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ABSTRACT

The demand for efficient actuators in photonics has peaked with increasing popularity for large-scale general-
purpose programmable photonics circuits. We present our work to enhance an established silicon photonics
platform with low-power micro-electromechanical (MEMS) and liquid crystal (LC) actuators to enable large-
scale programmable photonic integrated circuits (PICs).

Keywords: Silicon Photonics, Programmable Photonics, Micro-Electromechanical Systems (MEMS), Liquid
Crystals (LC), low-power actuators, Photonic integrated circuits (PIC)

1. INTRODUCTION

Recent broadening of the application base for photonics has resulted in the emergence of different material
platforms.!® Out of these platforms, silicon photonics taking advantage of high integration density and its
compatibility with traditional semiconductor manufacturing techniques has emerged as one of the most prominent
and industrially scalable technology for photonic integrated circuits (PIC). It is still challenging to make large-
scale photonic circuits for even the most mature platform due to the fabrication variability over the wafer.% 't A
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solution to this problem is using active tuners/actuators (here tuners and actuators are used interchangeably).
These are devices that can adjust the properties of the waveguides in real time, allowing them to compensate for
variations in the fabrication process. Active tuners can be integrated into the photonic circuits and controlled
by an external controller. This is especially important in large-scale photonic circuits, where the impact of these
variabilities can be significant. Large-scale programmable photonic circuits capable of configuring the light path
using the software have recently gained much attention. The use of active tuners is most pronounced in large-
scale programmable photonic circuits as hundreds or even thousands of electronically controlled active tuners
(phase shifters or tunable couplers) are required to configure the light path on the chip.

Thermo-
optic (us)

Birefringence
MEMS (ms-ps)

Speed of the effect

Power Consumption

v

Figure 1. A semi-quantitative comparison (in terms of speed of the effect and the power consumption) among different
available actuation mechanisms for silicon photonics.

2. ACTUATORS FOR PROGRAMMABLE PHOTONICS

A large-scale general-purpose programmable photonic circuit can require up to thousands of tuners (phase shifters
and tunable couplers) along with other high-performance components such as modulators and detectors.!?"17
Different tuners based on the thermo-optic,'® 2% carrier-based,?™?? liquid crystal,?> 3! and Pockels effects3? 33
have already been investigated, Figure 1. Among these, thermo-optic tuners using a heater placed in proximity of
the optical waveguide for tuning are widely adopted owing to the simple fabrication process for silicon photonics.
However, it is a challenge to integrate tuners in large numbers, even for the commonly used thermo-optic tuners,
because these tuners are power-hungry, require sufficient spacing to avoid thermal cross-talk and are relatively
slow with response time in micro to milliseconds. This highlights the need for an improvement in the efficiency
of the thermo-optic tuners. A lot of effort has been put into making thermo-optic tuners more efficient in terms
of power consumption and speed.?*36

The other phase-shifting mechanism which is natively present in silicon photonics is the carriers-based plasma
dispersion effect.?!'22 This mechanism is most suited for fast modulation but suffers from high insertion losses,
and large footprints making it not suitable for general-purpose programmable circuits. Due to the lack of
second-order non-linearity, electro-optic (EO) phase shifting mechanisms are negligible for silicon and require
heterogeneous integration of EO materials (e.g. lithium niobate (LiNbOs), and graphene) which are not that
straightforward to integrate with an existing silicon photonic platform.32 333738

Thus, a more efficient (low power consumption, low insertion loss, small footprint) tuning mechanism is
required that can be integrated directly with other functional building blocks of the silicon photonics platform.
In this paper, we present our work to extend an established silicon photonics platform with low-power micro-
electromechanical (MEMS) and liguid crystal (LC) based actuators, Figure 2.

3. MICRO-ELECTROMECHANICAL (MEMS)

Micro-electromechanical systems (MEMS) can be used to manipulate light on a chip utilizing the mechanical
movement, of the waveguides. With this movement, it is possible to induce a phase shift or to directly change
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Figure 2.  Sketches representing different tuning mechanisms for silicon photonics. Thermo-optic: heat dissipated
across a heater (Tungsten or doped-silicon) changes the refractive index of the waveguide and the surrounding material.
Birefringence: liquid crystal is used as a cladding material for the waveguide. Change in the orientation of the liquid
crystal molecules results in a change in refractive index. MEMS: mechanical movement results in a change of refractive
index around the waveguide.

the coupling between two waveguides. MEMS-based phase shifters,?* 43 tunable couplers,**%° switches,*6-50
and tunable filters®™°2 have already been demonstrated using different specialized platforms. Programmable
photonic circuits require efficient tuners along with other high-performance building blocks like modulators and
detectors from an established platform. But, integration of MEMS with a standard silicon photonics platform is
not that straightforward because optical waveguides are buried underneath a back-end-of-line (BEOL) layer stack
containing different metal and dielectric layers. This highlights the need for enhancing of an already established
silicon photonic platform with MEMS actuators.

Here, we present our work in enhancing of an established silicon photonic platform from IMEC, iSiPP50G,
with MEMS. This platform provides high-performance passives, possibilities of different doping profiles, tungsten
and doped-silicon heaters, variations of modulators and photodetectors capable of operating beyond 50Gbps, and
two metal layers for the electrical routing.®® A wafer-level post-processing flow is developed to selectively remove
the back-end-of-line (BEOL) dielectric stack and the oxide underneath the optical waveguides using different
masking and hydrofluoric acid (HF) etching steps.®* 55

Figure 3 summarizes the developed process flow for the enhancement of the iSiPP50G silicon photonics
platform with MEMS. It can be noticed from the cross-section that the back-end-of-line (BEOL) layer stack
consists of different metal and dielectric layers. When enhancing an established silicon photonics platform with
MEMS by selectively etching the oxide underneath the waveguides, these layers must be adequately protected
to avoid etching in the lateral direction. The top most cross-section shown in step 1 of Figure 3 represents the
sample after the BEOL opening on top of the MEMS regions. The BEOL opening module is the standard module
of iSiPP50G and is usually used for applications such as sensing which requires exposure of the waveguides from
the top. While developing the MEMS release process flow, a major feature included appropriate protection of
the BEOL stack from vapour phase hydrofluoric acid (vHF), which will not only attack the oxide around the
waveguides but also the side walls of the recess/cavity (formed after removal of the BEOL) resulting in collapse
of the BEOL layers. Atomic layer deposition (ALD) deposited aluminium ozide (AlOx) was used to protect the
BEOL from the unwanted etching. As ALD is a very conformal deposition method, all side-walls and the corners
within the cavity are well covered with AlOx and prevents etching of the BEOL stack. Before the deposition
of the AlOx protective layer, the oxide next to the waveguides was removed using a buffered hydrofluoric acid
(bHF) etch. The side-oxide was removed to make sure that AlOx gets deposited on the silicon to prevent vHF
access to the BEOL layers. The cross-section in step 2 of Figure 3 represents the sample after the removal of
the side-oxide. AlOx is deposited using ALD and then local windows are opened on top of the bond-pads and
the MEMS devices for removal of the buried oxide using vHF. The cross-section in step 3 of Figure 3 represents
the sample after the deposition and opening of the protective AlOx layer. Now that the sample is well-protected
against the vHF everywhere except the MEMS cavity regions, vHF is used to remove the oxide underneath the

Proc. of SPIE Vol. 12438 124380K-3

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 24 Mar 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



1. Standard iSiPP50G sample with
back-end-of-line (BEOL) opening

2. Side-oxide removal

Silicon substrate

3. Alumina deposition and opening

Silicon substrate

4. MEMS release

5. Hermetic sealing

Silicon substrate

Figure 3. Sketches showing the cross-sections of the sample after major steps of the process flow. Step 1 represents the
state after the removal of back-end-of-line (BEOL) stack using the standard iSiPP50G module. Step 2 represents the
state after the removal of the side oxide cladding using buffered hydrofluoric acid (bHF). Step 3 represents the state after
the deposition and opening of a thin aluminium ozide (AlOx) protective layer. Step 4 represents the released MEMS
after the etching using vapour phase hydrofluoric (vVHF) acid. Step 5 represents the hermetically sealed sample.

waveguides. As this is an isotropic etch process, the oxide is attacked both in the downwards and the lateral
directions. At least 2um of oxide is removed by the vHF etch to fully clear the silicon substrate underneath
the freestanding waveguides. A solid ring of silicon is used as a buffer to protect the leaking of the vHF to the
BEOL through the buried oxide region. The cross-section in step 4 of Figure 3 shows the released MEMS after
the removal of the buried oxide. To protect the suspended regions of the MEMS structures from environmental
influences (dust, humidity etc.), the MEMS device cavities were hermetically sealed after the etching of the
buried oxide. The cross-section in step 5 of Figure 3 represents the sample after hermetic sealing of the released
MEMS cavities. Wafer-level hermetic sealing of MEMS cavities is discussed in section 3.3.

3.1 Phase Shifter

A compact low-power phase shifter for large-scale programmable photonic circuits is experimentally demonstrated
using the above-explained process flow.*! The designed phase shifter consists of an air-clad optical waveguide
and a narrow silicon beam positioned in close proximity of the waveguide. The narrow silicon beam is in optical
cut-off at the operating wavelength of 1550 nm and acts only as an index perturbation when brought very close
to the waveguide. The distance between the optical waveguide and the narrow silicon beam is varied using
electrostatic forces to induce a phase shift. It can be noticed in Figure 4 (a) that the narrow silicon beam is
connected to an H-shaped shuttle. With the application of a voltage across the comb drive (i.e. between the
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H-shaped shuttle and the fixed electrode), an electrostatic attractive force is generated that pulls the shuttle
and narrow silicon beam away from the waveguide. The springs shown in the inset of Figure 4 (a) provide a
restoring force and the shuttle moves back to its equilibrium state as the voltage is removed. Phase shifters
with different restoring springs’ lengths were designed to evaluate the trade-off between operation voltage and
device speed. The length of the restoring springs affects the device stiffness, which results in different voltages
required for a m phase shift. To characterize the phase shift induced by the MEMS phase shifter, an unbalanced
Mach-Zehnder interferometer (MZI) was designed to have a MEMS phase shifter in one of the paths. It can be
noticed in Figure 4 (b) that the required voltage for 7 phase shift decreases with increasing length of the spring.
Longer springs are softer (less stiff) requiring a smaller voltage (electrostatic force) to achieve the same amount
of displacement. This decrease in the stiffness of the spring can also be noticed from the frequency responses
plotted in Figure 4 (c). The resonance frequency lowers with reduced stiffness and thus, is imposing a restriction
on the maximum actuation speed of the phase shifter.
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Figure 4. (a) Scanning electron microscope (SEM) image of the MEMS-based phase shifter. The optical waveguide,
narrow silicon beam, comb drive and the shuttle that moves with the application of the bias voltage are annotated. The
inset shows the length of the restoring spring (L) that is varied to achieve different values of voltages required for 7 phase
shift. (b) Graphs showing the measured phase shift for different bias voltages. It can be noticed from the graphs that the
voltage required for achieving 7 phase shift decreases with increasing spring length. (c¢) Graphs showing the resonance
frequency of different sprint lengths (L). The resonance frequency decreases with increasing spring length.

3.2 Tunable Coupler

Passive optical components like directional couplers (DC)%57% or multi mode interferometers (MMI)®% %3 having
fixed splitting ratios are usually used for the splitting of light within an optical circuit. For programmable
photonic circuits, Mach-Zehnder interferometers (MZI) using thermo-optic phase shifters are usually used to
attain tunable coupling.%4 %% This tunability comes at a cost of a larger footprint and power consumption
of several milliwatts. In order to overcome these power consumption and real estate issues, a compact and
low-power MEMS-based broadband 2 x 2 tunable coupler®® was experimentally demonstrated for the MEMS-
enhanced silicon photonics platform. A scanning electron microscope (SEM) image of the fabricated tunable
coupler is shown in Figure 5 (a). Notice that one arm of the evanescent coupler is fixed while another arm is
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connected to the comb drive facilitating the mechanical movement. The application of a voltage across the comb
drive generates an electrostatic force resulting in a variation of the gap between the suspended waveguides and
ultimately resulting in different coupling ratios. Figure 5 (b) shows that a broadband (> 35 nm) optical power
coupling with an extinction ratio of 25 dB was achieved for the designed wavelength of A = 1550 nm.
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Figure 5. (a) Scanning electron microscope (SEM) image of the MEMS-based tunable coupler. Optical ports, light paths
within the coupler, comb drive and electrical isolation trenches are annotated. With an application of a bias voltage across
the comb drive, an electrostatic attractive force is generated that changes the coupling gap between the waveguides. This
change in gap width varies the power split between the waveguides. (b) Plot showing the measured optical power from
both drop and through ports for different applied actuation voltages.

3.3 Hermetic Sealing

The optical waveguides inside the MEMS cavities are free-standing, making them susceptible to environmental
influences. A wafer-level hermetic sealing process was developed to protect the MEMS from environmental
influences.5”-%8  Therefore, a thermo-compression bonding process was used to create a metal-to-metal bond
between a Au/TiW layer on the sealing lid and the aluminum copper sealing rims on the silicon photonic device
wafer. As the bonding process is carried out in a vacuum chamber, a vacuum atmosphere is established inside
the hermetically sealed cavities.%? Figure 6 shows pictures of the un-diced sealed wafer and a sealed chip after
dicing. The sealing yield of the MEMS cavities was found to be bttere than 96% even after two months of storing
the sealed MEMS cavities. The high sealing yield was observed even after the dicing of the wafer into separate
chips.
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Figure 6. (a) Picture of an un-diced post-processed and sealed wafer. (b) Plot showing the measured sealing yield before
and after the dicing of the wafer with the hermetically sealed cavities. The inset shows a picture of an individual chip
that has been diced from the sealed and processed wafer.
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4. LIQUID CRYSTALS (LC)

Birefringence of materials like liquid crystals (LC) consisting of anisotropic rod-like molecules (having a short
and a long axis) can be used to manipulate light on a chip. The birefringence is characterized by the director
which is a vector aligned along the long axis of the anisotropic molecules. Earlier experiments with LC around
optical waveguides show that the director tends to align itself along the propagation direction of the waveguides
in the equilibrium state (i.e. when no voltage is applied) due to the molecular surface interactions.”””! When a
voltage above a certain threshold is applied over the LC, the director tries to align itself with the electric field.
This alignment with the electric field depends on the strength of the applied voltage as the electric field competes
with the elasticity of the material pulling it back to its equilibrium state. This means that L.C director orientation
can be controlled by varying the strength of an electric field (the voltage) leading to a change in the refractive
index around the waveguide. This mechanism allows tuning of the effective index of an optical waveguide
mode. Early experiments using LC-actuation required high voltages” for actuation because the electrodes were
positioned at a large distance from the waveguides to avoid absorption. Low-voltage liquid crystal phase shifts
have also been demonstrated using slot waveguides but this technique suffered from high insertion losses due to
the transitions and propagation in a narrow slot.?* As discussed above, programmable photonic circuits require
low-power actuators along with high-speed library components from a standard silicon photonics platform. So,
we have developed a process flow to enhance the established silicon photonic platform from IMEC, iSiPP50G,
with LC-based phase shifters.

1. Standard iSiPP50G sample with
back-end-of-line (BEOL) opening

2. Side-oxide removal

Silicon substrate

Liquid Crystal

3. Inkjet printing of liquid crystals

Silicon substrate

Figure 7. Sketches showing the cross-sections of the device area after major steps of the process flow. Step 1 represents
the state after the removal of back-end-of-line (BEOL) stack using the standard iSiPP50G module. Step 2 represents the
state after the removal of the side oxide cladding using buffered hydrofluoric acid (bHF). Step 3 represents the state after
the inkjet printing of liquid crystal molecules into the recess. It should be mentioned here that the first two steps are
exactly the same as those of the MEMS post-processing flow.

Figure 7 summarizes the developed process flow for the enhancement of the iSiPP50G silicon photonics
platform with LC-based actuators. The first two steps of the process flow are the same as that of the process
flow developed for MEMS enhancement of the platform (see Figure 3). After the removal of the side oxide in step
2, recess is filled with liquid crystal (we use a commercially available mixture called E7) with inkjet printing.”
Inkjet printing was used as it enables localized and controlled deposition within the recess without any spillage.
A schematic cross-section of the sample after inkjet printing of liquid crystal is shown in step 3 of Figure 7.

The designed LC-based phase shifter shown in Figure 8 (a) consists of an optical waveguide and an intrinsic
(undoped) silicon electrode residing in close proximity of the waveguide (note the similarity between the silicon
electrode and the movable narrow silicon beam in the MEMS phase shifter devices explained earlier).3! It can
be noticed in Figure 8 (a) that the silicon electrode is connected to the metal contact outside the recess. Doped
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silicon is used as much as possible to lower the resistivity of electrical connections to the intrinsic silicon electrode.
The silicon electrode has a small width, which puts it in optical cut-off at the operation wavelength of 1550 nm
and thus inhibits any optical coupling. Due to the close proximity of the electrode, high field strengths are
possible within the gap between the waveguide (which serves as the electrical ground) and the electrode at low
voltages. This layout has a higher VL, compared to slot waveguide infiltrated phase shifters with very low
Vy Lr,2* but exhibits a lower insertion loss because the transitions (tapers) between the regular waveguide and
slot waveguide are avoided.

As described earlier, the director aligns itself along the propagation direction of the waveguide in the equi-
librium state (i.e. when no voltage is applied). When a voltage is applied over the gap between the electrode
and the grounded waveguide, the director re-orients itself towards the electric field within the gap between the
waveguide and the silicon electrode. The amount of re-orientation depends on the applied voltage and results in
a change of the refractive index in the cladding of the single-mode waveguide, which induces a phase shift. It
should be mentioned here that the polarity of the applied voltage needs to reverse frequently at a particular rate
(square wave as an electronic signal) to avoid ion drift.3!

To characterize the phase shift induced by the LC-based phase shifter, an unbalanced Mach-Zehnder in-
terferometer (MZI) was designed having a LC phase shifter in one of the paths. After inkjet printing of the
commercially available liquid crystal mixture E7, a square wave of 20 kHz was applied to the bond-pad con-
nected to the silicon electrode for voltages up to 9 Vrms. Measured transmission responses for different values
of applied voltages are shown in Figure 8 (c). The noise on the measured transmission responses is due to the
phase flicker.?33! Extracted phase shifts for varying gaps between the waveguide and the electrode are plotted
in Figure 8 (d). It can be noticed that a phase shift of almost 37 was achieved for a voltage of 9 Vrms for a gap
of 200 nm.
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Shallow etched doped silicon region for low resistance
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Figure 8. (a) Sketch showing the LC based phase shifter. Optical waveguide and the neighbouring narrow silicon electrode
can be observed in the inset showing the zoomed in image. Metal connections, the gap between the waveguide and the
narrow silicon electrode, device length, doped silicon regions and optical ports are annotated. (b) Microscope image of a
fabricated silicon photonic chip. Recesses filled with liquid crystal using inkjet printing are annotated. (c) Plots showing
the transmission responses measured for different values of applied voltages. (d) Plots showing experimentally extracted
phase shift values corresponding to different applied voltages.
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5. SUMMARY

This paper presents the latest developments in enhancing an established silicon photonics platform from IMEC
(iISiPP50G) with low-power micro-electromechanical system (MEMS) and liquid crystal (LC) actuators to enable
general-purpose large-scale programmable photonic integrated circuits (PICs).
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