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Abstract: Optical switches play a critical role in optical communication systems, meeting the
growing demand for high-speed data transfer. Among optical switches, micro-opto-electro-
mechanical system (MOEMS) switches stand out for their reconfigurability and broadband
capability, making them well-suited for applications in data centers. In this article, we present,
to our knowledge, a novel 1×5 rotary MOEMS switch actuated by an electrostatic comb-drive
for optical networking. The rotary in-plane platform is integrated with silicon nitride (SiN)
waveguides, enabling the switch to operate across a broad spectral range in both polarizations.
Experimental results demonstrate that the switch platform achieves a rotation of 2.6° in the
counterclockwise direction and 2.9° in the clockwise direction, covering five waveguides, with a
measured average power loss of −5.57 dB across all channels over the spectrum of 1540 nm to
1625 nm.
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1. Introduction

The growing need for digital communications and the increasing use of bandwidth-intensive
applications, such as video streaming, have led to an exponential increase in the demand for
efficient network management and high-speed data transmission. High-speed interconnects are
critical in data centers. Due to their high power dissipation, electrical interconnects, which are
usually copper-based, present significant obstacles to increasing data transmission rates [1]. The
limitations of electrical interconnects may be addressed by optical interconnects and photonic
integrated circuits (PICs), which have the potential to achieve high data transmission speeds [2]
and low power consumption [3,4]. For instance, fully optical terabit-per-second communications
links in data centers were demonstrated by Bernabe et al. [5].

Optical switches are used in data centers to dynamically manage and route data traffic, providing
high capacity and efficient connectivity. These switches enable the reconfiguration of network
pathways to handle varying traffic loads without manual intervention, enhancing the performance
and efficiency of data centers. They provide low-latency connections, minimize power loss, and
reduce crosstalk, which is crucial for maintaining high-speed data transmission [6].

Different types of optical switches were demonstrated for use in data center networks [7,8],
including multi-mode interference (MMI) [9,10] and Mach-Zehnder interferometer (MZI)
switches [11–14], and MOEMS switches [15,16]. Compared to conventional MMI and MZI
switches, MOEMS switches have benefits, such as a wide bandwidth [17]. Moreover, while
MMI and MZI switches employ interference effects to manipulate signals, MOEMS switches can
achieve reconfigurability by physically rearranging their optical channels. MOEMS switches also
typically show higher extinction ratios and reduced crosstalk [18]. Most of the MOEMS switches
that have been demonstrated were integrated with silicon photonics. However, combining silicon
waveguides with MEMS on the device layer of silicon-on-insulator (SOI) wafers leads to device
trade-offs, as the layer of material in SOI used for the MEMS structure is the same for optical
waveguides. Modifying the thickness of this layer affects the optical and mechanical properties
of the switch [19].
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Recently, silicon nitride (SiN) has attracted interest to implement optical switches due to its
high thermal stability, lower fabrication sensitivity, and lower refractive index [20,21]. Moreover,
since SiN has a lower refractive index than silicon, this reduces mode confinement, which helps
minimize optical losses and improve the overall efficiency of the waveguide. This makes SiN a
promising candidate for integrated photonics, especially since it is transparent over a wide range
of wavelengths. A few optical switches have utilized SiN, such as the MZI switch presented
by L. Dong et al. [22], and MOEMS switches presented in [17,23–26]. For instance in [23],
the 1×3 MOEMS switch has a minimum and maximum insertion loss of 4.64 dB and 5.83 dB,
respectively, in different switching positions. In the electrothermally actuated MOEMS positioner
presented in [26], the insertion loss is 1.6 dB. Both of these MOEMS switches demonstrate how
MEMS can take advantage of the broadband performance of SiN waveguides. However, aligning
SiN waveguides is challenging due to the residual stress of the oxide on the structure, which is
one of the trade-offs of using SiN waveguides.

In this work, we present an electrostatically actuated rotary MOEMS switch integrated with
SiN waveguides that is inspired by [27]. However, we designed a new configuration for the
actuators and an improved spring system including circular-shaped springs. It results in increment
of the number of waveguides in the switch and enhanced the rotational mechanism of the MEMS
structure. The utilization of electrostatic actuation results in near-zero power consumption.
Integrating the MEMS structure with 850 nm × 435 nm SiN waveguides enables the rotary
MOEMS switch to operate in a single-mode condition across a broad spectral range. The rotary
MEMS switch accommodates 7 optical waveguides, with a displacement of 2.9◦ clockwise (CW)
and 2.6◦ counterclockwise (CCW), thereby covering 5 channels out of the 7 available within the
structure. The average optical power loss measured is −5.57 dB across the measured spectrum
range from 1540 nm to 1625 nm.

2. Design

The proposed optical rotary switch is comprised of a silicon MEMS structure onto which SiN
optical waveguides are integrated. Figure 1(a) shows a top view of the rotary switch schematic.
The following details the operating principle and device structure.

2.1. Operating principle

The MOEMS switch comprises a single input waveguide and seven output waveguides, aligned
with the electrode labeled VGC and positioned on a suspended platform, supported by serpentine
springs, as depicted in Fig. 1(b). The complete suspended structure is shown in Fig. 1(c),
highlighting the circular springs that enable rotational movement. The waveguides incorporate
surface grating couplers to facilitate light transmission into and out of the chip. The input
waveguide extends along the length of the electrode to the suspended platform, where a necessary
gap is present to accommodate the rotation of the platform. This gap introduces a discontinuity
between the waveguides on the platform and the output waveguides, as illustrated in Fig. 1(d).

Light enters the input waveguide and is directed to one of the waveguides on the platform. To
achieve this, the platform rotates to align the desired waveguide with the input waveguide. The
rotation of the platform is actuated by comb drives located on both sides, allowing for rotation in
both CW and CCW directions, as shown in Fig. 1(a). Once the waveguide on the platform is
aligned with the input waveguide, the light propagates through the aligned waveguide on the
platform and exits via the corresponding output waveguide.

Initially, when the input waveguide is aligned with any of the waveguides on the suspended
platform and the output waveguides, significant power loss occurs due to the two gaps between
the input waveguide, the waveguide on the platform, and the output waveguide. To reduce this
insertion loss, it is crucial to close the gaps between these waveguides. This can be achieved
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Fig. 1. Schematic of the rotary MOEMS switch: a) top view, b) serpentine spring, c)
shape of the suspended platform and the circular-shaped springs, and d) zoomed view of the
waveguides on the platform.

through a gap-closing mechanism involving electrodes and the serpentine spring, as previously
mentioned.

The MOEMS structure features six electrodes: two Vin1, two Vin2, VGC, and GND. Silicon
dioxide (SiO2) serves as the cladding material, while the core of the waveguides is made of SiN.
The waveguide core has a width of 850 nm and a thickness of 435 nm, with a top and bottom
cladding of 3.2 µm. An inverted taper is incorporated into each waveguide along the fixed portion
and at the platform edge, with a minimum width of 400 nm and a length of approximately 20 µm,
to enhance coupling efficiency across the gap (see Fig. 1(d), where each waveguide is numbered).
The waveguides are spaced a minimum of 3.2 µm to prevent crosstalk between optical channels.

As seen in Fig. 1(c), the input waveguide initially aligns with the center waveguide (WG #4)
in the absence of actuation voltages. Then, voltage VGC is applied to reduce the gap, either in
the initial state without rotation of the platform or after rotation in either the CW or the CCW
direction, causing the platform to close by touching the two stoppers shown in Fig. 1(c).

2.2. MEMS structure description

The MEMS structure has a symmetrical design, consisting of comb fingers on both sides of a
platform suspended by a serpentine spring. The entire structure is anchored through circular-
shaped springs, which act as hinges during rotation. These circular springs have a width of 4
µm, and the structure has a thickness of 59 µm to meet fabrication requirements. To maintain
symmetry during motion, there are 11 fixed fingers and 10 movable fingers on each side of the
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structure. If the electrostatic force exceeds the stiffness of the movable part, the structure may
deform [28]. To mitigate this risk, the design ensures the fingers are wide enough, selecting a
width of 12 µm, with the outer free finger extending to a maximum length of 192 µm. These
dimensions prevent excessive bending due to electrostatic forces, especially at large rotation
angles. Figure 1(b) shows the serpentine spring attached to the suspended platform and free
fingers. The serpentine spring is stiff enough so that the platform can rotate freely and align
with the desired optical waveguide during operation. Moreover, it allows for the suspended
platform to translate in order to close the gap. When no electrostatic force is applied to close the
gap, the serpentine spring creates the restoring force that returns the suspended platform to its
initial gap-open position. The lengths of the serpentine spring beam, which range from 90 µm to
205 µm, with a width of 4 µm, are carefully selected. Shorter beams would result in increased
stiffness and require higher actuation voltages to close the gap, whereas longer beams would
result in a very flexible serpentine spring, which would cause misalignment and out-of-plane
motion.

The fixed fingers are connected to electrodes Vin1 and Vin2, while the free comb fingers,
anchored by the circular springs, are connected to ground (GND). Applying a voltage to Vin1
induces CW rotation, while applying voltage to Vin2 induces CCW rotation. As shown in Fig. 1(c),
the suspended platform supports the optical waveguides. When a voltage is applied to the VGC
electrode, the gap between this electrode and the platform closes. The initial gap between the
waveguides is 6 µm, which reduces to 2 µm upon actuation using the electrostatic gap-closing
mechanism. During electrostatic actuation, the electrodes gradually approach each other until
pull-in occurs, closing the gap. Stoppers, positioned on each side of the platform (Fig. 1(c)),
prevent pull-in from causing a short circuit between the platform and VGC. The pull-in voltage is
expressed as:

Vpi =

√︃
8
27

kg3

εA
(1)

where k is the stiffness, g is the gap between the electrode and the platform, ε is the permittivity,
and A is the common area between the electrodes.

Angular misalignment of the rotary MOEMS switch can result in signal loss and degraded
optical performance. This issue may arise if the platform undergoes translational motion instead
of pure rotational motion. To mitigate this, a common center of rotation is ensured for the
platform, as well as for all fixed and movable fingers.

Table 1 lists the physical dimensions of the MEMS structure.

Table 1. Dimensions of the rotary MOEMS switch

Component Dimension (µm)

Finger width 12

Platform gap 6

Stopper gap 4

Serpentine spring length 90 – 205

Spring width 4

Circular-shaped spring radius 43

3. Simulations

Finite element method (FEM) simulations were conducted using the COMSOL Multiphysics
software. The structural layer was assumed to be silicon with a (1 0 0) orientation and an elastic
modulus (E) of 130 GPa [29]. As previously discussed, to induce rotation in the suspended
platform, a voltage is applied to the Vin1 or Vin2 electrodes. Figure 2 shows the top view of the
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deformed MEMS structure in both the CCW and CW states when an actuation voltage of 200 V
is applied.

Fig. 2. Rotation of the MOEMS structure for a 200 V actuation voltage: a) CW rotation
using Vin1, b) CCW rotation using Vin2.

It is important to note that increasing the actuation voltage results in a higher angular
displacement, peaking at 200 V before pull-in occurs at 207.5 V. The actuation voltage required to
close the gap was determined using the same method, with 300 V needed to close the gap between
the platform and the stoppers. The voltage levels observed in this work are consistent with
electrostatic MEMS actuation principles, where forces scale quadratically with voltage. These
high voltages (typically 50–200 V) are commonly required in MEMS devices [30–32], especially
when microfabrication constraints lead to larger electrode gaps. To mitigate this, strategies such
as reducing electrode gap distances or optimizing actuator stiffness can be considered. However,
fabrication process limitations restrict gap minimization, and reducing stiffness may introduce
unwanted out-of-plane motion, which could degrade optical performance. Moreover, the number
of actuator combs could be increased at the cost of device area.

Figure 3(a) shows the simulation results for angular displacement vs actuation voltage (i.e.,
Vin1 for CW rotation and Vin2 for CCW rotation), reaching 2.3◦ at 200 V in both directions.
Figure 3(b) shows the axial movement of the platform toward the electrode to close the air gap
as a function of voltage (i.e., VGC). The gap-closing motion is approximately 1.7 µm with an
actuation voltage of 300 V. Additionally, gravity was applied to the platform to assess its effect
on the suspended structure, showing a displacement of approximately 14 nm out-of-plane. Given
that the thickness of the waveguide is 435 nm, this out-of-plane motion is not expected to have a
significant impact on the optical insertion loss.

A 3D FDTD simulation was performed using the Ansys Lumerical software to estimate the
insertion loss for both the open gap (6 µm) and closed gap (2 µm). The results showed that
as the movable platform approached the stationary electrode with the fixed waveguides, the
insertion loss decreased. Although the movable waveguide supports both polarizations, we focus
on analyzing the TE polarization since we utilized TE grating couplers for testing. Initially,
the insertion loss exceeded 2 × −7.7 dB. However, as depicted in Fig. 4(a), it decreased to 2
× −3.7 dB as the gap was reduced. Furthermore, the average back reflection was 9.45 % for
each gap across the simulated wavelength range. The insertion loss does not reach zero due to a
residual gap remaining after the gap closing process, as outlined in Section 2. This gap is not
a consequence of the intended design but rather a limitation imposed by the fabrication grid
size, which restricts the precise positioning of the stoppers relative to the fixed platform and,
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Fig. 3. Simulation results of the MOEMS structure: a) angular displacement versus Vin1
(CW rotation) and Vin2 (CCW rotation), b) gap closing displacement versus VGC.

Fig. 4. Gap optical simulation results: a) coupling efficiency for the gap in closed and open
states, and b) magnitude of the electric field for the gap in the closed and open states.

consequently, how closely the movable waveguides can align with the fixed waveguides after the
gap is closed. The magnitude of the electric field for both the open and closed gaps is shown in
Fig. 4(b).

The switching time for rotation and gap closing was evaluated through time-domain simulations
with COMSOL Multiphysics. Rotating the platform to align the input channel from the initial
state to WG #3 and #5 required 109 µs (see Fig. 1(d) for WG numbering). Switching to the first
and last channels (i.e., WG #2 and #6) took 140 µs. Additionally, closing the gap to the stoppers
required 53 µs. Since the middle channel (WG #4) relies solely on gap-closing actuation for
efficient coupling, its switching time is also estimated to be 53 µs. For the remaining channels,
including the gap-closing time, the switching time is determined to be 193 µs for WG #2 and
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#6, and 162 µs for WG #3 and #5. Note that since WG #1 and #7 cannot be addressed with the
platform rotation span, they are not considered here.

4. Fabrication

The rotary MOEMS switch was fabricated using a custom process developed by AEPONYX Inc.
Figure 5 presents a cross-sectional view of the MOEMS switch. The process uses a SOI wafer
with a device layer thickness of 59 µm and pre-etched cavities beneath it to facilitate the creation
of the movable structure. The MEMS device is constructed of single-crystal silicon oriented
along the (1 0 0) direction. This layer rests on a silicon oxide layer that serves to isolate the
silicon device layer from the underlying silicon substrate, preventing electrical interaction. An
additional silicon oxide layer is deposited on the top of the device layer as the bottom cladding of
the optical waveguide. A SiN layer is deposited and patterned to form the waveguide cores. The
next step in the fabrication process is the deposition of the top silicon oxide cladding. Metal pads
are then deposited at predetermined areas to facilitate wire bonding to the printed circuit board
(PCB). The presence of additional oxide on the structure, particularly on the suspended platform,
could cause unwanted platform deformation and misalignment of the waveguides. To reduce
residual stress, the top and bottom oxide cladding layers were etched away from areas other than
the waveguides. The cross-section of the waveguides is 850 nm × 435 nm, while the top and
bottom cladding layers are both 3.2 µm thick. Further fabrication details can be found in [25].

Fig. 5. Rotary MOEMS switch: a) top view,b) cross-sectional view.

Figure 6 shows the fabricated MOEMS switch, providing a visual confirmation that the
fabricated device corresponds to the design schematic depicted in Fig. 1.
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Fig. 6. Top view of the fabricated rotary MOEMS switch: a) entire structure, b) serpentine
spring, c) suspended platform with waveguides and circular-shaped springs, d) magnified
view of the waveguides.

5. Measurement results

Electromechanical measurements were conducted using a Keyence microscope (VHX7000) with
a magnification of × 1000. The angular displacement and platform displacement required to close
the gap are shown in Fig. 7(a) and Fig. 7(b), respectively. The rotary switch exhibits a rotational
motion range of approximately 2.6◦ in the CCW direction and 2.9◦ in the CW direction. The
actuation voltage required to achieve this angular displacement is 234 V, while the pull-in voltage
is 235 V, slightly higher than the simulation results. This discrepancy is attributed to fabrication
variations in the circular springs, which increased the stiffness of the structure, requiring more
actuation voltage to achieve the same displacement.

In Fig. 7(a), the measured angular displacement results for both CW and CCW rotations are
compared with simulations. The angular displacement of the platform could be measured under
the optical microscope with a × 2500 magnification when the actuation voltage reached 60 V for
CW rotation and 90 V for CCW rotation. While there is a slight discrepancy in CCW motion, the
curves align well at 170 V, indicating approximately 1.5◦ of rotation. However, for CW motion,
there is a more noticeable difference, with concordance observed around 155 V. Overall, the
measurement results track reasonably well with the simulations.
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Fig. 7. Experimental and simulation results of the platform displacement: a) angular
displacement, and b) gap closing displacement.

Figure 7(b) shows the simulation and measurement results for the gap-closing mechanism.
Measurement of the gap-closing platform motion was not possible until 130 V was reached.
The device required a slightly lower voltage than predicted by simulation to achieve the same
platform displacement. While the simulation indicated that 300 V would be needed to close the 6
µm gap between the platform and the electrode, a slightly lower voltage of 290 V was required
experimentally. It could be explained because the average measured gap open was 5.6 µm due to
the fabrication discrepancy.

Optical transmission measurements were conducted using the test setup outlined in [26]. A
baseline was established by measuring the coupling efficiency with the gap open, and it was
compared with measurements obtained with the gap closed for each channel. In the initial state
of the rotary MOEMS switch, the input waveguide is aligned with the central waveguide (WG
#4) on the platform, and only an actuation voltage to close the gap was applied. For the other
waveguides, specific voltages were applied to each electrode pair to rotate the platform in both
CCW and CW directions, aligning the input with each output. The gap was then closed.

The electrostatic force behaves non-linearly, making a pull-in event inevitable when large
rotations are achieved. When the actuation voltage is applied to rotate the platform, either CW
or CCW, controlling the deformation becomes more challenging as the voltage approaches the
pull-in voltage. This results in unpredictable movements and variations in gap size due to the
proximity of the platform to the gap-closing electrode. Consequently, when the gap-closing
electrode is engaged, these variations can cause premature pull-in, especially for the outermost
waveguides (i.e., WG #1 and WG #7). This instability led the platform to collapse unpredictably
into different regions of the electrodes rather than aligning correctly beyond the previously
reported angular range, i.e., 2.9◦ in the CW direction for WG #1 and 2.6◦ in the CCW direction for
WG #7. As a result, only five out of the seven waveguides could be properly aligned to the input
waveguide with an actuation voltage of 234 V. The scalability of the optical switch, specifically its
ability to align to a larger number of waveguides (e.g., 7), can be achieved through the tuning and
optimization of the MEMS structure. The rotational capability of the platform can be enhanced
by modifying the circular-shaped springs to reduce their stiffness. This can be achieved by
adjusting the spring dimensions, such as increasing the radius of the circular-shaped spring, while
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ensuring that such modifications do not introduce unwanted out-of-plane or translational motion.
Additionally, the comb-drive actuation mechanism can be optimized by increasing the number of
comb fingers or enhancing the overlap between fixed and movable fingers to generate a greater
electrostatic torque. These improvements, focused on maximizing angular displacement and
actuation efficiency, would allow the MEMS platform to align with more output waveguides,
thereby enhancing the scalability of the optical switch. Figure 8 illustrates the alignment of the
five waveguides with the input waveguide under the gap-closing condition.

Fig. 8. Microscope image of each waveguide alignment on the platform with the input
waveguide: a) WG %2, b) WG %3, c) WG %4, d) WG %5, and e) WG %6.

To normalize the losses for each channel, a reference waveguide was fabricated with the same
length as WG #1, as depicted in Fig. 1(a). This reference exhibited losses of approximately
−27.69 dB due to the two grating couplers. Table 2 lists the results after normalizing the coupling
efficiency by the insertion loss of the grating couplers. The values presented are the average
coupling efficiency for each waveguide over the wavelength range of 1540 nm to 1625 nm,
covering the C and L bands for telecommunications applications. Due to the limitations of the
grating couplers used in the design, the wavelength range was set to start from 1540 nm. As
shown in the table, the coupling efficiency improved significantly with the gap-closing mechanism
activated. Notably, the average closed gap was measured at 1.08µm, which likely enhances the
switch’s efficiency.

Table 2. Coupling efficiency of each output waveguide

Waveguide Gap open [dB] Gap closed [dB]

#2 −13.25 −6.49

#3 −14.29 −4.95

#4 −12.09 −4.08

#5 −14.16 −5.01

#6 −13.00 −6.64

Figure 9 presents the coupling efficiency from 1540 nm to 1625 nm for each of the five output
waveguides, both with the gap open (GO) and closed (GC). The average coupling efficiency for
all five channels when the gap is closed is −5.57 dB, showcasing a power difference between
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channels of less than 2 dB, thus outperforming the MOEMS presented in [23]. Notably, as
previously mentioned, the gap in both the open and closed states was smaller than the expected
value due to fabrication variations. This discrepancy resulted in a higher coupling efficiency for
the switch in both conditions compared to simulations. Furthermore, the gap-closing mechanism
improved the efficiency by an average of 8.03 dB.

Fig. 9. Measured coupling efficiency of the waveguides when the gap is open and closed,
where GO is Gap Open, GC is Gap Closed, and XT represents crosstalk.

The undesirable leakage of the light from a channel to adjacent waveguides, known as crosstalk,
was measured and is presented in Fig. 9. To perform this measurement, three detectors were
used simultaneously. For instance, when the input signal was routed through WG#4, the adjacent
waveguides on its right and on its left (WG#3 and WG#5, respectively) were also connected
to detectors. This configuration allowed the measurement of any leakage into the adjacent
waveguides. This allowed to accurately record the crosstalk into the adjacent channels after
closing the gap.

The plot shows that crosstalk values fluctuate around −35 dB over the wavelength range of 1540
nm to 1625 nm. This level of crosstalk demonstrates effective isolation between the channels,
ensuring signal integrity with minimal interference.

6. Discussion

Previous studies on electrothermal and electrostatic actuation mechanisms for MOEMS switches
highlight distinct advantages and limitations. For instance, work in [26] demonstrated that
electrothermal actuation requires higher power consumption (i.e., 219 mW for 6 µm displacement)
compared to the electrostatic actuation proposed here, which operates with near-zero power
consumption to achieve 2.9◦ of rotation, equivalent to an arc length of 8.5 µm.

The operational wavelength range of the proposed MOEMS switch is broader compared to
other optical switches, such as those employing MMI and MZI structures. For example, the
MZI switch proposed in [33] operates within a limited wavelength range of 1540 nm to 1565
nm, whereas the proposed switch operates from 1540 nm to 1625 nm. In terms of crosstalk,
MOEMS switches such as ours exhibit lower crosstalk compared to other technologies. The
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MOEMS switch in this work exhibits crosstalk of around −35 dB, which is better than the
crosstalk performance of MMI and MZI switches. For instance, the crosstalk for the MZI switches
presented in [22,34] is −10 dB. Another important class of switches is all-to-all switches, which
include the N × N switch. For instance, Seok et al. [35] presented a 64 × 64 switch using a matrix
architecture, these switches provide complete inter-connectivity with a low insertion loss of 3.7
dB, and fast switching times of 0.91 µs. However, this device is based on a vertical adiabatic
coupler design in which the fabrication process is more complex and multilayered. Furthermore,
with this approach the waveguides cannot by cladded, which can create packaging challenges.

In this work, it is possible to cover 25 output channels with a two-level hierarchical structure.
Moreover, if we can use all the output waveguides to have a 1 × 7 switch, it would scale to 49
output channels within the same architecture. Additionally, we could use the actuator structure
presented here and replace the channel waveguides on the platform by a planar waveguide with a
curved mirror at its edge to increase the number of addressable channels of a single switch to
more than 7, as presented by [27]. This shows potential approaches to create a scalable switch
fabric but it is worth noting that it would come at the cost of increased insertion loss if a multilevel
architecture was employed or higher mechanical stress on the platform if the planar waveguide
design is used.

Additionally, SiN has been utilized in various MOEMS switches, such as the 1 × 5 switch
in [24]. That switch has a maximum insertion loss of 7.5 dB and a minimum insertion loss of
2.2 dB, operating within the same wavelength range of 1540 nm to 1625 nm, demonstrating the
broadband capabilities of SiN waveguides. However, the 1 × 5 switch exhibits a 5.3 dB variation
between the minimum and maximum insertion loss. In contrast, the variation in the proposed
1 × 5 switch is only 1.86 dB, demonstrating more consistent power loss across all channels, a
notable performance improvement.

Compared to optical waveguides made of silicon (Si) [36], SiN waveguides used in this work
offer several advantages, including lower overall losses at near-infrared (NIR) wavelengths and
more consistent performance due to smaller refractive index contrast. SiN waveguides exhibit
lower propagation insertion loss than silicon waveguides due to reduced sidewall scattering losses.
Additionally, SiN can be used across a wide wavelength range due to its large transparency
window [36,37].

Nevertheless, SiN waveguides and suspended platforms present challenges related to mechanical
stability and optical performance that must be addressed. For instance, the suspended SiN
structures reported by Grottke et al. [38] can deform and exhibit stress-induced misalignment
after fabrication, leading to increased insertion losses. To mitigate this, the SiN layer thickness
and etching process require optimization to enhance mechanical robustness and reduce residual
stresses.

Another critical aspect is the precise integration of movable components while minimizing
scattering losses at the edges of suspended regions. As demonstrated by Seok et al. [39],
achieving low stitching losses and maintaining low-loss optical propagation over suspended
sections in large-scale designs demand extremely tight fabrication tolerances.

Table 3 provides a comparison of various published switches employing SiN waveguides. The
MOEMS switch in this work operates with electrostatic actuation, offering a wavelength range of
1540 nm to 1625 nm, near-zero power consumption, a switching time of 162 µs, and an insertion
loss of 6.5 dB. Compared to other devices, it matches the zero power consumption of similar
electrostatic switches but demonstrates slightly higher insertion loss and longer switching times.
In contrast, thermo-optic switches, while faster (down to 4.7 µs) and sometimes exhibiting lower
insertion loss, consume significantly more power (up to 290 mW). Additionally, electrothermal
actuation, as seen in some MEMS devices, can result in high power consumption (189-219 mW).
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Table 3. Comparison of various switching mechanisms employing silicon nitride as the waveguide
material.

Reference Switch Type Switching
Mechanism

Wavelength
Range [nm]

Power
Consumption

[mW]

Switching
Time

Insertion
Loss [dB]

Array Size Loss per Port
[dB/port]

Crosstalk [dB] Area per Port
[µm2 /port]

[26] MEMS Electrothermal
Actuation

1550-1620 189-219 3 ms 1.6±0.06 1×1 1.6 −40 875,000

[40] MEMS Electrostatic
Actuation

1540-1620 zero N/A 2.2–5.39 1×5 0.44–1.5 −30 175,000

[23] MEMS Electrostatic
Actuation

1500-1630 zero 150 µs 7.89 1×3 1.55–1.94 −30 28,167

[33] MMI-MZI Thermo-Optic 1540-1565 1.07 4.7 µs 0.5 2×2 0.25 −30 3,375

[22] MZI Electro-Optic N/A N/A 57.78 ns N/A 1×2 N/A N/A 2,286

[34] MZI Thermo-Optic 1554.7 290 10 ms 2.4±0.4 3×3–4×4 0.11–0.15 −10 197,000

[41] MZI Thermo-Optic 1530-1610 5.9 840 µs 11.7 1×2 5.85–7.1 −20.5 to −19.6 1,800,000

[42] Meta-Surface Voltage 630 90 100 ms 1 1×2 0.5 −11.24 9.63

[35] MEMS Electrostatic
Actuation

1460-1580 near zero 0.91 µs 3.7 64×64 0.058 N/A 12,000

[39] MEMS Electrostatic
Actuation

1540-1625 zero < 400 ns 9.8 240×240 0.04 −70 66,667

This Work MEMS Electrostatic
Actuation

1540-1625 zero 162 µs 6.5 1×5 1.11 −35 175,000

7. Conclusion

This work introduced a novel electrically actuated 1 × 5 SiN integrated rotary MOEMS switch
capable of achieving significant rotational angles, with 2.9◦ in the CW direction and 2.6◦ in the
CCW direction, covering 5 channels with an actuation voltage of 234 V. The rotary MOEMS
switch demonstrated consistent power loss across the 5 channels, with an average insertion loss
of −5.57 dB. Furthermore, due to the SiN-based waveguides, the switch has the potential to
operate over a broader spectrum. In this work, it was successfully tested within the wavelength
range of 1540 nm to 1625 nm. The use of the electrostatic actuation mechanism with near-zero
power consumption makes the proposed 1 × 5 rotary MOEMS switch a promising candidate for
applications in data centers.

By employing circular-shaped springs designed to minimize axial movement at the pivot point,
the suspended platform was effectively controlled, allowing for precise alignment of the input
and output waveguides. As a result, the difference between the maximum and minimum insertion
loss was limited to 1.86 dB, ensuring uniform losses across all channels—a critical performance
metric for data center applications.

The experimental results revealed some discrepancies between simulation and measurement,
primarily due to fabrication variations affecting the springs and consequently altering the
mechanical behavior. These discrepancies led to increased stiffness and higher actuation voltage
requirements to achieve the same angular displacements. Despite these challenges, the switch
successfully covered 5 out of the 7 available waveguides on the platform and demonstrated strong
overall performance.

Future iterations of the switch aim to incorporate a latch mechanism to prevent undesired
motion at higher actuation voltages. Additionally, further enhancements will focus on improving
device performance, reducing power consumption further, enhancing coupling efficiency, and
broadening the switch applicability in optical communication networks.
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