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Abstract Photonic add-drop filters are crucial components for the implementation of wave-
length division multiplexing (WDM) in fiber-optic communication systems. The recent progress
in photonic integration has shown the potential to integrate photonic add-drop filters alongside
high-performance photonic building blocks on a chip to construct compact and complex
photonic-integrated circuits for WDM. Typically, implementations are based on micro-ring
resonators with integrated heaters or free carrier dispersion-based modulators to adjust the
filter wavelength. However, heaters suffer from high power consumption, and free carriers
result in optical absorption losses, limiting the scalability toward very-large-scale circuits. We
demonstrate the design, simulation, fabrication, and experimental characterization of a compact
add-drop filter based on a vertically movable, MEMS-actuated ring resonator. The MEMS-
actuated add-drop filter is implemented in IMEC’s iSiPP50G silicon photonics platform and
realized using a short post-processing flow to safely release the suspended MEMS structures
in a wafer-level compatible process. The filter exhibits a through port linewidth of ~1 nm
(124.37 GHz) at 1557.1 nm, and it retains a port extinction of 20 dB and a port isolation of
>50 dB under 27 V of actuation voltage. The combination of low-power consumption and a
compact footprint demonstrates the suitability for very-large-scale integration in photonic cir-
cuits. © The Authors. Published by SPIE under a Creative Commons Attribution 4.0 International License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original
publication, including its DOI. [DOI: 10.1117/1.JOM.2.4.044001]
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1 Introduction

Add-drop filters play a crucial role in optical wave routing and processing in photonic integrated
circuits (PICs) for a variety of applications. An efficient type of this filter is the micro-ring res-
onator, which enables precise and efficient spectral manipulation due to its resonant nature,
resulting in a narrow-band filter response and high extinction ratio. These optical properties

*Address all correspondence to Hamed Sattari, hamed.sattari @csem.ch

Present address: H. Sattari (hamed.sattari @csem.ch) is currently with Swiss Center for Electronics and Microtechnology (CSEM), CH-
2002 Neuchatel, Switzerland.

“Present address: A. Y. Takabayashi is now with Enlightra, Switzerland.

SPresent address: N. Quack is currently with The University of Sydney, Australia. The work reported in this manuscript was performed
while N. Quack was at EPFL (affiliation a), and the manuscript was partially composed while N. Quack was at the University of Sydney
(affiliation f).

Journal of Optical Microsystems 044001-1 Oct-Dec 2022 « Vol. 2(4)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Optical-Microsystems on 08 Nov 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


https://orcid.org/0000-0002-4792-429X
https://orcid.org/0000-0002-7339-6662
https://orcid.org/0000-0001-9008-8402
https://orcid.org/0000-0003-1112-8950
https://orcid.org/0000-0001-5189-0929
https://doi.org/10.1117/1.JOM.2.4.044001
https://doi.org/10.1117/1.JOM.2.4.044001
https://doi.org/10.1117/1.JOM.2.4.044001
https://doi.org/10.1117/1.JOM.2.4.044001
https://doi.org/10.1117/1.JOM.2.4.044001
https://doi.org/10.1117/1.JOM.2.4.044001
mailto:hamed.sattari@csem.ch
mailto:hamed.sattari@csem.ch
mailto:hamed.sattari@csem.ch
mailto:hamed.sattari@csem.ch
mailto:hamed.sattari@csem.ch
mailto:hamed.sattari@csem.ch

Sattari et al.: Silicon photonic microelectromechanical systems add-drop ring resonator in a foundry process

become more attractive when connecting several micro-ring resonators in a cascade to perform
advanced signal routing and spectrum engineering for telecommunication applications.'
Consequently, the implementation of micro-ring resonator circuits in PICs has proven to be
an efficient method for integrated wavelength division multiplexing (WDM), which makes it
possible to increase data traffic density in a physical telecommunication channel.>?® Circuits with
increased complexity, e.g., in dense WDM (DWDM) systems, require large-scale integration of
wavelength add-drop filters on chip,* imposing constraints on the power consumption and opti-
cal performance of every individual filter, and they should also have a compact footprint to
accommodate numerous components on a single chip.

Among the various integrated photonic platforms that have successfully implemented micro-
ring resonator-based add-drop filters for WDM applications, silicon photonics is acknowledged
as a prominent platform. Its material system, design flow, manufacturing processes, and tech-
nology infrastructure build heavily on those of the complementary metal-oxide-semiconductor
(CMOS) electronics technology, thereby providing a significant advantage in terms of future
volume manufacturing and economy of scale. Additionally, the large refractive index contrast
in silicon photonic waveguides allows for waveguides with small bending radii below 5 um,
so devices can be made very compact. Several established silicon photonics platforms already
offer large libraries of standard components to fabless PIC designers. In the past decade,
the foundries offering these services have expanded their libraries by adding new devices and
designs to address the emerging needs in application areas that include high-performance
computing, telecom/datacom, and optical sensing.’

A key component in silicon photonic circuits is the micro-ring resonator. Due to the compact
silicon waveguides, this resonant filter component can be very compact, making it useful for
filters that span a large free spectral range (FSR). Current actively controlled silicon photonic
micro-ring resonator add-drop filters are based on either the thermo-optic coefficient of silicon
waveguides or the carrier concentrations in the active region of the waveguides. Various designs
have been exploited to optimize the performance of these components. Thermally controlled
add-drop filters can offer a wide range of tunability (>10 nm) and are of great interest for appli-
cations requiring optical spectrum manipulation over a broad spectral range, such as for hybrid
tunable lasers.®” However, two main drawbacks of this type of filter are its relatively slow
response time and its high-power consumption. Furthermore, parasitic thermal crosstalk limits
the spacing between components and, therefore, the number that can be integrated in a single
circuit.® Alternatively, add-drop filters based on the plasma dispersion effect (i.e., carrier con-
centration) offer a fast switching time in the nanoseconds range and do not suffer from substan-
tial crosstalk.”!° However, these filters typically offer a limited tuning range and exhibit
excessive optical losses due to photon-carrier scattering in the active region of the component.
Although PIC foundries are striving to further optimize the performance of the thermo-optic and
carrier-injection filters and modulators, in parallel, there have been several efforts underway
suggesting solutions such as incorporating plasmonic components, liquid crystals, phase-change
materials, etc. into the PIC platforms to deliver efficient phase shifters, switches, and filters.!'~13
Although such developments broaden the application scope of the PICs, they are still deficient to
provide sufficiently compact, low loss, and fast building blocks compatible with a foundry
process.

Photonic microelectromechanical systems (MEMS) offer a low-power and potentially low-
loss and compact alternative to these existing standard building blocks for silicon photonics
and satisfy the criteria for large-scale integration needed in the telecommunication domain
and the emerging fields of neuromorphic computing, quantum processing, and programmable
photonics.'* In particular, the photonic MEMS-based approach benefits from the physical move-
ment of waveguides, which can be achieved using electrostatic actuation, thereby enabling large
effective index tunability with low-power operation.'*!” Moreover, integration of photonic
MEMS into standard silicon photonic platforms is a natural next step in technology integration,
as silicon is one of the most used materials for MEMS technology. In recent years, various
MEMS micro-ring resonator add-drop filters have been realized based in silicon.'®*! In these
demonstrations, the amplitude of the add/drop signals or the rings” FSR are tuned by moving the
waveguides (either bus or the resonator) to effectuate a change in either the effective index of
the resonant mode or the coupling coefficient between the bus waveguide and the resonator.
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We present the detailed simulation flow and analysis of a MEMS-tunable add-drop filter for
add/drop signal amplitude switching and a critical discussion on the experimental measurement
results. Our photonic MEMS component is integrated in the full stack of the iSiPP50G standard
platform? along with library-standard components.>® The procedure by which the MEMS devi-
ces are made free-standing requires a few post-processing steps and can be performed at the
wafer level. Our approach, corroborated by the promising performance of the device, suggests
that the libraries of standard silicon photonic platforms would benefit from the addition of
photonic MEMS-based components because of their compact size and low tuning power.

2 Working Principle and Design

Our MEMS add-drop filter follows a conventional racetrack micro-ring resonator architecture in
which a micro-ring resonator is coupled to two bus waveguides, resulting in four ports. The
substantial difference from standard designs is the inclusion of the physical mechanism that
is used to tune the waveguide gaps in the coupled regions and modify the amplitudes of the
add/drop signals. A schematic representation of the presented silicon photonic MEMS add-drop
filter and its scaled layout are shown in Fig. 1.

The filter consists of one suspended, vertically movable micro-ring resonator and two sus-
pended waveguides coupled to the ring from two sides. The movable micro-ring resonator fol-
lows a racetrack design and consists of two fully etched wire waveguides in the coupling regions,
two rib waveguides in the anchoring regions, four tapered waveguide transitions connecting the
wire waveguides to the rib waveguides, and four bent wire waveguides. This design enables a
few crucial functionalities. First, the suspended wire waveguides in the coupling regions facili-
tate efficient coupling between the bus waveguide and the ring within a short length of 10 ym.
When the ring is vertically aligned to the bus waveguides, we simulated 30% power coupling for
a single directional coupler, which makes the couplers the dominant loss mechanism in the ring,
providing a high transmission to the drop port. Second, the straight rib waveguide sections con-
nected to the anchors at a safe distance from the rib core enable low-loss wave propagation while
providing the structural rigidity needed to keep the ring stable during actuation. And third, the
tapered waveguide transitions are designed to transfer the light between the two waveguide types
smoothly without increasing the device footprint. This micro-ring resonator is anchored from the
rib waveguide sections to a pair of parallel plate electrostatic actuators that provide vertical dis-
placement. The suspended bus waveguides are anchored by waveguide transitions that have been
designed to allow light to pass from the oxide-clad region of the chip into the air-clad region
(MEMS cavity) with low loss.?>** Furthermore, these anchors are designed to limit the etching
within the MEMS box region and prevent an attack of the back-end-of-line (BEOL) stack. A
detailed discussion of the anchor design is presented in Ref. 24. By applying a voltage between
the device layer and substrate (i.e., via the parallel plate actuators), the ring is pulled down.
Consequently, the separation between the suspended waveguides and the micro-ring resonator
increases, which decreases the coupling to and from the ring and modifies the fraction of power
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Fig.1 (a) Schematic representation of the MEMS add-drop filter (not to scale). The device is tuned
by actuating the vertically movable suspended ring resonator and (b) layout of the device with
the scaled dimensions. Optical mode profile in the fully etched and shallow etched waveguide
sections are shown in the inset. No color code relation is applied between the two figures.
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transmitted to the drop and through ports. Hereafter, we use the terms Filter-ON and Filter-OFF
states, for the passive (no bias) state and the active (actuated) state of the device, respectively.
In the Filter-OFF state, the coupling to the ring is almost zero, and the light propagates from
the input to the through port with a very low extinction at the resonances.

The two suspended directional couplers are 10-ym long, and the bent waveguides have a
bend radius of 5 ym. The waveguide widths are 450 and 650 nm for the fully etched and shal-
low-etched waveguide regions, respectively, and the airgap between the coupling waveguides
and micro-ring resonator is 150 nm in the unactuated state. As defined by the iSiPP50G standard
process, the final waveguide height is expected to be 214 nm, and the shallow waveguide section
has a ridge height of 70 nm. At 45 ym X 75 pm, this device has a small footprint, which is
advantageous for large-scale integration. The device has four ports, which we label input,
through, add, and drop. From an operational perspective, the optical carrier enters the circuit
from the input port, couples to the resonator through the first coupler, and circulates in the
MEMS ring resonator before coupling through the second directional coupler and transferring
to the drop port. There is also light coupling out through the first directional coupler, and at
resonance this interferes destructively with the original wave and suppresses the transmission
in the through port.” To add a wavelength to the spectrum, an additional optical carrier at the
resonance wavelength can be launched from the add port and is transferred to the through port
after circulating in the resonator. Based on the design, the MEMS ring resonator supports filter-
ing of carrier wavelengths in the telecommunication C-band with an FSR of 5.28 nm. The
dimensions shown in Fig. 1(b) are the result of a mechanical and optical design optimization
process of determining a geometry providing low-loss and efficient optical performance for an
acceptable range of applied voltages, as well as minimizing the potential mechanical failure
modes such as a post-release suspended waveguide deformation in the passive state and asym-
metric mechanical displacement and the collapse upon actuation. To calculate the FSR of the
micro-ring resonator, we follow the conventional analytical formula for micro-ring resonators:

2

FSR — LL (1)
n
g

where 4, n,, and L are the wavelength, group index, and round-trip length, respectively. It is
worth noting that, in our case, the group index varies between different sections of the ring.
Therefore, to approximate the FSR, we need to obtain the group index in each section, multiply
it by the corresponding length of that section, and finally sum all products to obtain the term in
the denominator of Eq. (1). Thus, the FSR of the MEMS micro-ring resonator equals

/12

FSR = )
nwLw + anr + nbLb + ntLt

@

with subscripts w, r, b, and ¢ indicating wire, rib, bend, and taper, respectively. We approximate
the group index of the tapered waveguide transitions (n,) by a piecewise linear approximation of
the group index along the taper (5 ym), calculating the group index in six cross-sections at 1 ym
steps as the cross-section geometry evolves along the taper. The extraction of the group index in
any desired waveguide cross-section is done through a two-dimensional finite difference eigen-
mode simulation. From these simulations, we obtain n,, = 4.5272, n, = 3.7035, n;, = 4.5158,
and n, = 3.7073 and, thus, an estimate an FSR of ~5.28 nm at A = 1550 nm.

3 Simulation Results

Optical domain simulations of the device are performed using finite-difference time-domain
(FDTD) models, and the electromechanical behavior is simulated using finite element method
(FEM) software. In the first set of optical simulations, the group indices in the waveguide section
are extracted to calculate the FSR using Eq. (2). Next, a light propagation simulation in the Filter-
ON state (i.e., the ring sheds optical power much faster through both couplers than through
other internal loss mechanisms) is performed, and this provides a simulated FSR of ~5.1 nm
that is consistent with the value of 5.28 nm obtained from the semi-analytical calculation.
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Fig. 2 Transmission spectra of add and drop ports of the MEMS filter obtained from 3D FDTD
simulation in the Filter-ON state (passive state). At the right, optical power profiles are shown for
the resonant and off-resonant wavelengths.

In the electromechanical simulation, the bias voltage is swept, and the vertical displacement of
the ring toward the substrate is recorded. In this manner, an actuation curve characterizing the
voltage-dependent vertical displacement of the coupled waveguide section of the micro-ring
resonator is generated. This actuation curve identifies the voltage required for the Filter-OFF
state of the device. In particular, a noticeable reduction in transmitted power to the drop port
is expected as soon as the coupling between the micro-ring resonator and the bus waveguides
decreases through out-of-plane misalignment of the bus waveguides to the micro-ring resonator.
In parallel, a mechanical eigenfrequency simulation is performed to extract the mechanical
eigenmodes of the device, which is discussed further at the end of this section.

The optical simulation results are shown in Fig. 2, where the transmission spectra at the add
and drop ports as well as the optical power profile in the Filter-ON state for the resonant and off-
resonant wavelengths are presented. It is worth noting that, due to the resonant nature of the
structure, performing a full three-dimensional (3D) FDTD simulation of the device is not time
or memory efficient. Therefore, the simulation is truncated, and this leads to some uncertainty in
defining the extinction ratios and the resonance bandwidth. However, it is still evident that, in the
Filter-ON state (passive), light at the resonant wavelength is efficiently transferred from the input
port to the drop port. O the other hand, most of the optical power of off-resonance wavelength
light propagates into the through port, as shown in Fig. 2. To reduce the power in the drop port,
the coupled waveguides must be misaligned with respect to the micro-ring resonator by vertical
displacement. Optical simulations indicate that 500 nm of vertical displacement is sufficient for
placing the device in the Filter-OFF state. This amount of vertical displacement lies safely within
one third of the gap between the device layer and substrate (2 ¢m) and, thus, guarantees device
operation within a safe margin of the well-known vertical pull-in failure regime for vertically-
actuated electrostatic MEMS.*> We define the Filter-OFF state at a vertical displacement of
500 nm, where we observe no power coupling; however, it is important to note that the trans-
mitted power already drops very rapidly as soon as the coupling decreases between the micro-
ring resonator and the waveguides, which already occurs at smaller vertical displacements.

Figure 3(a) shows the electromechanical simulation results in which the absolute value of the
vertical displacement of a selected probe point on the micro-ring resonator (Az) is plotted against
the applied bias between the electrode pair and the substrate. The curve follows a parabolic path,
as expected from the parallel plate actuator scheme.”® The misalignment between the micro-ring
resonator waveguide and the bus waveguides reaches 350 nm (vicinity of the filter-off state) at
30 V of bias voltage.

The color-coded inset of Fig. 3(a) shows the vertical displacement of the micro-ring resonator
for an actuation voltage of 30 V. The vertical displacement for the coupler waveguide exceeds the
displacement of the electrode plates owing to the higher stiffness of the electrode plates. Note
that, because the ring resonator is vertically displaced, it also slightly deforms as the rib wave-
guide sections are pulled outward. From our simulations (not shown in Fig. 3), the maximum
amplitude of such an in-plane deformation remains below 8 nm at 30 V of the actuation voltage.
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Fig. 3 (a) Electromechanical simulation results showing the actuation curve of the micro-ring
resonator. The vertical displacement of the ring for V =30 V is demonstrated in the inset.
(b) Three first eigenfrequencies of the MEMS micro-ring resonator.

The mechanical eigenmode simulation results are shown in Fig. 3(b), where the first three modes
of the device are plotted. It is important that the fundamental mechanical mode of the device
supports a stable vertical movement of the ring with symmetrically displaced coupled waveguide
arms. The fundamental mode follows the desired stable configuration with an eigenfrequency of
1.073 MHz, indicating a switching speed in the microseconds range. Although in this work we
are focused on a translational displacement coinciding with the fundamental mode profile of the
device, the two succeeding tilting modes would also be of interest for the device operation
because a device deformation with those mode profiles can contribute to a drastic misalignment
between the coupled waveguides, which consequently switches the filter.

4 Fabrication Process

To realize the photonic MEMS filter, we follow the design rules of the iSiPP50G process at
IMEC through the provided process design kit.”® Due to an existing foundry process module
for opening the BEOL dielectric stack down to a thin oxide layer above the waveguide layer,
it is possible to access the silicon device layer in specific regions of the chip where the MEMS
devices are located. These openings are essential for enabling the subsequent release process.
It is important to note that the photonic MEMS devices are integrated alongside various standard
components, such as heaters, electro-optical modulators, and photodetectors, and the wafer con-
tains the full stack available in the platform, enabling all of the iSiPPS0G functionality.”” The
200-mm wafer from the foundry are diced into 46 mm X 46 mm coupons that undergo a set of
subsequent post-processing steps performed at the EPFL Center of Micronanotechnology to
release the MEMS devices by selectively removing the buried oxide (BOX) layer underneath
them and making them free-standing and movable. The main steps of this post-processing flow
for the photonic MEMS release are shown in Fig. 4.

In the first preparation step, the thin remaining oxide on top and between the waveguides is
removed by a dedicated lithography and buffered hydrofluoric acid etch, which results in the
cross section of Fig. 4(a). The main goal of the post-processing is to locally release the MEMS
device from the 2-ym BOX underneath the silicon device layer. A safe release process should not
affect the other devices on the chip and, thus, requires a protection layer against the vapor-phase
hydrofluoric acid (VHF) etchant used to remove this BOX. Failure to do so could result in device
malfunctioning and/or structural failure of the cavities due to the etchant attack on the BEOL.
Therefore, the next step in the post-processing sequence is the deposition of a 50-nm thick
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Fig. 4 Post-processing steps for releasing the silicon photonic MEMS components: (1) starting
stack after preparatory removal of the remaining oxide on and between the waveguides, (2) alu-
mina passivation by ALD, (3) alumina patterning by dry/wet etching, and (4) VHF release etch to
remove the BOX.

conformal alumina passivation using atomic layer deposition (ALD). Next, access windows
within the MEMS cavities are defined by maskless lithography and selective etching of the
alumina by a combination of dry and wet etching processes. In the final MEMS release step,
the 2-um BOX underneath the device layer is selectively removed by the VHF, which leads to
suspended, movable structures.

Figure 5(a) shows an optical microscope image of the chip just after the MEMS release
process. The device inside the MEMS cavity is cleanly released, and there is no damage from
the release process to neighboring components. Four grating couplers connected to the device
provide optical I/O. The optical connection waveguides, the two metallization layers, and the
contact pads for electrical I/O are also visible in the image. There is also a sealing ring around
the MEMS cavity region that can be used for subsequent hermetic sealing of the device for
environmental encapsulation, but that is not used in this work.”® A closer view of the MEMS
cavity is shown in Fig. 5(b), which reveals more detail of the passivation layer opening and
the VHF etch front profile.

Fig. 5 Optical microscope image of the chip area after vapor phase hydrofluoric acid MEMS
release. (a) Successful integration of the MEMS device in the full stack of iSIPP50G platform
next to the grating couplers and the electrical bond pads. (b) Closer view of the released MEMS
micro-ring resonator filter.
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Fig. 6 SEMimage of the add-drop filter (false-colored), showing well defined suspended actuators
and waveguides.

In Fig. 6, a scanning electron microscope (SEM) image of the MEMS add-drop filter dem-
onstrates the compatibility of the MEMS release process with the standard silicon photonics
platform, yielding well-defined suspended actuators and well-aligned and parallel directional
coupler waveguides. Although some residues of the BOX from the release step remains on the
substrate, the substrate surface is mostly clean of the BOX layer; therefore, we do not expect any
parasitic effect to arise from these residues. In case of an uncomplete release step with a residual
BOX layer covering the substrate, electrical charges could accumulate locally in the residual
layer and originate malfunctions such as actuation voltage drift, hysteresis phenomenon, and
decreased pull-in threshold.

5 Characterization and Discussion

Figure 7 shows a schematic diagram of the characterization setup. An array of single-mode fibers
connects the tunable laser, photonic chip, and power sensors to one another. The optical signal
couples into/out of the chip by means of library-standard vertical grating couplers, and the
received power is actively monitored to determine the device transmission at each port. To enable
a precise alignment between the fiber array and the grating couplers, the chip is mounted on a
three degree-of-freedom (DOF) stage and the fiber array positioning is controlled by a six DOF
stage. Actuation of the device and its proper grounding are performed using a set of electrical
probes on micro-positioners. A portion of the device layer that encompasses the movable ring
resonator is electrified through a metallization path and the related electrical contact pad by a
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o 5 000
LA @ I@ —v /e
AN
- DC probe
Polarization o \\ \
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Fig. 7 Schematic of the characterization setup.
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Fig. 8 (a) Power spectra of the drop and through ports of the MEMS add-drop filter. (b) Actuation
curve of the device at 1 =1557.1 nm (on-resonance) and A= 1554.7 nm (off-resonance).
(c) Resonance wavelength shift and the loaded Q factor (drop port) versus the actuation voltage.

direct current (DC) probe tip [see Fig. 5(a)] while the rest of the device layer and the substrate are
grounded by two other probe tips through the corresponding contact pads [see Fig. 1(a)].

The drop and 