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Optical beam steering is key for optical communi-
cations, laser mapping (LIDAR), and medical imag-
ing. For these applications, integrated photonics is
an enabling technology that can provide miniaturized,
lighter, lower cost, and more power efficient systems.
However, common integrated photonic devices are too
power demanding. Here, we experimentally demon-
strate, for the first time, beam steering by microelec-
tromechanical (MEMS) actuation of a suspended sili-
con photonic waveguide grating. Our device shows up
to 5.6◦ beam steering with 20 V actuation and a power
consumption below the µW level, i.e. more than 5 or-
ders of magnitude lower power consumption than pre-
vious thermo-optic tuning methods. The novel combi-
nation of MEMS with integrated photonics presented
in this work lays ground for the next generation of
power-efficient optical beam steering systems. © 2019

Optical Society of America

http://dx.doi.org/10.1364/ao.XX.XXXXXX

1. INTRODUCTION

Optical beam steering is required in a wide range of applications
such as high-speed optical communications [1], LIDAR for arti-
ficial vision [2], and medical imaging [3]. Traditionally, optical
beam steering systems use electrical motors to tilt mirrors and
scan a laser beam over a certain area, which suffer from large
size and weight, cost thousands of USD, and consume watts of
power [4]. These traditional systems are impractical for battery-
driven robots, mobile phones, or drones, for in-vivo optical co-
herence tomography (OCT) probes [3], and for miniaturized and
low-cost space division multiplexing (SDM) [1]. More recently,
optical beam steering systems have been scaled down by using
MEMS mirrors and gratings, resulting in significant reduction
of cost and weight [5, 6]. However, the parts of such systems
(i.e. laser, scanning device, detector, and electronics) are still
fabricated independently, and require costly assembly. Further
miniaturization has the potential to provide smaller, lighter, and
less power-consuming beam steering at a low cost; features that
are required for the continued success of optical beam steering

technologies [2].

Integrated photonics, and silicon photonics in particular, can
potentially address these challenges by densely integrating pho-
tonic devices for beam steering and optical signal processing,
optical sources, and detectors [7], with electrical processing and
control [8]. This results in integrated photonics systems outper-
forming free-space optics not only in size and weight, but also
in cost, integration density, and robustness.

Integrated photonic approaches to beam steering have mostly
focused on optical phased arrays. An optical phased array con-
sists of an array of emitters (usually grating couplers), resulting
in a diffraction pattern in the far field highly dependent on
the relative phases of the emitted waves. By tuning the rela-
tive phases of such waves using waveguide phase shifters, the
output beam angle is tuned. These systems allow a very tight
control over the beam shape and direction, and previous work
has shown 1D steering [9], very high angular beam resolution
2D steering [10], and LIDAR measurements [11]. However, the
commonly used thermo-optic phase shifters have an important
drawback: very high power consumption. This is caused by
the need for one phase shifter per emitter, requiring hundreds
of devices packed in a tight chip space. This has lead to power
consumption in the order of watts (0.5 W for 1D steering in [9],
and about 4 W in [10]), which necessitates active cooling and
thus limits severely the applications of this technology. Recently,
a low-power LIDAR based on reverse-biased electrooptic phase
shifters achieved 2 µW power consumption per phase shifter,
amounting to about 1 mW for the required array of 512 [12]. The
optical loss was up to 4 dB per phase shifter.

A different approach to beam steering used a single thermo-
optically tuned grating coupler, and achieved a limited steering
of 2.7◦ while consuming 130 mW of electrical power in static
operation [13]. Along this line, a recent approach combined
thermo-mechanical actuation with thermo-optic tuning in a grat-
ing coupler, and used it to improve the efficiency of thermo-optic
spectral tuning of the grating transmission [14].

MEMS tuning of photonic waveguide devices can provide
more than 5 orders of magnitude lower power consumption
compared to traditional tuning methods (sub-µW for MEMS [15]
compared to 30 mW per thermo-optic phase shifter [16]), with
prospects for upscaling photonic integrated circuit (PIC) tech-
nologies [17]. In our previous work, we demonstrated a MEMS
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Fig. 1. a) Schematic showing the working principle of our
MEMS tunable grating before, and under actuation. b) Scan-
ning electron microscope (SEM) image of our device. The grat-
ing is part of a soft spring, stretched via a comb drive actuator,
which changes the spacing between grating teeth. Note that
the warped grating is due to early failure after actuation. c)
Simulation results (color: emitted light intensity) with overlaid
analytical estimate (white line) of the effect of increased grat-
ing teeth separation on beam steering. d) Analytical actuation
estimate for a comb-drive actuated device.

tunable grating for on-chip optimization of light coupling be-
tween an optical fiber and a silicon waveguide by using vertical
displacement of a grating embedded in a cantilever [18].

In this work, we experimentally demonstrate, for the first
time, low-power beam steering using a MEMS tunable waveg-
uide grating. Our results show beam steering up to 5.6◦ at a
wavelength of 1550 nm with actuation voltages below 20 V and
sub-µW static power consumption.

2. DESIGN

Our beam steering device is based on changing the spacing be-
tween the teeth of a waveguide grating coupler using MEMS
actuation. Figure 1a) shows a schematic view of the device. We
designed a suspended grating forming a folded spring, con-
nected on one side to a waveguide taper for light coupling, and
on the other side to a MEMS comb drive actuator. Horizontal
actuation of the comb drive pulls and stretches the suspended
grating, which changes the spacing between grating teeth, re-
sulting in a change in the out-of-plane angular emission of the
grating. Figure 1b) shows a scanning electron microscope (SEM)
image of a fabricated MEMS tunable grating.

An analytical estimate of the effect of varying the gap in
a suspended grating can be obtained by using the standard
grating equation assuming in-plane excitation, and estimating
the effective grating index neff as a weighted average between

the effective refractive indexes of the air gaps (width g) and
silicon grating teeth (simulated nwg = 2.4, width d):

sin θ =
neff −

λ

d+g

nair
, with neff =

nwgd + nairg

d + g
. (1)

Thus, an equation relating the out-coupled light angle θ to the
gap width g was obtained. The white curve in Figure 1c) is the
graph of that analytical relation, assuming a silicon grating tooth
width d = 300 nm at λ = 1550 nm wavelength.

However, the analytical solution is only a rough approxima-
tion, due to the sub-wavelength scale of the structures involved.
To get a more accurate prediction of the effect of varying grating
spacing on the emission angle, optical simulations are required.
We performed such simulations using a finite-difference time-
domain solver (varFDTD, Lumerical Solutions), commonly used
for grating coupler simulations in silicon photonics. We sim-
ulated the cross-section of an air-cladded, suspended grating
(tooth width d = 300 nm, device layer thickness t = 220 nm),
including the under etched buried oxide layer (thickness 2 µm),
and the silicon substrate. The input waveguide was excited with
the fundamental TE waveguide mode, and we investigated the
out-coupled optical intensity in the far-field for a grating with
15 teeth (Fig. 1c)).

The mechanical design is based on a suspended comb drive
actuator, with the attached tunable grating as an additional soft
spring. The grating was designed using a tooth width of 300 nm,
with 300 nm wide initial gaps, and grating width 20 µm abutting
a waveguide taper with wider end of 12 µm width (see Fig. 1b)).
In our device, the change in gap between teeth is the total MEMS
displacement divided by the number of teeth, and thus the
number of teeth was chosen to be 5 to ease observation of beam
steering even at short MEMS displacements. The grating design
was 20 µm wide to minimize the in-plane angular variation
from tooth to tooth under actuation (below 6◦ for 1 µm gap
increase), so that, along the central area of the grating, i.e. where
the optical mode is concentrated, the effect of the variation in
gap from tooth to tooth is negligible. The grating spring is
designed to be soft (spring constant kgrat = 3 × 10−4 N/m), so
that it is negligible in the MEMS actuation. The comb drive
actuator is designed for fabrication on a standard silicon-on-
insulator 220 nm thick device layer, following [19]. The actuator
uses four symmetric spring suspensions (ksprings = 0.44 N/m),
designed as folded beams with beam width 300 nm, beam length
16 µm, and separation between beams of 3 µm. The force balance
equation is

kspringsx = ǫ0tN

(

1

s
+

w

(D − x)2

)

V2, (2)

with ǫ0 the permittivity of vacuum, t the device layer thickness,
N the number of comb finger pairs, s the finger spacing, w the
width of each finger, D the initial distance between the end
of a finger and the beginning of the opposite one, x the comb
displacement, and V the applied voltage. Our designed comb
parameters are t = 220 nm, N = 36, s = 400 nm, w = 300 nm,
and D = 1.8 µm.

The maximum displacement for our designed actuator is
close to 900 nm, at a voltage of 40 V. Combining equations 1
and 2 leads to the actuation curve for the MEMS tunable grating
coupler in Fig. 1d), with potential beam steering up to 30◦ at
40 V actuation.
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3. EXPERIMENTAL RESULTS

The device was fabricated using the simple process presented
in [20]. The process starts from a standard silicon photonic
SOI substrate (220 nm Si device layer on 2 µm buried SiO2),
followed by two consecutive e-beam lithography defined silicon
etching steps to pattern two silicon thickness levels. Then, a SiO2

free-etch using hydrofluoric acid (HF, 50% aqueous solution)
and critical point drying (CPD) results in the suspended MEMS
structures (see Figs. 1b) and 2b)).

To characterize the beam steering, a Fourier imaging setup
was used [21], and a schematic can be found in Fig. 2a). This
setup is based on an optical Fourier microscope using an ob-
jective with large numerical aperture (NA= 0.95), allowing
measurement of beam angles up to 71.8◦ with respect to the
normal.

Laser light at 1550 nm wavelength and 1 mW power is edge-
coupled via a polarization controller through a standard optical
fiber into the Quasi-TE mode of the on-chip waveguides. On
the chip, the light is guided to the tunable grating, which emits
light out of plane into a large NA microscope objective, part
of the Fourier imaging setup. In order to visually inspect the
sample, visible light is sent into the objective using a beam
splitter, and the reflected light is routed through a set of lenses
for magnification, and finally onto a CCD camera (a visible light
image is shown in Fig. 2b)). The infrared (IR) light emitted from
our gratings follows the same optical path. However, optionally
placing a mirror (labeled removable mirror in Fig. 2a)) in front
of the CCD camera reflects the light into an IR camera, and a
real space image of the grating IR emission is formed, and can
be seen in Fig. 2c).

To obtain an image of the IR k-space, an additional lens can
be placed in front of the IR camera (labeled removable lens in
Fig. 2a)), resulting in back focal plane (Fourier) imaging. An
example of a k-space image of measured grating emission is
shown in Fig. 2d), which consists of a circle with its radius
defined by the largest angular emission that the system can
detect, i.e. 71.8◦. The emission angle along the radial direction
is defined by r = sinθ, with r being the radial distance.

The substrate of the sample is electrically grounded via a
copper plate, and two soft electrical probes, in direct contact
with the silicon device layer, connect the comb drive electrodes
to a voltage source for MEMS actuation. Actuation of the comb
drive then results in pulling forces on the grating, changing the
tooth spacing and resulting in beam steering.

Figure 3 shows our beam steering measurement results. The
k-space images in Fig. 3a) show the effect of increasing actuation
voltage on the beam directionality along the MEMS actuation
axis ky for 0 and 20 V actuation. The absence of features other
than beam steering, which would appear as different shapes in
the k-space images, illustrate the absence of stray light or added
noise in the k-space under MEMS actuation. A cross-section
along ky in Fig. 3b) shows the evolution of the beam angle for a
range of actuation voltages from 0 to 20 V. Our device achieves
5.6 ± 0.3◦ of beam steering with a full width at half maximum
(FWHM) divergence of 14◦ along ky, and 9◦ along kx. The beam
steering angles were obtained by fitting the maxima at each volt-
age to the actuation curve shape in Fig. 1d), and the fit is plotted
in Fig. 3b), with the error value on beam steering angle calcu-
lated as one standard deviation. We can extract a tuning rate of
∆θ/∆V = 0.56◦/V from 10 to 20 V. The cross-section along the
kx axis at the light intensity maxima, shown in Fig. 3b) shows
minor distortions in the direction perpendicular to the actuation,
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Fig. 2. a) Experimental setup for measuring the angular emis-
sion from our devices by Fourier imaging. The mirror and
Fourier lens at the rear end can be removed to view b) the vis-
ible image of the grating (blue optical path). c) By inserting
the mirror, we image the IR emission of the grating onto the
IR camera. d) By inserting also the Fourier lens, we make the
back focal plane visible, resulting in a k-space image of the
grating emission on the IR camera (outlined red optical path).

which can be originated from non-parallel displacement of the
grating teeth. The efficiency of the device was estimated by
simulating the suspended to unsuspended waveguide transition
and the grating, and yielded < 0.01 dB and 35% efficiency (vary-
ing between 30% and 40% with actuation), respectively. The
static power consumption was in the sub-µW range, below our
measurement capabilities. The nanogram mass of our MEMS
structure makes gravitational forces negligible, and sets the me-
chanical resonance frequency around 200 kHz, which is far from
mechanical noise sources, and sets a limit to the steering speed.
The maximum power consumption for the device, estimated as
200 kHz full charge-discharge cycles, is below 10 nW.

The large beam divergence is due to the high index contrast,
and thus the limited number of grating teeth contributing to the
diffraction pattern. This can be overcome by designing a lower
refractive index contrast grating, by for example thinning down
the silicon device layer, or by choosing a different low-index
material platform such as silicon oxide or silicon nitride.

The limited actuation range, less than half of the theoretical
prediction, is due to premature collapse of the MEMS actuator,
stemming from the grating spring, and can be observed in the
tunable grating area of Fig. 1b). We believe there are two reasons
for this effect: i) large displacements of the grating result in local
stiffening and softening, resulting in bending momenta and con-
tact between grating teeth, and ii) the asymmetry of the grating
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Fig. 3. a) k-space images showing the change in beam direc-
tionality with actuation. The white dashed lines show the
cross-sectional axis used for plotting b). b) Beam steering for a
range of actuation voltages along the MEMS actuation axis kx.
The results show up to 5.6◦ steering, using an analytical curve
to fit the emission maxima (black curve). c) Cross-section
along kx direction at the beam maxima for each voltage, show-
ing negligible perpendicular beam distortion with actuation.

spring generates an off-axis horizontal force under actuation,
resulting in lateral drift of the comb drive and contact between
grating teeth. We believe these problems are not fundamental,
and can be solved by i) design of grating teeth joints to avoid
strain concentration, and ii) design of symmetric gratings, either
by mirroring the current design, or by designing a suspended
grating connected on the sides.

Compared to free-space optics, the presented technology is
orders of magnitude smaller and lighter, lower-cost, less prone to
mechanical noise, and requires very limited assembly. Integrated
thermo-optic phased array systems have at least 5 orders of
magnitude (limited by measurement, 7 orders of magnitude
based on our estimate) higher power consumption than our
device, and suffer from thermal cross-talk problems, which our
technology inherently avoids. Compared to elecro-optic tuning,
our device features at least 1 order (more likely 3 orders) of
magnitude lower power consumption. Furthermore, we achieve
more than 2 times larger beam steering than previously reported
thermo-optic tunable single gratings [13], with potential for large
angle tuning (see Fig. 1d)) with future improvements in MEMS
actuator design.

4. CONCLUSION

We have introduced, for the first time, MEMS tunable waveguide
gratings for beam steering, and experimentally demonstrated
beam steering up to 5.6◦, with an actuation voltage below 20 V.
Our results show more than twice the beam steering of previ-
ously reported thermo-optic tuning of waveguide gratings [13],
and more than 5 orders of magnitude lower power consumption.

The optical beam steering technology presented here can pro-
vide the long sought reduction in cost and power consumption
necessary to extend artificial vision to battery-powered devices
including mobile phones or drones, to enable active probes for
in-vivo medical imaging, and to grow the optical communica-
tion bandwidth by SDM.
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