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Abstract

Optical phase modulation is essential for a wide range of silicon photonic integrated
circuits used in communication applications. In this study, an optical phase shifter utiliz-
ing photo-elastic effects is proposed, where mechanical stress is induced by electrostatic
micro-electro-mechanical systems (MEMS) with actuators arranged in a comb drive con-
figuration. The design incorporates suspended serpentine silicon nitride (SiN) optical
waveguides. Through extensive numerical simulations, it is shown that the change in
the effective refractive index (n,5) of the optical waveguide is a function of the voltage
applied to the electrostatic actuators and that such n.4 tuning can be achieved for a broad
range of wavelengths. Implemented within one arm of an unbalanced Mach-Zehnder
interferometer (MZI), the phase shifter achieves a phase change of T when the stressed
optical path measures 4.7 mm, and the actuators are supplied with 80 V DC and consume
almost no power. This results in a half-wave voltage-length product (VL) of 37.6 V-cm.
Comparative analysis with contemporary optical phase shifters highlights the proposed
design’s superior power efficiency, compact footprint, and simplified fabrication process,
making it a highly efficient component for reconfigurable MEMS-based silicon nitride
photonic integrated circuits.

Keywords: MEMS; optical; silicon photonic; electrostatics

1. Introduction

Recent advancements in data density within communication networks have exposed
significant limitations in traditional copper-based interconnects, such as loss, dispersion,
crosstalk, and speed constraints. Silicon photonics has emerged as a leading solution to
these challenges, offering the potential for low cost and enhanced performance through
photonic and electronic integration, and compatibility with complementary metal-oxide
semiconductor (CMOS) electronics manufacturing technologies [1].

Modulating optical signals is a crucial functionality in photonic circuits. An optical
modulator alters various beam parameters such as amplitude, polarization, or phase as light
propagates [2]. This can be applied to optical sensing platforms, such as optical gyroscopes,
where phase modulation may contribute to the suppression of noise [3]. Optical phase
modulation can be classified into permanent and tunable techniques. Permanent phase
modulation involves a fixed adjustment of the phase of the optical signal, typically achieved
through unbalanced optical path length or material changes. Conversely, tunable phase
modulation allows dynamic, adjustable changes, providing control over the optical signal
phase as needed.
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The alteration of the effective refractive index (n.5) is central to the phase modulation
process. As shown in Figure 1, configurable optical phase shifters can be implemented
using four primary methods: thermo-optic, electro-optic, physical movement, and photo-
elastic effects. Each method has distinct advantages and limitations, assessed through
performance metrics such as modulation speed, optical bandwidth, insertion loss, footprint,
efficiency, and power consumption.

Optical phase shifter

Y Y

Non configurable Configurable

y v v v

Material with Unbalanced

) Thermo-optic| | Electro-optic| [Physical movement| |Photo-elastic
different nepr optical path P P Y

Figure 1. Classification of optical phase shifters: non-configurable vs. configurable. Configurability
is preferred so that a single device can have multiple functions.

Thermo-optic phase shifters use thermal energy to alter 1,4 by positioning thermal
electrodes near or over optical waveguides. For example, Sun et al. [4] designed and
demonstrated a polarization-insensitive 4 x 4 optical matrix switch, in which 2 x 2 Mach-
Zehnder interferometers integrated with a pair of resistive metal heaters are used to
modulate the phase. Although the thermo-optic mechanism allows dynamic modulation, it
is relatively slow and requires high electrical power [5]. The heat generated can also affect
adjacent components in compact systems.

In contrast, electro-optic modulators offer high-speed, power-efficient phase modula-
tion by placing optical waveguides between electrodes and applying an external voltage to
create an electric field, changing 1,y through the Pockels effect [6]. However, this method is
limited to non-centrosymmetric materials such as lithium niobate (LiNbOs3), which are often
incompatible with CMOS technologies [7,8]. Although aluminum nitride (AIN) is proposed
to achieve CMOS compatibility, its significantly lower Pockels coefficient (i.e., 33 times
lower) compared to LiNbOj results in inefficient phase modulation [9,10].

Physical-movement-based phase shifters employ micro-electro-mechanical systems
(MEMS) technology to physically displace optical waveguides integrated into a movable
mechanical structure. Typically, these systems comprise fixed and movable waveguides.
By applying electrostatic forces, the movable waveguide can be brought closer to the
fixed waveguide, interacting with the evanescent field and resulting in a phase shift. For
instance, Edinger et al. [11] demonstrated an optical phase shifter that enables a phase
shift of 2.9 7w when the air gap between the moving and fixed waveguides is adjusted from
175 nm to 500 nm using an actuation voltage of 36 V. This approach necessitates advanced
microfabrication techniques and sophisticated mechanical designs, as the air gap between
the waveguides must be maintained at the nanometer scale. Achieving such precise
control over the air gap and ensuring reliable actuation requires meticulous engineering
and fabrication processes, making it a challenging yet effective method for optical phase
modulation. On the other hand, MEMS-based devices often require high actuation voltages
to achieve effective modulation [12], and repeated mechanical movements can lead to
system fatigue over time, which can affect the overall lifetime of the device [13].
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Alternatively, photo-elastic optical phase shifters modulate the optical phase by apply-
ing mechanical stress to the waveguides, resulting in changes to n.g. Previous implementa-
tions have utilized piezoelectric actuators to apply this stress. For instance, Sebbag et al. [14]
demonstrated an optical phase shifter where an electrically controlled piezoelectric actuator,
made of lead zirconate titanate (PZT), applies stress to the waveguide. By increasing the
applied voltage, a change in 7,5 of 1.8 X 10~ was achieved, and this change was reversible
in the absence of an external voltage. Similarly, Wang et al. [15] proposed a micro-resonator
modulator using a piezoelectric actuator on top of a silicon nitride (SiN) waveguide to
induce mechanical stress, altering n.g. Although these methods offer significant advantages,
such as effective phase modulation, they introduce added complexity in the manufacturing
process due to the need for additional deposition steps for piezoelectric materials and their
electrodes. This increased fabrication complexity can be a limiting factor, particularly in
applications where simplicity and reduced manufacturing steps are paramount.

This study proposes a configurable optical phase shifter based on photo-elastic effects,
leveraging the advantages of electrostatic MEMS actuators. Unlike previous implemen-
tations that relied on piezoelectric materials, this design employs electrostatic actuators
positioned near the waveguide to induce mechanical stress. The use of electrostatic actua-
tion offers several benefits, including a fast response time, low power consumption, and a
reduced number of microfabrication steps compared to piezoelectric-based methods. The
proposed phase shifter is implemented within one arm of an unbalanced Mach-Zehnder
interferometer (MZI). The design features a suspended serpentine SiN optical waveguide
integrated with electrostatic actuators arranged in a comb-drive configuration. It is worth
pointing out that SiN-based optical waveguides offer several distinct advantages, including
low propagation losses, a broad operating range from the visible to near-infrared spectrum,
reduced sensitivity to temperature variations, and high power handling capacity [16,17].
Furthermore, these waveguides are compatible with CMOS fabrication technology [18],
making them well-suited for large-scale photonic integration.

In the proposed phase shifter, by applying a DC voltage to its actuators, the waveguide
is subjected to mechanical stress, resulting in changes to 7,5 and enabling dynamic phase
modulation. Numerical simulations show that a phase change of 7t can be achieved when
the optical path under stress measures 4.7 mm, and the actuators are supplied with 80 V DC,
consuming virtually no power. This results in a half-wave voltage-length product (VL) of
37.6 V-cm, indicating a highly efficient phase modulation. Hence, the contributions of the
present study can be summarized as follows:

1. A novel electrostatic MEMS phase shifter operating based on the photo-elastic effect
is proposed.

2. The proposed design leverages the unique advantages of electrostatic actuation, such
as near-zero power consumption and a simplified fabrication process.

3. The structure of the phase shifter is devised to accommodate the optical SiN waveguide
within its moving parts, ensuring compatibility with integrated photonics platforms.

4. The applicability of the proposed phase shifter is demonstrated through its ability to
induce a sufficient phase shift to generate deep intensity when implemented in one
arm of an MZL

2. Relevance to Sensor and Actuator Networks

With the rapid advancement of MEMS and microelectronic technologies, Wireless
Sensor Networks (WSNs) and the Internet of Things (IoT) have become predominant solu-
tions for enabling distributed devices to sense, communicate, share data, and be remotely
monitored or controlled [19]. In such networks, photonic devices play a key role in enabling
high-bandwidth, low-latency communication and precise sensing [20]. The proposed elec-
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trostatic MEMS phase shifter offers unique characteristics, low power consumption, batch
fabrication, and potential for large-scale integration, which make it particularly suitable for
deployment in sensor and actuator networks. Hence, the device can serve as a reconfig-
urable optical element within these nodes, providing effective and efficient phase control
for wavelength routing, interferometric sensing, and noise suppression.

3. Theory

A schematic representation of a typical optical waveguide is shown in Figure 2. As
shown in this figure, the optical waveguide has a core surrounded by a cladding layer.
The specific distribution of the refractive index for such an optical waveguide depends on
the geometry and material properties of the waveguide and varies along the x-axis and
y-axis. In this context, the refractive index changes abruptly at the interface layers and can
be defined by a step function as follows:
n(x’w:{ncm,if0<x'<wand0<y§h )

Nelad, Otherwise

where 710 is the refractive index of the waveguide core, 1.,y is the refractive index of
the waveguide cladding, w is the width of the waveguide core, and / is the height of the
waveguide core.

y nc/
J—x h I
>
7 w

Figure 2. Schematic representation of the optical waveguide, showing the positioning of the core and

cladding layers.

The optical phase shift produced by alterations of the effective index includes changes
in both the refractive indices of the core and cladding layers, and it can be estimated
as follows: .

Ap = TL A”eff 2)
where ¢ is the optical phase, A is the wavelength of the propagating wave, L is the optical
path, and An,¢¢ represents changes in the effective refractive index.

nef is a function of the propagation constant, , and can be calculated as given below:

Meff = % 3)

where k is the wavenumber, which is equal to 277 /A.
On the other hand, the electric field propagation along the z-axis in the context of
time-harmonic fields can be expressed as follows [21]:

27

E = E(x,y)e/ P = (Ex(x,y) + By (x,y) + Ex(x,)) e/ X F) @)

where Ey > (x,y) are components of the electric field vector in the xy-plane, and ¢t is the time
constant. Therefore, the components of the electric field in the waveguide determine the
propagation constant and eventually 7.
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According to photo-elastic effects, the changes in the refractive index of the material
caused by mechanical stress can be expressed as follows [22]:

Ny = Ng — (CllTx + Cz(U'y +(Tz)),

ny =ng — (Croy + Ca(0x + 02)) (&)

where 1, and ny, are the refractive index components of the material obtained under the
applied mechanical stress, ng is the bulk refractive index in the absence of stress, o, 0y,
and o are the relative stress components, and C; and C; are the stress-optic (i.e., photo-
elastic) coefficients related to the Young’s modulus, Poisson’s ratio, and photo-elastic tensor
elements of the material.

Mechanical stress results from the application of force over a specific area. In this
study, the mechanical force is generated by a series of electrostatic actuators. A comb
drive structure, configured with parallel plate electrodes, converts the excitation voltage
into a mechanical force, as illustrated in Figure 3. In this configuration, the comb drive
comprises a series of fixed and movable fingers. When a DC voltage is applied, electrostatic
attraction forces develop between the fingers, causing the movable structure to shift in
the direction of the generated electrostatic force. This movement induces the required
mechanical stress in the optical waveguide, enabling effective phase modulation through
the photo-elastic effect.

Figure 3. Schematic diagram of the electrostatic actuator using a series of fingers in the form of a
parallel plate.

The capacitance between two parallel plates can be estimated as follows:

80><Lf><t

6
2 (6)

where ¢ is the permittivity constant of free space, Ly is the overlap length between the
fixed and movable electrodes, ¢ is the thickness of the fingers, and g is the distance between
two fingers. Since g << d, the capacitance between the fingers has a smaller value with
the air gap size of g, such that the electrostatic force generated with the air gap size of 4,
although it has an opposite direction, is negligible. Consequently, the effective direction of
the generated electrostatic force, F, is upward along the y-axis, as labeled in Figure 3.

The electrostatic force acting on the surface of fingers is given by the following [23]:

_au_z% 2:sofoxthVZ

F=—=
¢ oy 29y g

@)

where U is the energy associated with the applied electrical voltage V, y is the displacement
in the y-direction, and N is the number of finger pairs on both sides of the actuator.
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The consideration of (1), (5), and (7) indicates that the refractive indices of both the
cladding and core of the waveguide can be altered by the driving voltage of the electrostatic
actuator when the actuator interacts with the optical waveguide. This interaction induces
mechanical stress, resulting in a change in 1,4 and consequently causing a phase shift, A¢.

4. Design and Modeling

Figure 4 presents a structural diagram of the electrostatic MEMS optical phase shifter,
which comprises a serpentine suspended beam supporting the optical waveguide above
it. Two distinct groups of electrostatic actuators are positioned along the upper and
lower parts of the optical path. One group features a larger air gap, while the other has
a smaller air gap. The use of different actuators addresses the varying stiffness of the
structure, particularly at points far from the anchoring points, where the optical path
bends at 180 degrees. Actuators with a larger air gap are strategically placed in these areas
to prevent contact between the fixed and moving fingers during large motions when all
actuators are activated. Additionally, this configuration allows all six actuators to operate
with an identical excitation voltage, simplifying the driving circuitry.

Anchor
N

Small gap comb-drives

L-shaped beam

Large gap comb-drive

Anchor

L-shaped beam

P

gadding /

|_Core //

/
Structural layer

Figure 4. Structural diagram of the electrostatic MEMS optical phase shifter.

To enhance the durability of the suspended structure, two mechanical trusses are
integrated into the center of the device. One side of each truss is affixed to the curved
segment of the serpentine beam, while the other side is anchored through an L-shaped
beam. Each L-shaped beam is fixed on the opposite side at a certain distance from the
anchoring point of the suspended serpentine beam. The serpentine beam is bent at an angle
of 110 degrees to minimize optical loss. Consequently, the proposed MEMS electrostatic
optical phase shifter features a symmetric geometry, allowing the optical signal to enter
from one side and exit from the other. In this mechanical design, the activation of each
actuator induces stress in the optical waveguide, facilitating phase modulation.

The MEMS structural layer in this study consists of a thick silicon (Si) layer. It supports
an optical waveguide with a SiN core surrounded by a silicon dioxide (S5iO;) cladding.
Figure 5 presents a cross-sectional view of the optical waveguide integrated onto the
suspended structure. This suspended structure can be deformed by applying a mechanical
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force. The manufacturability and applicability of such a suspended mechanical structure
with integrated optical waveguides have been successfully demonstrated in our prior
work for creating optical switches [24,25] and aligners [26,27]. While the specific phase
shifter proposed in this study has not yet been fabricated, its core components, namely, the
suspended SiN waveguide and comb drive electrostatic actuators, are consistent with those
used in our previously demonstrated devices. These components have been shown to be
reliably fabricated with high yield and reproducibility [28]. The physical dimensions of the
electrostatic MEMS optical phase shifter are listed in Table 1.

SiN

m|

Device layer

Sacrificial layer

Cavity

Figure 5. Cross-sectional view of the suspended structure of the electrostatic MEMS optical phase
shifter illustrating the configuration of the mechanical and optical layers. The process flow complies
with the manufacturing process of AEPONYX Inc., Montreal, Quebec, Canada [29].

Table 1. Physical dimensions of the electrostatic MEMS optical phase shifter.

Parameters Description Value (um)
A Overall chip length 1400
B Overall chip width 850
Ly Web length of the L-shaped beam 527
Lp Flange length of the L-shaped beam 557
Lt Length of the mechanical truss 350
Lg Length of the comb drive support 180
W Width of the comb drive support 50
Le Overlap comb drive fingers 120
gs Gap size of the small-gap comb drive 4
S Gap size of the large-gap comb drive 6
ds Finger spacing of the small-gap comb drive 6
dr Finger spacing of the small gap comb drive 8
wr, Width of the L-shaped beam and truss 5
Wy Width of the serpentine beam 10
he Height of the waveguide core 0.450
wWe Width of the waveguide core 0.850
hep Height of the waveguide cladding 6.4

Wy Width of the waveguide cladding 6
T Thickness of the structural layer 59

5. Results and Discussion

The suitability of the proposed technique for generating an optical phase shift via
electrostatic force was comprehensively investigated through numerical simulations per-
formed using COMSOL Multiphysics (version 6.1). Initially, the stress distribution in
the optical waveguide was analyzed when the structural layer was subjected to an axial
force with an amplitude of 5 mN. Figure 6 presents the stress profiles of the integrated
optical waveguide under both compressive and tensile forces. The stress distribution in the
structural layer was found to be nearly identical for both types of stress. However, under
tensile stress, both the core and cladding of the optical waveguide experienced greater
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stress. This difference is primarily due to the physical properties of the structural layer,
which, being relatively thick, absorbs a significant amount of stress. In the case of tensile
forces, the stress propagates vertically through the y-axis, reaching the optical stack more
effectively. It is worth mentioning that in the proposed optical phase shifter, mechanical
stress cannot be directly applied to the optical stack due to the height difference between
the actuators, formed by the structural layer, and the optical stack, which is constructed on
the surface of the structural layer.

x10°

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

o

(@ (b)

Figure 6. Graphical representation of the stress profiles in the optical waveguide and structural layer
when the structural layer is subjected to axial (a) compressive and (b) tensile forces. The black and
blue arrows indicate the directions of the applied force and reaction force, respectively.

To quantitatively investigate the effects of the amplitude and type of applied force
on the stress experienced by the optical stack, Figure 7 illustrates the average stresses as a
function of varying compressive and tensile forces. For small applied forces (i.e., below
8 mN), the observed stress under both tensile and compressive forces is nearly equal. As
the force amplitude increases, the optical stack experiences slightly greater stress from the
tensile force. For instance, under a larger tensile force of 28 mN, the optical stack received an
average von Mises stress of 3.8 MN/m?, compared to 3.7 MN/m? under compressive force.
This indicates that the optical stack is slightly more stressed under higher tensile forces.

8

.S L : : : :

[}

E
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2 37
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S 1

£
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< 0 ‘ ‘ Compressive
0 5 10 15 20 25
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Figure 7. Average stress received by the optical stack as a function of applied force for compressive
and tensile forces.

To further investigate the relationship between the stress applied to the optical stack
and the changes in n,g, simulations were conducted to compute the variations in n.y as a
function of the applied axial compressive and tensile forces. The results, shown in Figure 8,
indicate a trend consistent with the predictions of the stress study, revealing a quadratic
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response where An, g increases with the applied force. Comparing the effects of compressive
and tensile forces, it was found that Angg is greater by a magnitude of 3.5 x 107> under a
sufficiently large tensile force. Although this difference may appear minimal, it is significant
when integrated along the length of the optical path, where such a small deviation can
result in a considerable phase shift under tensile forces compared to compressive forces.

0
Tensile
—0.002 Compressive
—0.004 |
& —0.006 [ 013 N
g° 001394 -
< =0.008 - 001395 : 1
-0.01396 \\ 1 ) .
=0.01F \‘\\\ ' \
~ L
T
-0.014 :
0 5 10 15 20 25

Applied force [mN]

Figure 8. Effective index changes as a function of applied force for compressive and tensile forces.

It has been established that axially applied tensile forces can alter the 1,4 of SIN waveg-
uides. To illustrate that the electrostatic MEMS optical phase shifter presented above is
an effective solution for applying tensile stress to an integrated optical waveguide, its
mechanical behavior was analyzed. Initially, the device functionality was examined in the
frequency domain. Figure 9 shows the simulated resonant modes and frequency spectra
of the electrostatic optical MEMS phase shifter. The first three resonant modes occur at
frequencies of 5.28 kHz, 8.4 kHz, and 13.02 kHz. At the fundamental resonant frequency
(i.e., 5.28 kHz), the device exhibits the largest deflection along the y-axis. Similarly, at the
third resonant frequency, significant in-plane movement is observed, with maximum de-
flections along both the y-axis and the x-axis. In contrast, at the second resonant frequency,
the movement is predominantly out-of-plane, with the maximum deflection along the
z-axis. These results indicate that the phase shifter has a lower stiffness coefficient along its
in-plane axes (x- and y-axis) where the actuators are positioned. Consequently, when the
actuators are activated, the device deforms primarily in-plane.

The effectiveness of the MEMS electrostatic optical phase shifter design in applying
stress to the integrated optical waveguide when the actuators are activated was investigated
through a static study. In this analysis, the electrostatic actuators were activated with a DC
voltage of 120 V. Figure 10a illustrates graphically the deformation of the electrostatic MEMS
optical phase shifter, magnified by a factor of 20. Figure 10b presents the deformation profile
along the optical path length, revealing that the device exhibits symmetrical deformations.
The maximum movement is 1 um along the positive and negative y-axis in the curved
region of the optical path. Additionally, a relatively small movement is observed along the
positive and negative x-axis, with almost zero displacement along the z-axis. At the center
of the optical path, which is also the center of the device, the motion along all three axes
is nearly zero. This behavior was anticipated due to the configuration and location of the
upper and lower comb drive actuators.
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Figure 9. (a) First, (b) second, and (c) third resonant modes of the electrostatic MEMS optical phase
shifter and its frequency spectra along the x-, y-, and z-axis.
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Figure 10. (a) Graphical representation of the deformation of the electrostatic optical MEMS phase
shifter, (b) deformation profile, and (c) stress distribution of the optical path along its length.

Figure 10c illustrates the stress distribution experienced by the optical waveguide
along its length. The stress distribution is symmetrical, similar to the deformation profile,
with the pattern repeating after the center of the optical path at 2350 um, showing mirrored
repetition. It is noteworthy that the entire optical path is stressed, but areas in direct contact
with the electrostatic actuators and near the anchors experience higher stresses.

To demonstrate the capability of controlling the stress amplitude in the optical waveg-
uide through voltage activation of the electrostatic actuators, the average stress distribution
along the optical path was computed with DC excitation voltages varying between 0 and
120 V. The results, shown in Figure 11a, indicate that the stress in the optical waveguide
increases with the amplitude of the applied voltage, demonstrating a direct relationship
between the applied voltage and induced stress. Figure 11b presents An,g as a function of
the voltage applied to the electrostatic actuators for a propagating wavelength of 1550 nm.
The change in . increases quadratically with the applied voltage. However, it is important
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to note that the applied voltage (and consequently the applied stress) must exceed a certain

threshold to produce noticeable changes in 7.4. For example, an applied voltage below
30 V has minimal impact on n.

x10° %10~

— o
n ~ n w
T T T T

—
T

von Mises stress IN/mZ]

0.5

100 120 0 20 40 60 80 100 120
Actuation voltage |[V]

(@) (b)

40 60 80
Actuation voltage [V]

Figure 11. (a) Average stress distribution in the optical waveguide, and (b) changes in the refractive
index for different voltages.

One of the main advantages of SiN-based optical waveguides is their ability to operate
across a wide wavelength range. To demonstrate the versatility of the proposed MEMS
electrostatic optical phase shifter, its compatibility with the broadband properties of SiN
was investigated. The absolute Angg for the wavelength range from 1520 nm to 1620 nm
was calculated and analyzed at a constant DC voltage of 120 V. As shown in Figure 12, the
change in n.4 for the shortest wavelength (i.e., 1520 nm) is 4.43 X 1074, Angy decreases
slightly by 5% when the wavelength increases to 1620 nm, reaching 4.22 x 10~%. According
to (2) and the optical path length of the electrostatic MEMS phase shifter (i.e., 4.7 mm), the
maximum phase shift at 1520 nm can be estimated to be 1.37 7, while the phase shift at
1620 nm is 1.22 7t. The modulation frequency of the proposed electrostatic MEMS phase
shifter is approximately 5.28 kHz, corresponding to its first mechanical resonance mode.

-4
445210

4.4+

435

1An

4.3+

4.25

4.2 - : : -
1520 1540 1560 1580 1600 1620
Wavelength [nm]

Figure 12. Absolute value of the effective index change, Angrasa function of wavelength when the
electrostatic actuators are activated with a 120 V DC voltage.

To this end, the proposed electrostatic MEMS optical phase shifter has demonstrated
the ability to effectively and efficiently change the n.4 value by applying a voltage to its
actuators. To further illustrate the phase-changing capability of the proposed approach,
the optical phase shifter was implemented in one arm of an MZI. The simulation was
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conducted using a COMSOL Multiphysics 2D model (https:/ /www.comsol.com/ accessed
on 17 August 2025), incorporating Boundary Mode Analysis, Stationary, and Frequency Domain
studies. Figure 13 shows the MZI output signals as a function of the actuating voltage on
the electrostatic actuators. The performance of the phase shifter was evaluated for actuation
voltages of 0V, 80 V, and 120 V. The results indicate that a phase shift of almost 7 can be
achieved when the electrostatic MEMS optical phase shifter is activated by a voltage of
80 V. Therefore, the half-wave voltage-length product (VL) of the proposed electrostatic
MEMS optical phase shifter is 37.6 V-cm. The phase modulation can reach a maximum of
1.4 T when the actuators are activated by a DC voltage of 120 V. The required operating
voltage can be delivered using CMOS-compatible DC-DC up-level converters or charge
pumps [30]. It can further be observed that the proposed MEMS phase shifter does not
compromise the broadband nature of the SiN waveguide, as the optical response remains

constant across the entire wavelength range from 1548 nm to 1560 nm.

Transmission [dB3]

_ﬁ 1 | l | |
1548 1550 1552 1554 1556 1558 1560
Wavelength [nm]

Figure 13. MZI output signals as a function of the actuating voltages of the electrostatic actuators.

The performance of the optical phase shifter proposed in this study was compared
with state-of-the-art optical phase shifters, and the results are presented in Table 2. Thermo-
optic phase shifters provide a compact modulation system; however, they require power
on the order of milliwatts, making them impractical for low-power systems. Electro-optic
phase shifters, while not power hungry, require a large optical path to achieve a sufficient
phase shift, resulting in a footprint of several centimeters. Optical phase shifters based on
physical movement consume almost no power and occupy a relatively small space, but
their fabrication remains challenging.

Recent studies in [31,32] have demonstrated the implementation of phase shifters
based on photo-elastic effects using piezoelectric materials to induce stress. However, the
use of piezoelectric material increases the complexity of the fabrication process. Addition-
ally, the study in [32] shows that an electrode size of 1 cm is needed to achieve a sufficient
phase shift. In contrast, the electrostatic MEMS optical phase shifter proposed in this work
is unique in that it does not require piezoelectric material to induce mechanical stress. The
physical dimensions listed in Table 2 refer solely to the proposed MEMS phase shifter and
do not include the entire MZI. While the proposed design can achieve near-zero power
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consumption, a highly desirable feature for reconfigurable MEMS-based silicon photonic
integrated circuits, further improvements in actuation voltage and device footprint may be
required to enhance its competitiveness relative to conventional phase shifter techniques.
A glance at the listed V7i-L values suggests that further reduction in the actuation voltage
of the proposed phase shifter could significantly enhance its overall efficiency, making
it comparable to thermo-optic and electro-optic techniques. One applicable approach to
achieving this is by minimizing the air gap between the electrostatic actuator fingers, which
would directly contribute to lowering the required actuation voltage.

Table 2. Performance comparison between the proposed electrostatic MEMS optical phase shifter
and the state of the art.

Parameters . Footprint Vi Vx L Pr
T Cladd
Reference ype Core addimng (um X um) V) (V.cm) (mW)

Sibton (2022) [33] Thermo-optic Si SiO, 320 x 1 36.4 1.16 24.9
C. Harris (2014) [34] Thermo-optic Si SiO, 61.6 x 20 4.36 0.26 24.77
Zhou (2021) [35] Electro-optic Si - 2000 * 8 1.6 -
Wang (2018) [36] Electro-optic LiNbOj3 SiO, 5000 * 44 - -
Zhu (2016) [37] Electro-optic AIN SiO, 14,000 x 4000 171 240 -
Suzuki (2006) [38] Electro-optic LiNbO3 - 170,000 x 36,000 9.5 11.97 -
Sattari (2019) [39] Physical movement Si Air 60 x 40 19 0.32 ~0
Grottke (2022) [40] Physical movement SiN Air 360 x 240 4.5 - ~0

Stanfield (2019) [31] Photo-elastic SiN SiO, 960 x 1176 + 40 - -
Everhardt (2022) [32] Photo-elastic SiN SiO, 10,000 * 16 16 0.001
This work Photo-elastic SiN SiO, 1400 x 850 80 37.6 ~0

* Width is not reported. + Estimated.

6. Conclusions

This study proposes a design for a configurable optical phase shifter based on photo-
elastic effects. The phase shifter features a serpentine suspended SiN optical waveguide
with a series of electrostatic MEMS actuators positioned nearby. When these electrostatic
actuators are excited with a DC voltage, the optical waveguide is subjected to mechanical
stress. The design is fully compatible with a previously demonstrated custom silicon
photonics MEMS fabrication process and requires a footprint of 1400 um x 850 um. The
performance of the electrostatic optical MEMS phase shifter was comprehensively investi-
gated through numerical simulations. Implementing the phase shifter into one arm of an
unbalanced MZI demonstrated that a phase shift of 1.4 7t can be achieved at a DC voltage
of 120 V with almost zero power consumption. Exciting the actuators with a DC voltage of
80 V results in a phase shift of 71, corresponding to a half-wave voltage-length product (VL)
of 37.6 V-cm. A comparative analysis with state-of-the-art optical phase shifters highlights
the advantages of the proposed design in terms of power efficiency, compactness, and
simplified fabrication, making it an efficient component for reconfigurable MEMS-based
silicon photonic integrated circuits.
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