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ABSTRACT

Optical phased arrays (OPAs) with fast response time are of great interest for various applications such as displays, free
space optical communications, and lidar. Existing liquid crystal OPAs have millisecond response time and small beam
steering angle. Here, we report on a novel 32x32 MEMS OPA with fast response time (<4 microseconds), large field of
view (£2°), and narrow beam divergence (0.1°). The OPA is composed of high-contrast grating (HCG) mirrors which
function as phase shifters. Relative to beam steering systems based on a single rotating MEMS mirror, which are
typically limited to bandwidths below 50 kHz, the MEMS OPA described here has the advantage of greatly reduced
mass and therefore achieves a bandwidth over 500 kHz. The OPA is fabricated using deep UV lithography to create
submicron mechanical springs and electrical interconnects, enabling a high (85%) fill-factor. Each HCG mirror is
composed of only a single layer of polysilicon and achieves >99% reflectivity through the use of a subwavelength
grating patterned into the mirror’s polysilicon surface. Conventional metal-coated MEMS mirrors must be thick (1-
50 um) to prevent warpage arising from thermal and residual stress. The single material construction used here results in
a high degree of flatness even in a thin 400 nm HCG mirror. Beam steering is demonstrated using binary phase patterns
and is accomplished with the help of a closed-loop phase control system based on a phase-shifting interferometer that
provides in-situ measurement of the phase shift of each mirror in the array.
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1. INTRODUCTION

Optical phased arrays (OPAs)" ? are versatile beam steering devices suitable for a variety of applications including
LIDAR, free-space optical communication, 3D holographic displays, and high-resolution 3D imaging.> * An OPA
consists of a two-dimensional (2D) array of phase shifters which impose a desired phase profile on an incoming beam of
light. Unlike mirror-based beam steering systems, an OPA can be programmed to generate multiple, simultaneously-
scanning beams in the OPA’s field of view, allowing precise pointing and tracking of multiple targets. OPA’s also offer
fast random-access pointing and dynamic focusing/defocusing capabilities. An OPA is usually much faster than a single
steering mirror as individual phase shifters are much smaller and more nimble than a large scanning mirror.

The dominant OPA technology is based on liquid crystal phase shifters, which have been studied extensively since their
initial demonstration using liquid crystal television panels.” ® However, liquid crystals have limited operating speed
because it takes tens of milliseconds for an electric field to reorient the molecules of the liquid crystal. Liquid crystals
also suffer from the disadvantage that, as a continuous medium, sharp phase transitions (e.g. in the region where the
phase pattern wraps from 2x to 0 radians) are not properly expressed. In addition, liquid crystal materials tend to be
highly temperature sensitive, necessitating active temperature regulation in many applications.

More recently, micro-electromechanical systems (MEMS) have been used to produce OPAs.”* A typical MEMS-based
phase shifter is realized by a “piston” mirror which is displaced to provide the desired phase shift. Conventional MEMS
mirrors are made of metal-coated single-crystal or polycrystalline silicon, or multi-layer distributed Bragg reflectors
(DBRs). Though faster than bulk mirrors, the mass of such multi-layer mirrors still limits the operating speed of MEMS-
based OPAs. Moreover, thin-film mirrors composed of dissimilar materials suffer from temperature sensitivity due to
differences in the coefficient of thermal expansion (CTE) of the various layers. This CTE mismatch often causes mirrors
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to warp, degrading optical performance. The residual absorption in the metal reflector also limits the maximum optical
power before catastrophic damage occurs.

In this paper, we demonstrate an ultrafast MEMS OPA composed of a 32x32 array of lightweight high-contrast-grating
(HCG) mirrors. The HCG mirror consists of a single, thin 400 nm layer of polysilicon that is patterned into a sub-
wavelength diffraction grating. Unlike earlier multi-layer MEMS mirrors, the HCG is made of a single dielectric layer,
achieving high reflectivity (~99.9%) over a broad optical bandwidth.” '* The HCG’s single-material construction results
in greater manufacturability since residual stress is easily controlled when depositing the single polysilicon layer and the
process eliminates the need for non-CMOS compatible metals such as gold. The HCG-OPA has the potential to operate
at high optical power without warping due to CTE mismatch and without the thermal damage that plagues mirrors
composed of low melting-point metals (e.g. Au and Al). The mass of a 20x20 um® HCG mirror is 140 pg, about ~100x
lighter than a DBR of comparable reflectivity. Since the mirror’s maximum acceleration increases by the same factor as
the mass reduction, this low mass increases the maximum operating bandwidth of the HCG OPA.

2. SYSTEM DESIGN

The complete beam steering system, illustrated in Figure 1, is composed of a laser source, MEMS OPA, and phase-
monitoring interferometer. Polarized light from the source is directed towards the OPA, with a small (1%) fraction of the
light split into the interferometer to provide in-situ monitoring of the phase of each pixel in the array.'' This phase
monitoring system can be used to calibrate the phase-voltage characteristics of the OPA and to provide slow correction
of phase offsets (arising from e.g. thermal shifts within the system), however the beam steering results presented here
were collected using open-loop voltage control without correction for phase variations across the OPA. The steerable
beam exiting the system passes through a lens pair with focal lengths f; and £, providing an angle magnification of fi/f,
which was set to 5 in experiments presented here.
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Figure 1. Beam steering system block diagram. Light from the laser source is collimated and directed at the MEMS OPA
through a polarizing beamsplitter (pol. BS). Half-wave plates (A/2) are used to rotate the polarization and two additional
polarizing beamsplitters are used to tap a fraction of the light into an interferometer that provides in-situ monitoring of the
phase of each mirror in the OPA. A lens pair is used to amplify the beam steering angle at the final aperture.

In phased-array beam steering, the discrete OPA mirrors are assigned phase settings that approximate the desired
continuous phase profile, modulo 2, as illustrated in Figure 2. In a reflective OPA, the phase shift corresponds to twice
the mirror displacement, so 775 nm displacement corresponds to 2n phase shift at the nominal operating wavelength
A=1550 nm. The maximum beam steering angle that can be achieved before the magnification optics is
0 = +sin(A/2A) = +2°, where A = 22 pum is the mirror pitch.
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Figure 2. Illustration of phased-array beam steering at the maximum steering angle. The phase of each HCG mirror is set to
approximate the desired phase pattern modulo 2.

The 32x32 OPA is composed of 20x20 pm* polysilicon HCG mirrors that are defined in a 400 nm thick polysilicon
layer using a deep ultraviolet (DUV) lithography system (ASML 5500/300 DUV Stepper) capable of resolving 250 nm
features. The polysilicon layer is polished using chemical-mechanical polishing (CMP) before lithography to produce a
smooth surface for lithography, thereby reducing edge roughness in the patterned grating bars and ensuring a smooth
surface in the final HCG. The complete fabrication process was described earlier.'> * Scanning electron micrograph
(SEM) images, Figure 3, show that each mirror consists of a grating with 1250 nm period and 570 nm bar width
supported at four corners by 300 nm wide, 18 pum long flexure springs. The flexures are mechanically connected to the
silicon substrate through electrically-insulating Si;N4 anchors. An 85% fill factor is achieved by minimizing the space
between the 20 um mirrors: as illustrated in the SEM images, this 2 um space contains two 300 nm flexure springs and
two anchors, demonstrating the need for submicron lithography.

The mirrors are electrostatically actuated by applying a voltage between the polysilicon mirror layer and the silicon
substrate, which serves as a common ground electrode for the entire OPA. In the first prototype OPA reported here, the
32 mirrors in each of the 32 columns are electrically connected together. Each column is driven at up to 45V using a
custom 32-channel digital-to-analog converter board. One-dimensional beam steering is demonstrated by actuating the
mirrors in each column together.

spring

Figure 3. SEM images of the OPA showing individual 20x20 pum® HCG mirrors. (a) Each HCG is supported by flexure
springs at the mirror’s four corners, resulting in 22 pm pitch between mirrors. The low-stress polysilicon layer is extremely
flat, resulting in near-zero distortion across the surface of the array. The 400 nm thick polysilicon mirrors are released by
etching a sacrificial SiO, layer beneath the polysilicon layer: SiO, remains in the dark regions beneath the polysilicon
interconnect. (b) A close-up of the corner of one mirror showing the grating’s 570 nm bar width (w) and 1250 nm period
(p)- Each flexure spring is mechanically connected to the Si substrate through a cylindrical Si;N, insulated anchor.

The high contrast grating (HCG) is a sub-wavelength diffraction grating that achieves high reflectivity over a broad
range of wavelengths. Designed with a grating period (p) in the near-wavelength regime (i.e. A/n, <p < A/n,, where n,
and n, are the refractive indices of the grating bars and air, respectively), HCG’s can achieve high reflectivity (~99.9%)
and high quality-factor optical resonances (Q > 107).'* Here, the HCG period and bar width were designed using finite
difference time domain (FDTD) analysis to achieve high reflectivity at a center wavelength A = 1550 nm. A contour map
of the simulated reflectivity for transverse electric (TE) polarized light as a function of grating period and bar width is
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shown in Figure 4. Because the bar and space widths are on the order of 500 nm, manufacturing variations on the order
of a few 10’s of nm are expected and the grating must be designed with these tolerances in mind. The final design, 1250
nm period and 570 nm bar width, achieves 99.9% reflectivity and maintains > 99% reflectivity over £35 nm width
variations. Notably, the HCG is a broadband reflector: the nominal grating design achieves 99.9% reflectivity from 1548
nm to 1575 nm and higher than 99% reflectivity from 1517 nm to 1605 nm.
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Figure 4. FDTD simulations of HCG mirror reflectivity as a function of bar width and period for a 400 nm thick polysilicon
layer at A = 1550 nm. (a) Reflectivity over the range of possible dimensions showing the 250 nm lithography resolution
limit. (b) Close-up of the region surrounding the selected width and period which are indicated with a black dot. The
reflectivity is greater than 99% for dimensional variations up to +35 nm around the nominal design.

3. RESULTS AND DISCUSSION

The actuation of individual HCG mirrors was characterized using static and dynamic voltage inputs. The quasi-static
displacement response of a typical mirror, measured using phase-shifting interferometry, is shown in Figure 5(a). The
actuation response displays the characteristic voltage-squared dependence expected from electrostatic actuation, with a
maximum phase shift of 1.7n occurring at 38 V. The mirror frequency response, measured using a laser Doppler
vibrometer and shown in Figure 5(b), displays a 0.46 MHz resonant frequency, in good agreement with finite element
method (FEM) models for the 400 nm thick polysilicon mirror. Time-response measurements show that the mirror’s
response is well-approximated as an underdamped harmonic oscillator with a damping ratio £ = 0.2 and a damped
natural frequency of 0.46 MHz. The 10% settling time in response to a step voltage input is 3.8 us."
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Figure 5. Electrostatic actuation of HCG mirrors. (a) Quasi-static voltage-displacement characteristic showing measured
displacements (points) and a theoretical fit (line). A maximum phase shift of 1.7 radians is achieved. (b) Frequency
response measured via LDV showing a resonance peak at 0.46 MHz.
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Beam steering experiments were conducted using binary phase patterns in which the HCG mirror’s phase was set to
either 0 or 7 radians. The voltage required to achieve a phase shift of © radians was first determined using interferometry
to measure the phase-voltage characteristic of the mirrors in the array. The nominal voltage required, 34 V, was found to
vary by approximately £1 V across the array. For simplicity, the same voltage was used for all the mirrors in the array in
beam steering experiments, resulting in small phase errors across the OPA. These phase errors are small (on the order of
+0.2 radians) due to the relatively shallow slope of the phase-voltage characteristic, Figure 5(b). Phase images of the
OPA with mirrors in the on (7 radians) and off state (0 radians), measured via interferometry and shown in Figure 6,
illustrate the uniformity of the phase across the array.

¥,

Figure 6. Phase images of 16 columns of the 32x32 OPA measured via interferometry: (a) all mirrors off; (b)  phase shift
applied to even columns, odd columns off; (c)  phase shift applied to odd columns, even columns off; (d) = phase shift
applied to all columns.

The phase patterns used for beam steering are illustrated in Figure 7(a) and the resulting far-field beam steering images
are shown in Figure 7(b). With a binary pattern, normally-incident light is diffracted symmetrically about the 0™ order
beam, with 8, the angle of the 1* diffraction order, increasing as the number of mirrors in each phase period is reduced.
State 0 corresponds to the rest position of the mirrors, with all the power in the 0" order beam, while States 1-3
correspond to 8, 4, and 2 mirrors per phase period, resulting in diffraction angle 6, = 0.5°, 1.0°, and 2.0°, respectively.
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Figure 7. Beam steering using binary phase patterns: (a) phase patterns; (b) far-field images for each state.

The diffracted intensity was studied as a function of phase shift ¢ applied to the mirrors at the maximum steering angle
(State 3 in Figure 7(b)). The intensity in the 1* order diffraction lobe at the maximum angle is given by'> I=I,,,, sin’(¢/2),
where the maximum intensity 7, occurs at @ = w. The measured intensity versus the theoretical intensity is shown in
Figure 8, showing good agreement between theory and experiment.
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Figure 8. Diffraction efficiency versus phase shift for binary phase patterns. (a) Far-field images showing the intensity in the
0" and 1% diffraction orders (indicated with a blue square) as the maximum phase shift in the binary pattern is decreased
from 7 (i) to 0.2 7 (iv). (b) Plot of measured intensity in the 1** diffraction orders (points) along with the theoretical
diffraction efficiency of a binary phase grating (line) versus phase shift. At n radians phase shift, the reflected intensity is
almost entirely in the 1% diffraction orders; the diffracted intensity diminishes and the intensity in the 0 order beam
increases as the binary pattern’s phase shift is reduced.

4. CONCLUSIONS

A novel micro-electromechanical systems (MEMS) optical phased array with high fill-factor has been successfully
developed for fast beam steering. The 32%32 array is comprised of sub-wavelength high-contrast-grating (HCG)
reflectors made of polysilicon. Each HCG mirror is 20x20 um’, and the spacing between mirrors is 2 pm, resulting in
85% fill-factor. The thickness, width and period of the HCG grating bars are 400 nm, 570 nm and 1250 nm, respectively,
resulting in a simulated ~99.9% reflectivity. Each HCG is vertically driven by electrostatic force to create a voltage-
controlled phase shift and coherent interference in the far field patterns. The measured maximum beam steering angle is
+2.0°. The average resonant frequency of the array is 0.46 MHz, allowing for fast beam steering. The MEMS HCG
optical phased array is a scalable two-dimensional platform capable of more versatile beam steering applications
requiring better resolution than currently available OPAs.
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