead of a
transverse point load at the tip, or, the deflection of the beam
can be derived using the derivative of the system capacitance
function [10]. Both models predict pull-in to occur at a larger
gap of approximately 46% of the initial gap dy, rather than the
standard 33%. For the same minimal dimensions and cantilever
lengths of 12 um and 6 um as before, the pull-in voltages
increase to 10 V and 35 V, respectively.

A variation on this second approach using a curved elec-
trode, as shown below in Figure 5, provides an advantage over
the flat electrode in that larger displacements are achievable
with the same initial gap.

In particular, in the case of a flat electrode, the electrostatic
force is constant along the length of the movable structure
and at one third the initial spacing, Jg, pull-in occurs. For
the curved electrode, though, the force is initially strongest at
one end (left pictured) but as the movable portion is pulled
towards the electrode, the force becomes noticeable over a
greater length of the electrode [11]. Pull-in occurs first at the
left end, at one third of dp, but at the right end, where the tip
of the structure lies, pull-in doesn’t occur until one third of
Omax > 0o. Thus, it is possible to obtain larger displacements
with a curved electrode geometry because dy does not need to
be set to the desired displacement and can be made smaller.
In this manner, the curved electrode provides a better trade-off
when it comes to pull-in characteristics versus form factor.
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Fig. 6. Simulated deflection along the length of the movable input waveguide
as a function of the applied voltage at the active electrode. Pull-in occurs at
23 V and as indicated, achieves the 400 nm waveguide tip deflection.

Additionally, as shown by Legtenberg, by increasing the
order of the polynomial defining the electrode curvature,
(n = 2 for this design), the beam bending can be constrained,
which leads to a stable system (i.e., no pull-in) exhibiting
characteristic “zipping” behavior [11]. This additional design
parameter allows the same device with different electrode
geometry to be used as a digital switch, with abrupt transi-
tions, like in this design, as well as an analog coupler that
uses a more gradual transition to smoothly modulate optical
transmission.

The designed structure is not an idealized cantilever of
rectangular cross-section with distributed load acting along
the entire length. Rather, as indicated in Figure 1, the actual
movable portion of the structure consists of a rib waveguide
with raised wings, serving as the counter-electrodes, two tapers
into and out of the rib waveguide, and an extension to the
end of the moveable input waveguide. This structure produces
a composite cross-section consisting of several discrete and
unique cross-sections. Furthermore, the position-dependent
force is not applied along the entire length of the moveable
portion, but rather only along the shuttle wings, leading to the
form of the Euler-Bernoulli equation

d*w _qW)
dx*  EI (x)’

)

where w(x) is the beam deflection, ¢ (x) is a distributed load,
E is the Young’s modulus, and 7(x) is the area moment
of inertia. This form takes into account the area moment
of inertia’s dependence on position along the movable input,
i.e., the cross section of the input varies in both width and
height from fixed to free end. A closed-form solution to this
differential equation for our exact geometry becomes compu-
tationally untenable in symbolic form. Instead, a systematic
approach involving the division of the complex structure into
small slices, to each of which (2) can be applied, and then
recombined, is required. As this is the approach employed by
the finite element method (FEM), we employ a commercial
FEM software (COMSOL) to model our geometry and simu-
late for a range of applied voltages until the solutions fail to
converge. This condition indicates pull-in has occurred and it
can be verified whether the desired 400 nm of displacement
have been achieved (Figure 6).
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switch fabricated in the silicon device layer above the buried oxide of a silicon-
on-insulator (SOI) wafer; electrical contact is made via the contact pads, which
connect to the doped device layer via the metallization layers in the BEOL
stack.

Despite the apparent complex geometry, simulation results
indicate that the device in fact operates much like a standard
rigid shuttle attached to a hinge. For low to moderate voltages,
the displacement increases gradually. Then, as expected, at the
pull-in voltage, the tip of the input waveguide snaps to the full
displacement allowed by the stoppers and maximum optical
transmission is achieved.

An additional optimization parameter is given by the
mechanical response time of the electromechanical design. In
particular, while a switch that could reconfigure a connection
within the approximately 20 ns lifetime of a 400-Gb/s link
data packet (> 50 MHz switching speed) would be ideal [12],
such performance has not yet been demonstrated in MEMS.
However, with appropriate design, the mechanical resonance
frequency can be increased by stiffening the suspension (e.g. a
shorter cantilever), at the expense of a higher actuation voltage.
For the design in Table I, FEM simulations predict that the
mechanical resonance frequency in the corresponding eigen-
mode occurs at approximately 1.18 MHz, which corresponds
to a mechanical switching time of 847 ns.

III. FABRICATION

The Silicon Photonic MEMS switch is fabricated in IMEC’s
iSiPP50G standard silicon photonics platform. This approach
allows for the integration of user-designed devices alongside
library-standard, passive and active devices, such as low-loss
waveguides, and high-speed modulators, respectively [13].
A representative cross-section of the platform is shown in
Figure 7.

The photonic MEMS switch is fabricated within the silicon
device layer (DL) of a silicon-on-insulator (SOI) wafer, which
in silicon photonics applications serves as the optical core. The
DL lies atop a buried oxide (BOX), which typically serves
as a cladding material to confine optical signals, but here,
is used as the sacrificial layer in the release process. The
MEMS cavity is defined by a back-end-of-line (BEOL) etch
removing the oxide and other layers above the silicon DL.
Additional components include the metallization and contact
pads for providing electrical contact to the doped silicon DL,
the grating coupler for optical input/output, and an optional
sealing ring, which has not been used in this demonstration.

As MEMS are currently non-standard components in this
platform, additional post-processing to release the devices

(b)

(c) (d)
il;—, r r_‘-d[?i_'"“lu ﬁ% [m] H
\ |

Fig. 8. (a) Selective removal of filler oxide by BHF, (b) Conformal alumina
deposition by ALD, (c) Patterning of alumina over the MEMS cavity and
contact pads, (d) Removal of sacrificial oxide by vapor-phase HF (VHF).

must be performed following fabrication at IMEC. The
release process, schematically depicted in Figure 8 was devel-
oped and performed at the Center of MicroNanoTechnol-
ogy (CMi) at EPFL. Samples are diced into coupons with
a2 x 2 chip configuration and although processing is per-
formed on coupon- and chip-scale, it is fully compatible on
wafer-scale. Processing begins with the selective removal of
the filler oxide above the DL with a timed buffered HF (BHF)
etch (Figure 8a). This step allows the 50 nm of alumina
deposited in the subsequent atomic layer deposition (ALD)
step to conformally cover the DL, thereby protecting the
BEOL stack in the concave corners of the MEMS -cavity
(Figure 8b). A patterning step employing maskless lithography
allows the photoresist patterning over alumina to be done on
coupon-scale and allowed for quick adjustment of the mask
design. Following the lithography, a controlled dry and wet
etch removes the alumina from within the MEMS cavity
and over the contact pads and sealing rings (Figure 8c).
Dry etching presents a risk for overetching the DL and wet
etching negatively affects the metallization, so the two etching
steps are performed separately. At this point, an optional
dicing step can be performed to divide the coupon into four
individual chips. The final step is the removal of the buried
oxide below the photonic MEMS switches by vapor-phase HF
(VHF), which facilitates a stiction-free release of suspended
components.

The optical microscope image and SEM micrograph in
Figure 9 show the photonic MEMS switch and surroundings
post-release and identify the salient features and components.

IV. CHARACTERIZATION AND DISCUSSION

The photonic MEMS switches are characterized using the
setup schematically outlined in Figure 10.

The optical signal is coupled from a tunable laser (Agilent
81682A, tuning 1510 nm — 1580nm) to the photonic MEMS
switch via one of the fibers in the 10 x 1 fiber array (FA)
and into the input grating coupler indicated in Figure 9. The
light propagates through the device and the amount coupled to
each of the outputs is read by a corresponding power sensor
(Agilent 81536A) connected to the output grating couplers
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Fig. 9. (a) Optical microscope image showing the MEMS cavity where the
photonic MEMS switch is located. Electrical connectivity (contact pad and
metallization) and optical input/output via grating couplers and waveguides
are also shown (b) SEM micrograph of released device showing suspended
waveguides as well as the curved electrodes and mechanical stoppers.

through the FA. The actuation voltage is applied by a custom
multi-contact DC probe, whose probe tip pitch matches that
of the contact pads on chip. This probe can be connected
to a standard DC power supply (0 to 40 V range) for DC
measurements or to a waveform generator (with optional
voltage amplifier with fast slew rate, not shown in Figure 10)
for transient measurements to characterize switching time. In
the latter case, an oscilloscope is connected to the analog
outputs of the photodetectors, which allows the modulation
of the optical signal by the photonic MEMS switch to be
observed in the electrical domain.

Functionality of our photonic MEMS switch is demon-
strated by tuning the input wavelength to 1550 nm and
observing the power at each output as the gap between input
and output waveguides decreases/increases with the applied
DC actuation voltage. As indicated in Figure 11, for an
applied voltage of 22 V on electrode 1, input power is almost
completely transferred to output 1 for an ER of approximately
25 dB at 1550 nm. Applying this same voltage to electrode
2 reveals a symmetric characteristic, with output 2 this time
receiving all the power.

It is worth noting that with no voltage applied to either
electrode (IDLE state), the observed power distribution is not
completely symmetric as designed. Instead, we have a 3 dB
difference and the crossing indicating 0 dB of difference is
shifted to the right by approximately 12 V. This discrepancy
can be attributed to a combination of two phenomena: asym-
metric relaxation of the mechanical boundary conditions at

Oscilloscope Photodetector Waveform Generator
; In Out [ & |1In Out [ {7).....
Po] skt [#]5 )-to[Po
1
Out [{ f\2 i Out| i
Tunable Laser ? A ! N [
i
1
’

DC Power Supply

Distribution Circuit

Fiber Array Probe Tips

Fig. 10. Light from the tunable laser is coupled into/out of the device via
a fiber array and the transmitted power is recorded at the photodetector. For
steady-state measurements, the actuation voltage is applied by the probe tips
connected to the DC power supply. For transient measurements, the waveform
generator provides the actuation voltage and the output is read from the
oscilloscope, which is connected to the analog output of the photodetector.
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Fig. 11.  Optical power to each output as a function of applied voltage for
A = 1550 nm; the red curves indicate power to output 1 and output 2 when
the bottom electrode (electrode 2) is active and the blue curves indicate power
distribution between outputs when the top electrode (electrode 1) is active.
Measurement performed for an input laser power of 0 dBm.

the anchored and free edges of the input waveguide during
the VHF release can lead to the input bending preferentially
toward one output. Additionally, there may be loss variation in
the optical path between the two outputs related to the optical
transitions and grating couplers. Nevertheless, this shift in the
balanced zero state can be compensated for by applying a
systematic offset voltage.

Performing this same type of DC measurement for a range
of wavelengths allows us to characterize the spectral response
of our photonic MEMS switch. The result (Figure 12) of a
sweep across the entire C-band for both ON states, i.e., all
power to output 1 and all power to output 2, reveals significant
broadband behavior.

In particular, we observe that our device maintains an
average ER larger than 23 dB over the entire 70 nm, achieving
a maximum at 1550 nm, as designed. The ER exhibits a
slightly stronger dispersive behavior than predicted by FDTD
simulation (Figure 4) which can be attributed to variations in
the grating couplers due to fabrication and misalignment and
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Fig. 12.  Power distribution between outputs as a function of wavelength;
average ER > 23 dB maintained over full 70 nm wavelength sweep; ER of
25 dB at 4 = 1550 nm. Measurement performed for an input laser power of
0 dBm.

results in specific peak transmission and dispersion charac-
teristics for each grating coupler. Thus, upon characterization
of the device using two fiber grating couplers (i.e., one for
input and one for output), the observed spectral response is a
superposition of the two grating coupler spectral responses on
top of the device’s nominally flat characteristic.

Comparison of the measurement results with simulations
reported in Figure 3, reveals a difference of approximately
12 dB in maximum power transmission. This offset comes
from the fact that losses in the passive devices, i.e., grating
couplers, transitions, and waveguides are included in the
reported measurements. We choose here to report the measured
data rather than normalized results. In particular, as part of the
alignment procedure of the fiber array to the device, we use a
shunt connection between two grating couplers to determine
the chip position with optimal power transmission. A different
set of grating couplers is then used to inject and sense
light that passes through the switch. Ideally, by normalizing
measurements to those of this initial shunt connection, it
is possible to extract the IL of the switch. However, any
offset of the fiber core with respect to its ideal position
over the center of the grating coupler leads to variation in
coupling efficiency, peak wavelength, and symmetry in power
transmission. The alignment fiber-grating coupler pair already
introduces a misalignment error and each subsequent pair up
to those used for input and output adds additional error. Thus,
without a chain of identical devices, where the contribution
of each additional device can be precisely isolated, it is only
possible to provide a confidence range for the IL, which in
this case is < 0.4 dB between 1520 and 1545 nm.

The third experiment evaluates the dynamic behavior of our
photonic MEMS switch. We applied a rectangular pulse as
the actuation voltage and measured the switching behavior
by converting the optical signal via an amplified high-speed
photodiode and feeding the electrical output to an oscilloscope.
Figure 13 shows the switching times from IDLE to ON1 and
from ONI to IDLE for our device, which as depicted, are
822 ns and 736 ns, respectively. The fast switching time can be
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Fig. 13. A 23 V amplitude driving voltage is applied to one of the electrodes
to trigger pull-in of one output (ON1 state). 822 ns after the driving signal
goes high, our SPDT switch responds and the optical output is recorded as an
electrical signal on an oscilloscope. Correspondingly, when the driving signal
goes low, the switch responds 732 ns afterwards.

attributed to both the steep, non-linear behavior of the device
around pull-in and the use of low-resistance, doped silicon
for electrical contacting. Stiffer geometries could be used to
further reduce switching time, but doing so would come at the
cost of a higher pull-in voltage.

In addition to the 0 to 100% switching demonstrated here,
this device can also be used to perform other functions, such
as variable attenuation. By changing the curvature of the
electrode, the pull-in characteristics can be made less abrupt,
allowing the coupling behavior to be tuned more continuously.

V. CONCLUSION

We have presented the design, simulation, fabrication, and
characterization of a new photonic MEMS switch in an estab-
lished silicon photonics platform. The SPDT topology and
curved electrodes offer a unique approach to effectively couple
light (> 23 dB ER) over a wide range of wavelengths. By
using an adiabatic tapered design, the switch offers broadband
behavior, with a bandwidth greater than 70 nm in the C-band.
The curved electrodes and stiff geometry, allow the steep non-
linear pull-in characteristics to provide quick switching below
1 us with an applied voltage of 23 V. With these performance
parameters, this SPDT silicon photonic MEMS switch presents
itself as an attractive component to be used in dense switch
matrices and more generally, as a versatile analog or digital
coupler, or variable attenuator, in multipurpose PICs.
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