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Directional couplers are extensively used in photonic inte-
grated circuits as basic components for efficient on-chip
photonic signal routing. Conventionally, directional cou-
plers are fully encapsulated in the technology’s waveguide
cladding material. In this Letter, we demonstrate a compact
broadband directional coupler, fully suspended in air and
exhibiting efficient power coupling in the cross state. The
coupler is designed and built based on IMEC’s iSiPP50G
standard platform, and hydrofluoric (HF) vapor-etching-
based post-processing allows to release the freestanding
component. A low insertion loss of 0.5 dB at λ= 1560 nm
and a 1 dB bandwidth of 35 nm at λ= 1550 nm have
been confirmed experimentally. With a small footprint
of 20 µm× 30 µm and high mechanical stability, this
directional coupler can serve as a basic building block
for large-scale silicon photonic microelectromechanical
systems (MEMS) circuits. ©2020Optical Society of America

https://doi.org/10.1364/OL.394470

Today, standardized silicon photonic platforms are commer-
cially available, offering wafer scale production, including an
access to well-developed process design kits with a steadily
increasing number of mature library components [1,2]. The
emerging needs in the field of telecommunication and data cen-
ter applications are spurring developments toward large-scale
integration of photonic components on a single chip, which
requires specifically low-power and compact building blocks
[3]. Large-scale integration of some of the prominent silicon
photonics components, such as thermal and plasma dispersion
effect modulators, is challenging as they still suffer from either
high power consumption or large footprint. Recently realized
plasmonic-based modulators have shown great promise for
miniaturization; however, they still present limitations in terms
of scaling to large-scale photonic circuits [4,5]. For instance,
recently demonstrated plasmonic modulators [5] still show a
relatively high insertion loss of ∼2.5 dB. In addition, the port
extinction remains quite limited with ∼10 dB, and integra-
tion in standard silicon photonics platforms remains elusive.
Recent developments in the photonic microelectromechan-
ical systems (MEMS) design and fabrication promise more

compact and more power-efficient components. Due to the
strong mechanical-optical interaction, shorter propagation
lengths are required, and compact devices can be conceived.
Additionally, photonic MEMS devices can be made latchable,
which enables low-power programmable photonic circuits [6].
Compact silicon photonic MEMS directional couplers have
been demonstrated before [7]. Furthermore, large-scale switch
arrays [8–10], digital phase shifters [11], tunable ring resonator
filters [12], and tunable grating couplers [13,14] have all been
realized by integrating MEMS with optical waveguides in sil-
icon photonic platforms. Recently realized high-port-count
switch matrices in a two-layer silicon photonics platform [8–10]
demonstrate the potential of MEMS for large-scale integration.
However, such a two-layer platform is not readily compatible
with standard silicon photonic technology offerings, and it
has limited possibility to include mature silicon photonics
components, such as carrier-depletion-based phase shifters and
high-speed detectors next to the MEMS components. To pave
the way for integration of the suspended structures and MEMS
into standard silicon photonics, we enhance IMEC’s iSiPP50G
standard silicon photonics platform [15] with the MEMS
technology and augment the current library with additional
photonic MEMS components [16].

One of the most critical components for such a MEMS-
enabled silicon photonics platform is a suspended directional
coupler, which can be used for power distribution, coupling
ratio tuning and switching, and sensing, among others. A com-
pact design allows for large-scale integration in a smaller chip
area, and concurrently, a more compact directional coupler is
robust against mechanical failures, such as stress-related out-of-
plane bending, collapse, and stiction. in addition, a compact
freestanding directional coupler design exhibits a reduced
mass, which allows for fast photonic MEMS components when
integrated with an actuator. Finally, a broadband photonic
design is required to support operation over a wide spectral
range, and at the same time increase tolerance to dimensional
uncertainties due to fabrication, thus allowing scaling to large
circuits. We here present the detailed design, simulation, and
experimental results of a suspended directional coupler for
IMEC’s iSiPP50G platform [17,18]. The design is optimized
for low-loss full light power transfer to the drop port in the
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Fig. 1. Schematic of the suspended directional coupler. The electric
field profiles in the input and in the middle part of the coupler are
depicted in the inset. Dimensions are not to scale.

telecommunication C-band for TE polarization, and it occu-
pies only 20 µm× 30 µm. The sketch of the coupler with the
related dimensions is presented in Fig. 1.

Here, our motivation is to introduce a design with a short
beating length and low coupling loss, which could integrate
in a compact large-scale MEMS-enabled silicon photonic
circuits. Considering the present silicon photonics platform
specifications, and based on the coupled mode theory [19], a
straight suspended directional coupler with an air gap of 150 nm
requires an ∼ 30 µm beating length. Our design, as an impor-
tant distinctive feature, for further shrinking the footprint by
retaining a low-loss coupling exhibits a tapered waveguide and
a short straight section in the middle. The coupler consists of
two symmetric arms, each of which has two tapered sections
that are connected by a straight section. The suspended wave-
guide height is considered to be the nominal 214 nm of the
iSiPP50G platform. We choose the gap between the arms to
be 150 nm, which is the minimum feature size in the standard
technology process and helps the most efficient light coupling.
The waveguide width in the tapered sections of the arms reduces
from 450 nm to 300 nm along 10µm. The coupler at the wider
ends terminates with 5-µm-radius bent waveguides that con-
nect the coupler to the optical transitions with shallow-etched
tapered-rib-waveguide profiles, which at the same time are the
mechanical anchors for the suspended coupler. With this kind
of anchoring of the suspended directional coupler, we minimize
the risk of out-of-plane bending of the arms due to a possible
residual stress in the device layer. The optical transition anchors
follow a careful design to safely let the light commute between
the air-clad region (MEMS openings) and the oxide-clad back
end of line (BEOL) stack [18]. Tapering the waveguides allows
for increasing the supermodes index contrast along the coupler
while the light propagates toward the central section, which
leads to a shorter beating length of ∼ 10 µm in our design. To
achieve a smooth mode transfer between the waveguide sections
with a minimum loss, we have included a 1-µm-long, 300-nm-
wide straight waveguide section between the tapered sections.
Furthermore, the tapered sections help broaden the coupling
bandwidth. Our design results in a lower insertion loss and
higher port extinction in comparison with the former silicon
photonic suspended directional couplers [7,9].

In a MEMS-enabled platform, the waveguide spacing can
conveniently be varied by suitable MEMS actuation mecha-
nisms [6]. Two straightforward actuation mechanism concepts

are shown in Fig. 2(a). We have simulated the coupling behav-
ior of this component for various lateral and vertical gap sizes
to evaluate the optical power transmission to the drop and
through ports. The three-dimensional (3D) finite difference
time domain (FDTD) simulation results at a wavelength of
λ= 1550 nm for in-plane, and out-of-plane actuation schemes
are shown in Figs. 2(b) and 2(c), respectively. The optical power
profile for a fixed lateral gap of 150 nm and zero vertical dis-
placement of the arms can be seen in Fig. 2(d) and shows highly
efficient power transfer to the drop port. The simulations indi-
cate high sensitivity of the coupling performance with respect
to the waveguide spacing, which is a desirable property for pho-
tonic MEMS applications. The simulation results also show that
a 0%–100% power coupling tunability is possible with both
in-plane (pull and push) and out-of-plane actuation regimes.
For the in-plane pull regime, the lateral gap is increased from
150 to 215 nm or from 215 to 330 nm to fully couple the power
from one port to the other. In the in-plane push regime, the
full-power-switching action is accessible by decreasing the gap
from 150 to 100 nm. The slope in the power-coupling profile
is steeper for the smaller gaps because the coupling between
the two arms is stronger in this region. For the out-of-plane
actuation regime, a 0%–100% power-coupling tunability can
be obtained in either of two vertical displacement spans, from
0 to 300 nm or from 300 to 510 nm. It is worth noting that
for the passive state of the component, light couples from the
input port to the drop port after one cycle of beating, as shown
in Fig. 2(d). This purposefully devised property enables an addi-
tional tunability window in power coupling, tuning to either
of the ports under actuation. In case of any fabrication errors,
such as variation in the gap and waveguide sizes or waveguides
misalignment, the waveguides spacing can still be tuned in all
the pull, push, and out-of-plane regimes to have a full power
transmission to the drop port. Because of the high sensitivity
of the coupling behavior to changes in the lateral gap and the
vertical displacement, only a small displacement is required for
the switching action. This small displacement can, for example,
be applied by a compact comb drive actuator or an extended
electrode area in one of the arms, for in-plane movement or
out-of-plane displacement, respectively.

To verify the mechanical robustness of the design against
stress-related issues, we performed a 3D finite element method
(FEM) simulation. The suspended directional coupler is
anchored to a silicon frame surrounding the MEMS opening
box via a set of shallow-etched optical-waveguide transitions.
To set up a precise model, we define a set of fixed boundary
conditions on the silicon frame, spaced at 2 µm from edge of
the frame, which represents the final isotropic etch front of the
2-µm-thick BOX. Although the crystalline silicon device layer
is not expected to retain a high level of intrinsic stress, we have
studied behavior of the component when it goes under extreme
levels of residual stress. Typically, the residual stress bends the
structure out-of-plane or shrinks/elongates them depending
on type of the residual stress. In Fig. 3, we have plotted three
displacement field components for 300 MPa of compressive
and tensile stresses. Figure 3 depicts a negligible out-of-plane
displacement for the coupler arms, even when a high value
of the intrinsic stress is applied in the material properties of
the model. This amount of out-of-plane displacement does
not substantially affect the coupler’s optical performance [see
Fig. 2(c)], because the displacement is much smaller than the
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Fig. 2. (a) Possible actuation mechanisms for a suspended direc-
tional coupler. The simulated transmission in the drop and through
ports of the coupler versus (b) the lateral air gap between the coupled
waveguides and (c) the vertical displacement of one of the coupler’s
arms at λ= 1550 nm. (d) The electrical power profile in the coupler
for a lateral gap of 150 nm and a vertical displacement of 0 nm at
λ= 1550 nm.

waveguide height (214 nm), and the coupler arms remain in
the coupling state. As expected, using the bent waveguides for
connecting the coupler to the anchors prevents the structure
from out-of-plane buckling. However, the Y component (u),
which affects the lateral gap between the waveguides, becomes
considerable when the stress value is high. Such a gap change can
be compensated in an active device by applying a small offset in
the actuation voltage. For a realistic case we expect ∼17 MPa
of compressive stress in the device layer, which causes a coupler
length expansion of 1.5 nm, a lateral gap shrinkage of 5 nm,
and no out-of-plane bending. These variations can lead to a
slight shift in the power-coupling spectrum. Furthermore, from
an eigenfrequency simulation, we extracted a fundamental
frequency of 0.668 MHz for the suspended directional coupler,
which relates its stiffness and promises for microsecond-range
actuation speed possibilities.

The test device is fabricated in a simplified version of IMEC’s
iSiPP50G standard silicon photonics technology platform,
without several active technology modules such, as detec-
tors, modulators, and metal routings, but with layer stacks
of equivalent composition and thickness, including a passive
finishing stack comparable to the full-process BEOL. Realizing
any suspended structure in the device layer requires removal
of the BEOL stack on top of the device layer. In the opening
window area, the device is exposed to air but still rests atop a
2 µm BOX. After receiving the wafer with the BEOL openings
from IMEC, we carry out post-processing steps at the Center

Fig. 3. Displacement field components for the suspended
directional coupler under 300 MPa of (a) compressive stress and
(b) tensile stress. The u, v, andw correspond to the displacement field
components in the X , Y , and Z directions, respectively.

Fig. 4. Fabrication process flow for the post-processing on the wafer
to release the suspended structures [18]. VHF, vapor hydrofluoric acid.

of MicroNanoTechnology at EPFL to selectively etch the BOX
in regions where we have MEMS structures that should be sus-
pended. The post-processing fabrication flow is shown in Fig. 4.
First, we deposit 50 nm of alumina (Al2O3) with an atomic layer
deposition technique using a BENQ TSF200 tool to protect
the BEOL from the final hydrofluoric (HF) vapor-etching step.
Next, we etch the alumina layer in the opening windows using
the STS Multiplex inductive coupled plasma (ICP) etcher to
give the HF vapor access to the BOX beneath the structures.
Finally, we release the MEMS structures using vapor phase HF
isotropic etching with the SPTS uEtch machine to remove the
2 µm BOX layer below the silicon on insulator (SOI) device
layer. Scanning electron microscope (SEM) micrographs of
the BEOL with the openings and the suspended directional
coupler after the HF vapor etching are presented in Figs. 5(a),
5(b), respectively. Upon an inspection, it can be observed that
the component is released and the arms retain excellent align-
ment, which corroborates the claim that design’s compactness
and stiff anchors lend it mechanical robustness. According to

Fig. 5. (a) BEOL with openings and alumina passivation.
(b) Released suspended directional coupler. (c) Closer view of the
waveguides in the middle part of the coupler just before the release step.



3000 Vol. 45, No. 11 / 1 June 2020 /Optics Letters Letter

Fig. 6. (a) Schematic of the characterization setup. (b) Image of the
photonic chip under test. (c) Optical microscope image of the chip
area. (d) Transmitted power spectrum to the drop and the through
ports of the coupler overlaid with the FDTD simulation results.

Fig. 5(b), the suspended coupler arms are well-anchored with
the optical transition structures, and the alumina passivation of
the BEOL has prevented the HF vapor from interacting with
the BEOL layers. Consequently, there is no byproduct material,
which could introduce scattering loss, residing on the coupler
or waveguides. For further investigation on the precision of the
fabrication for defining the minimum feature and gap sizes, we
took a chip from the same wafer and measured the width of the
waveguide sections on a directional coupler before the post-
processing steps. From the SEM image in Fig. 5(c), we measured
a 330 nm width for the straight waveguide section, which was
supposed to be 300 nm as designed. This corresponds to the
width bias between design and fabrication, as documented
in IMEC’s iSiPP50G platform documentation. Still, the gap
between the waveguides is measured at 150 nm, as defined in the
design.

A schematic of the characterization setup is shown in
Fig. 6(a). Light from a tunable laser (Agilent 8164A) is cou-
pled into the photonic chip, using an array of single-mode fibers
and the integrated vertical grating couplers. An image of the
photonic chip with the fiber array is also shown in Fig. 6(a).
An optical microscope image of the chip area is presented in
Fig. 6(b). The measurement results for the drop and through
ports of the device with the overlaid 3D FDTD simulated
power spectrum are shown in Fig. 6(c), which exhibit a good
agreement between the simulation and the measurement. The
coupler exhibits an insertion loss of 0.5 dB at λ= 1560 nm
and a 1 dB bandwidth of 35 nm at λ= 1550 nm, which fully
covers the telecommunication C-band. We also measure a large
port extinction ratio of ∼25 dB at λ= 1550 nm. We note that
the measured extinction ratio at λ= 1550 nm is smaller than
predicted by simulation, which can be attributed to sidewall
roughness of the waveguides, effectively modulating the super-
mode index and the coupling length of the central wavelength
so that a portion of the light leaks to the through port, and con-
sequently, the extinction ratio drops. Due to the larger index
contrast between the silicon waveguide and the air cladding
compared to an oxide cladding, the scattering loss arising from
the sidewall roughness [20] contributes to the insertion loss of
the component, yet due to the compactness of the device, the
excess loss is kept minimal, as confirmed by the experiment.

In conclusion, in this Letter, we present a compact, suspended
directional coupler for a MEMS-enabled standard silicon pho-
tonics platform. The coupler is composed of a set of tapered
and narrow, straight sections, which facilitate low-loss efficient
power coupling in a short propagation length. The coupler

is fabricated in a simplified flow of IMEC’s iSiPP50G silicon
photonics platform. The freestanding directional coupler is
safely released using an HF vapor post-processing. The sus-
pended directional coupler guides the light to the drop port
with a 0.5 dB insertion loss at λ= 1560 nm and has a 1 dB
bandwidth of 35 nm at λ= 1550 nm. This compact cou-
pler with an ∼ 20 µm× 30 µm footprint can serve as a key
library component for a MEMS-enabled silicon photonics plat-
form, addressing the emerging need for large-scale integrated
photonic circuits.
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