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ABSTRACT
Solid state beam steering devices are key elements in low cost, robust, and three-dimensional imaging systems. Here, we present a silicon
photonic beam steering device based upon an 8× 8 grating coupler focal plane array approach fed by a thermo-optic Mach–Zehnder switching
tree. In this device, transmission of light from the grating couplers is made through the backside of the chip using topside mirrors allowing for
both high-efficiency out-coupling and direct flip-chip integration of drive electronics, providing a path to scale to denser focal plane arrays
with large numbers of points in the future. A −13.8 dB fiber-to-fiber transmission was achieved in our preliminary test around 1523 nm for
the beam steering chip.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0065210

I. INTRODUCTION

In recent years, there has been significant activity in the devel-
opment of 3D imaging systems based upon LIDAR (Light Detection
and Ranging) to accurately map the positions and even the veloc-
ity of objects in a 3D space.1–6 Such systems can serve applications
such as autonomous navigation, augmented reality, healthcare, and
robotics. Beam steering is a key function in these systems allow-
ing them to scan over a certain field of view with efficient use of
laser power. In many commercial systems,7–9 beam steering is per-
formed mechanically by physically moving parts to direct and scan
the beam over a certain area. While such mechanical steering has
allowed the highest performances to be achieved, solid state beam
steering approaches10–14 are advantageous in terms of cost, compact-
ness, and reliability. One proposed solid-state approach is the use of
an optical phased array (OPA). However, to date, demonstrations

of OPA based 2D-scanning systems have been limited to a range
of ∼10 m.15–17

Recently, we presented an alternative approach to beam steer-
ing based upon a focal plane array (FPA) consisting of 16 grating
couplers, which are individually addressed using a thermo-optic
Mach–Zehnder interferometer (MZI) based switching tree.18 The
light in this case is therefore routed to a single grating at a time
which, in turn, illuminates a small subset of the scene using a lens
system. This approach is robust, and the optical loss is only lim-
ited by waveguide scattering losses and the extinction ratio of the
switching elements. Scaling to large, dense arrays of grating couplers
is also achievable due to the use of frontend/monolithic integration
of the electronics used to control the switching tree. While there
are many advantages to frontend/monolithic integration, alterna-
tive approaches, such as heterogeneous integration, are also attrac-
tive. The heterogeneous integration of photonics and electronics
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means both chips are fabricated separately and subsequently inte-
grated using approaches such as wire bond and flip-chip bonding.
This offers more flexibility, particularly in terms of optical power
handling for long range imaging, and potentially a higher integra-
tion density since the photonics and control electronics reside in a
different plane.

The number of electrical connections to the MZI switch tree
scales linearly with the number of grating couplers, and therefore,
when scaling to a large array using a wire-bond heterogeneous inte-
gration approach, the chip size can become very large, driven by
the size and number of electrical pads required at the edges of
the chip. Flip-chip bonding or similar 3D integration schemes,19,20

on the other hand, can provide integration to a dense array of
electrical pads across the top surface of the chip. The challenge
then is that integration on the topside of the photonic chip can
inhibit the transmission of the light from the grating couplers, par-
ticularly in this application area. Therefore, high-efficiency grating
designs for backside coupling are required.21,22 In this paper, we
present a proof-of-concept demonstration of an FPA based beam
steering module comprising an array of 8 by 8 grating couplers.
A metal mirror layer was deposited on the topside of the grat-
ing couplers to enhance transmission of the light to the backside
of the chip.23,24 With the light exiting the chip from the backside,
the topside is free for electrical connection to control the switches
which, in this case, has been performed by first flip-chip bond-
ing onto a printed circuit board (PCB) and then ultimately con-
nected to electronic control boards. Further developments in this
work can involve the integration of a custom electronic drive chip
to be directly bonded on top of the photonic chip. The photonic
beam steering chip has been formed using silicon photonic tech-
nology. The maturity of silicon photonic technology driven by years
of intense development for data communication applications allows
for the dense integration of photonic elements with high reliabil-
ity and low-cost manufacturing, which is highly attractive for this
application.

This work demonstrates the capability to realize a beam steer-
ing module using our backside emission and heterogeneous integra-
tion approach. It can open up a range of manufacturing options and
provide a path toward highly dense arrays of grating couplers. An
additional benefit of using mirrors to direct all of the light to the
backside of the chip is that the transmission efficiency is not lim-
ited by the directionality of the grating coupler. By optimizing the
design parameters and assuming a perfect anti-reflection (AR) coat-
ing at the backside of the wafer, we can theoretically achieve 95%
directionality to the backside of a wafer and 84% coupling efficiency
to the fiber mode, which is about a 2 dB improvement in coupling
efficiency compared to topside coupling gratings fabricated on the
same platform.

II. PHOTONIC CHIP DESIGN
The photonic chip was designed for the 220 nm silicon on

2000 nm buried oxide waveguide platform. Rib waveguides with
100 nm slab height were used to minimize propagation losses.
The circuit consists of two main elements: backside grating cou-
plers for feeding light into the circuit and coupling out into free
space and a switching tree for routing the light to the individual
out-couplers.

A. Input and output coupling
Coupling of light into and out of the circuit is performed using

grating couplers. Metallic mirrors are positioned above them on the
topside to ensure a high coupling efficiency through the backside
of the chip. As shown in Fig. 1(a), the gratings were formed with a
60 nm shallow-etch into the top silicon waveguide layer. 2D FDTD
(two-dimensional finite-difference time-domain) simulations were
used to simulate the grating diffraction. The grating couplers were
designed for coupling the TE (transverse electric) mode with a center
wavelength of 1550 nm. The boundary conditions were set to a PML
(perfectly matched layer).

Fibers were aligned to the surface of the SOI wafer with a tilting
angle of θ = 10○ off normal, which means that the diffracted light
beam from the grating is 6.8○ off normal in the oxide cladding and
10○ off normal in air. The period of the grating coupler is 610 nm,
with a fill factor of 0.5 (defined as the ratio of etched slit width over
the grating period Λ). The metal mirror (200 nm thick) made of alu-
minum was deposited on top to reflect the light downward to the
backside of the chip as shown in Fig. 1(a). According to our calcula-
tion, over 95% of light was coupled downward with the metal mirror
on top. The oxide thickness between the metal mirror and the top
of the silicon surface is 830 nm, which was optimized to maximize
the coupling efficiency. Standard uniform gratings as illustrated in
Fig. 1(b) were used in this case as the input coupling from fiber to the
beam steering chip. The calculated coupling efficiency to the single-
mode fiber with a mode field diameter of 10.4 μm is 84% (−0.76 dB)
around 1550 nm wavelength. The field profile calculated by the 2D
FDTD simulation for the uniform gratings is shown in Fig. 2(a). We
also assume that the lateral modal profile of the waveguide (y axis) is
matched with the single-mode fiber,25 and there is no additional loss
at the bottom surface of the wafer (with a perfect AR coating layer).

Uniform focusing grating couplers as shown in Fig. 1(c) were
used for out-coupling to free space. The focusing grating couplers
used as output in our demonstrated beam steering chip are not stan-
dard focusing grating couplers optimized for coupling to fibers. They
are smaller in order to be densely packed into a two-dimensional
array. The near field and far field profiles of the light coupled out

FIG. 1. Schematic illustrations of the backside grating couplers: (a) side view,
(b) top view of the uniform grating couplers as the input, and (c) top view of the
focusing grating couplers for the output of the beam steering module.
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FIG. 2. (a) Field profile of the 2D FDTD simulation while coupling between the
fiber and the waveguide. (b) Near field profile of the light from the output grating
(in silicon substrate, 2.2 μm below the grating). (c) Far field profile of the light from
the output grating calculated in silicon substrate [same as (b)].

from this output grating are shown in Figs. 2(b) and 2(c). The light
from the output grating can be collected by a set of collimating
lenses and projected to the objects in the distant scene. Follow-
ing emission from the chip, the light can be collimated by a set
of lenses to illuminate the scene being imaged. As we are using a
focal plane array (FPA) approach instead of an optical phase array
(OPA), the projected beam spot size and field of view (FOV) will
both depend on the parameters of the projection lens system, which
can be fine-tuned according to the required LIDAR resolution.

B. Switching tree
The switching tree is used to selectively route the input light to

one of the 64 output couplers in the FPA. The switching tree in this
case uses six stages of 1 × 2 thermo-optic MZI optical switches. A
diagram showing a single unit switch is shown in Fig. 3.

2 × 2 multi-mode Interferometer (MMI) were used to split
and recombine the light to and from the MZI arms. On top of one
waveguide arm, a TiN heating element is positioned to control its

FIG. 3. Diagram of a single thermo-optic MZI based optical switch.

temperature electrically. The titanium nitride filament had dimen-
sions of length 120 mm, width 2 mm, and thickness 400 nm. These
values were specifically chosen to optimize the power efficiency of
the switching process and provide a resistance of ∼550 Ω to be
compatible with the driving electronics. After the sixth stage in the
switching tree, the 64 output waveguides were each routed to one of
the output grating couplers.

III. FABRICATION
The fabrication flow is depicted in Fig. 4. First, photoresist was

spin coated onto the topside of the wafers and HF etching was used
to strip the silicon dioxide layer on the backside. Next, a 1 μm thick
silicon dioxide layer was deposited on the topside of the wafer by
plasma enhanced chemical vapor deposition (PECVD), which pro-
vided protection to the silicon layer on the topside during chemical
mechanical polishing (CMP) of the backside. The CMP step was per-
formed to make the backside optically smooth for efficient backside
emission. Because metal-contaminated wafers are not allowed in the
CMP machine in our facility, the CMP step was performed at the
beginning of the process, and it could equally be performed at
the end of the process. A 185 nm thick layer of silicon nitride was
then deposited on both sides of the wafer by low pressure chemical
vapor deposition (LPCVD) to give protection to the backside and
to act as an anti-reflection layer to light exiting from the backside
of the chip. The roughness of the backside surface of the wafer was
0.28 nm, measured by AFM.

The silicon nitride and silicon dioxide layers were then stripped
from the frontside of the chip by dry and chemical etching. Follow-
ing this, 248 nm deep ultraviolet (DUV) lithography was used to
expose the grating couplers in photoresist before inductively cou-
pled plasma (ICP) etching of 60 nm into the topside silicon over-
layer. Two further DUV lithography and ICP etching steps were

FIG. 4. Fabrication flow of the silicon photonic focal plane array beam steering
chip.
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FIG. 5. Microscope images of the fabricated device: (a) grating array and (b) the
switching tree with MZIs.

used to define the waveguides (120 nm etch depth) and isolation
trenches (220 nm etch depth). A 1 μm thick silicon dioxide cladding
layer was then deposited on the topside of the wafer, CMP was
used to planarize the top surface, and then silicon dioxide etching
was used to thin it to the required thickness (830 nm). Next, two
DUV lithography, metal deposition, and lift-off steps were used to
define first the titanium nitride heater filaments and then aluminum
pads for electrical connection to the filament and to act as the mir-
rors above the grating couplers. The optical microscope images of
the chip showing the grating coupler array with aluminum mir-
rors and a broader view of the chip showing part of the switching
tree and the waveguide connections to the grating array can be seen
in Fig. 5.

IV. INTEGRATION AND ELECTRONIC DRIVING
After dicing and cleaning, the silicon photonic beam steering

chip electrical connection to the control electronics was performed
by flip-chip bonding to a custom designed printed circuit board
(PCB). First, gold bumps were placed on the pads of the photonic
chip. Next, the chip was aligned and flip-chip bonded to the PCB
using a FineTech flip chip bonder. Due to the limitations on the size
of PCB that could be positioned in the flip-chip bonder, this first
PCB measured just 27 × 30 mm2. This PCB was then mounted on
a second, larger PCB via a standard electrical pin connector. The
larger second PCB allowed for robust mounting in the optical test
setup and for a ribbon electrical wire connection carrying different
electrical signals, which are passed to each of the individual thermo-
optic MZI switches. Photographs of the chip mounted on the two
PCBs are shown in Fig. 6.

The electrical signals to supply each of the switches were pro-
duced on a third PCB interfaced with a control field programmable
gate array (FPGA). A block diagram of circuit on the third PCB is
shown in Fig. 7. Since light transmission is required from just one
grating at a time, only one MZI in each stage of the switching tree
needs to be driven for each output state. Each stage of the switching
tree, therefore, requires only one digital to analog converter (DAC)
and buffer to set the required voltage. An 8-bit DAC and a 5 V
voltage supply were chosen to provide sufficient granularity in the
voltage levels (0.02 V per level) to ensure that the MZI switches
could be accurately tuned to provide a large extinction ratio and
low optical loss. For an 8 by 8 array having 64 different outputs,
a six-stage switching tree is required. Beyond the first stage, which
contains just a single MZI switch, a demultiplexer (DEMUX) is used
to switch the electrical signal to the required optical switch in each

FIG. 6. Photograph of the silicon photonic beam steering chip mounted on the
printed circuit board: (a) top view and (b) side view.

FIG. 7. Electronic circuit used to drive the beam steering element so that light
output can be switched among the output gratings in an 8 × 8 array.
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stage of the tree. For this proof-of-concept demonstration, the entire
electrical circuit was realized with discrete, commercially available
components. Such a circuit could equally be realized within a cus-
tom designed electronic integrated circuit. Control of the six DACs
and five DEMUX chips was performed using an FPGA (Altera IV).

V. RESULTS AND DISCUSSION
In order to couple light into and out of the circuit through

the backside of the chip, fiber focusers with pigtailed single-mode
fibers were used (12.4 mm working distance). These avoided the
beam divergence that would have been experienced with regular
fibers. Initial alignment was performed by imaging through the
chip using a near infrared camera. Upon detection of first light,
alignment was optimized by measuring the transmission level on
a photodetector while finely adjusting the relative positions of the
fiber focusers. Due to phase errors, which are typical in submi-
cron silicon photonic waveguides, the voltage required for the two
switching states of each MZI in the circuit differed across the chip,
and they needed to be accurately determined. A calibration pro-
cess was therefore first performed to optimize the voltage levels at
each stage for maximum transmission from each output grating
sequentially. Once calibrated, test programs were run to demon-
strate example scan patterns that can be produced. Measurements
of the transmission through the photonic circuit were then also
possible.

A typical transmission spectrum for the output ports of the
beam steering module chip is shown in Fig. 8. The total fiber-to-
fiber transmission was measured to be −13.8 dB at around 1523 nm.
This was measured by maximizing the transmission of the output
power of one output grating in the 8 by 8 array. The optical power
was launched at the input grating coupler using a single-mode fiber
focuser. The predicted spot size will be around 10.5 μm at a working
distance of 12.4 mm. The output power was collected by the same
type of fiber focuser pigtailed with a single-mode fiber, as used for
the input coupling. However, the output gratings of the beam steer-
ing module are designed to couple to free space with a lens system for
real applications. The actual transmission of the chip will be slightly
higher, eliminating the mode mismatch with the single-mode fiber.

FIG. 8. A typical measured transmission spectrum of the beam steering module.

We found that the peak wavelength of the grating couplers
was blue shifted from the original design. This is mainly due to
the top silicon thickness of the SOI wafer used, which is only
210 nm according to our measurement as opposed to the target
thickness of 220 nm [see Fig. 9(b)]. Aside from the photonic cir-
cuit of the beam steering module, several test structures were fab-
ricated to enable characterization of the performance of the dif-
ferent elements within it. The coupling efficiency of the standard
input grating couplers as illustrated in Fig. 1(b) was measured to
be −1.8 dB (66%), as shown in Fig. 9(a). The peak wavelength was
blue shifted to around 1525 nm due to the same silicon thickness
issue mentioned previously. The coupling efficiency of the out-
put grating couplers as illustrated in Fig. 1(c) was measured to be
around −3.3 dB (46.8%), coupling to single-mode fibers using fiber
focusers. As mentioned previously in Sec. II A, the output grat-
ings are designed with a much smaller size than the input grat-
ings; therefore, the output mode profile is not matched with single-
mode fibers. Simulation shows that the coupling efficiency is only
58% (−2.4 dB) when coupling to a single-mode fiber. The actual
coupling efficiency of the output gratings should be higher when
collecting light using the lens system as designed. The waveguide
(450 nm width) loss was measured via the cut-back method across
various chips, and we found that the propagation loss varies between
3 and 6 dB/cm.

The highest power allowed in this photonic chip is limited by
two-photon absorption (TPA).25 According to our measurement,
the maximum optical power possible in the input waveguide is
around 50 mW without suffering an obvious TPA loss. To improve
power handling, the waveguides can be made wider in straight sec-
tions to reduce the optical power density. Using a reverse-biased PIN
diode fabricated around the waveguide to sweep out free carriers26

can also help further improve power handling. Finally, one major
advantage of our integration approach is that it allows flexibility
over the waveguide platform, and therefore, a higher power handling
version can be implemented by using a thicker silicon guiding layer.

The normalized transmission through a single thermo-optic
MZI switch against electrical power applied to the heating element in
one of the MZI arms is shown in Fig. 10. The peak normalized trans-
mission is measured to be −0.4 dB, and the electrical power required
to switch between its two states (π phase shift) is 19.5 mW. The test
structures used to extract the loss of the 2 × 2 MMI used in the MZI
switch indicated a loss of 0.1 dB.

FIG. 9. (a) Coupling efficiency of the standard input grating couplers. (b) Simu-
lated coupling efficiency for the grating couplers with 220 and 210 nm top silicon
thickness.
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FIG. 10. Normalized transmission through the test MZI against electrical power
applied to the heating element in one arm. A magnified area of the peak
transmission is shown in the inset.

TABLE I. Estimated insertion loss for each component of the beam steering chip.

Components Estimated loss (dB)

Grating input 1.8
MZI × 6 2.4
Bending loss 0.6
Grating output 3.3
Waveguide loss 5.7

As mentioned before, the overall insertion loss of the 8 by 8
beam steering chip is measured to be 13.8 dB around 1523 nm. The
insertion loss for each component on the chip is listed in Table I.

Those losses are higher than our expectation, mainly due to
the imperfections in the fabrication process. By improving the fab-
rication process, our proposed beam steering chip should have a
much lower insertion loss. According to our previous experience, we
would expect <1 dB coupling efficiency for the grating couplers, 0.25
dB insertion loss for each MZI, and about 2.3 dB/cm propagation
loss for the waveguides.

In this proof-of-concept demonstration, the large optical path
length results from limitations on the minimum pad and via
the size offered by the PCB vendor, which necessitated the MZI
switching elements to be spread relatively far apart on the pho-
tonic chip. By using a higher specification PCB or directly flip-
bonding a control electronic integrated circuit, the packing den-
sity of the photonics could be improved dramatically. This would
lead to a major reduction of the total optical path length and
therefore propagation loss. Similarly, process optimization and
refinements in the photonic element designs can yield further loss
reductions.

VI. CONCLUSION
We have demonstrated a silicon photonic beam steering device

based upon an 8 by 8 grating coupler focal plane array approach
fed by a thermo-optic Mach–Zehnder switching tree. A backside

coupling scheme was employed for this device using grating cou-
plers with metal mirrors on the top. This approach allows for both
high-efficiency out-coupling and high-density flip-chip integration
of drive electronics providing a path to scale to a much denser focal
plane array containing a large number of points in the future. The
overall insertion loss of the beam steering chip was measured to be
13.8 dB. A coupling efficiency of 66% (−1.8 dB) was measured for
the uniform grating couplers. Further improvement can be realized
by fine-tuning the fabrication process and applying an apodizing
grating design to the grating couplers.27 This work demonstrates the
capability to realize a beam steering module using a heterogeneous
integration approach opening up a range of manufacturing options
and photonic platforms as well as providing a path toward highly
dense arrays.

SUPPLEMENTARY MATERIAL

See the supplementary material for a video showing the scan-
ning operation of the beam steering module.
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