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ABSTRACT

We report an optical phased array (OPA) for two-dimensional free-space beam steering. The array is composed of
tunable MEMS all-pass filters (APFs) based on polysilicon high contrast grating (HCG) mirrors. The cavity length of
each APF is voltage controlled via an electrostatically-actuated HCG top mirror and a fixed DBR bottom mirror. The
HCG mirrors are composed of only a single layer of polysilicon, achieving >99% reflectivity through the use of a
subwavelength grating patterned into the polysilicon surface. Conventional metal-coated MEMS mirrors must be thick
(1-50 pm) 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 350 nm HCG mirror. Relative to beamsteering 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 APF structure affords large
(~2m) phase shift at a small displacement (< 50 nm), an order-of-magnitude smaller than the displacement required in a
single-mirror phase-shifter design. Precise control of each all-pass-filter is achieved through an interferometric phase
measurement system, and beam steering is demonstrated using binary phase patterns.

Keywords: optical phased arrays, beam steering, micro electro mechanical systems, high contrast gratings, Gires-
Tournois etalon, all-pass filters.

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. The constructive interference of the outgoing light waves forms the desired beam. 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. 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. To increase the speed of such MEMS-
based beam steering, we recently introduced phased arrays based on high contrast gratings (HCG’s), rather than
mirrors.” ! Unlike earlier multi-layer MEMS mirrors, these grating mirrors are 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 mismatch in coefficient of thermal expansion and without the thermal
damage that plagues mirrors composed of low melting-point metals (e.g. Au and Al). The thin, open structure of the
grating mirrors greatly reduces its mass, and this increases the operating bandwidth of the OPA.
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Our HCG OPA’s are electrostatically actuated by applying a voltage between the movable mirror and the substrate
underneath. Achieving a full 2n phase shift requires a mirror displacement of half a wavelength. To avoid pull-in, the
displacement should remain smaller than about one-third of the gap between the electrodes. The gap needs to be
sufficiently large to accommodate the desired stroke. This either leads to a high actuation voltage, or it requires softening
the springs, which impacts the operating bandwidth.

Here we demonstrate a way to reduce the operating voltage, or further increase the beam steering speed, by
employing not just a single mirror element for each phase shifter but rather a highly reflective mirror pair that forms a
Gires-Tournois etalon. The bottom mirror in such an etalon is designed to have a reflectivity much closer to 100% than
the top mirror, so the etalon acts as an all-pass filter: nearly all the incident light is always reflected, regardless of the
mirror separation. However, the phase abruptly changes by 2x radians when the etalon moves through a resonance, i.e.,
when the optical path length of a round trip between the two mirrors changes from slightly shorter to slightly longer
than an integer number of wavelengths. The gap between our mirror pair is perched close to such a resonance, so that a
slight electrostatic attraction of the top mirror to the bottom mirror will result in a large phase shift. The steepness of the
phase shift relates to the reflectivity of the top mirror and can be designed to match the stroke of the electrostatic
actuation. Using this concept, we designed a phase shifter with a bandwidth over 500 kHz, large phase shifts, yet a low
actuation voltage. We demonstrate beam steering with an 8x8 array of such all-pass-filter mirrors.
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Figure 1. Scanning electron micrographs of a High Contrast Grating (HCG) mirror array, on top of a DBR mirror in the
substrate. Together the two mirrors form a Gires-Tournois etalon. The HCG mirror is suspended from four flexure springs,
allowing it to move out of plane. It can be electrostatically actuated by applying a voltage between the polysilicon grating
layer and the tungsten ground plane in the substrate. An 8x8 array of these phase shifters forms a phased array for beam
steering.
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2. PHASE SHIFTER DESIGN

Figure 1 shows the construction of a single phase shifter element. It consists of a high contrast grating mirror of
submicron polysilicon bars in a firm square frame. The frame is suspended from four thin flexure springs that allow the
grating to move towards the substrate. The flexure springs are attached to the substrate using square anchor pads
supported by a silicon oxide column. The substrate incorporates a distributed Bragg reflector (DBR) mirror that consists
of a tungsten film beneath two pairs of amorphous silicon/silicon oxide. The mirror can be electrostatically actuated by
applying a voltage between the tungsten and the highly doped polysilicon grating, via the anchor pads. The pads are
electrically insulated from the substrate by silicon oxide. The same oxide serves as the sacrificial layer for releasing the
polysilicon; it also supports the electrical wiring that connects the individual mirrors to their voltage source. Figure 1(b)
provides a cross section view, showing the polysilicon wiring, supported by the low temperature oxide, and the
distributed Bragg reflector mirror underneath. An 8 by 8 array of such phase shifters is shown in Figure 1(c). Each HCG
covers an area of 20x20 um’. The mirror pitch is 35 um, i.e., the fill factor is ~33%. The phase shifters are individually
addressable, and together form an optical phased array that enables beam steering.

The bottom DBR mirror of the phase shifter is designed to have a higher reflectivity than the HCG mirror above, so
most of the light incident on the mirror pair will be reflected back, but with a phase shift that depends on the mirror
separation. Suitable phase shifts for the phased array can be obtained by tuning through the etalon resonance, by
applying the proper voltage to electrostatically attract the grating mirror to the DBR substrate. To quantitatively
understand the phase of such a mirror pair, it is helpful to consider the simpler case of a Fabry-Pérot interferometer
formed by a thin transparent plate on a highly reflective substrate, as shown in Figure 2(a).
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Figure 2. A Gires-Tournois etalon, consisting of a transparent layer (2) on a highly reflective substrate (3). Light incident on
the etalon can experience multiple round trips between the interfaces (shown here at a slight angle for clarity). The graph
shows the optical phase of the combined reflections vs. round trip phase (i.e., twice the optical thickness of the middle
layer), for various reflectivities R of the top interface of 0, 50, 80, and 95%. For 0% the top mirror is absent, and the phase
shift measured from the top interface equals the round trip phase to the bottom mirror; for higher R the change in phase
increasingly becomes concentrated near thicknesses that are half-integer multiples of the wavelength.

The multiple reflections between the two interfaces add up coherently, and their combined amplitude reflection
coefficient of the etalon is
tiatayTaze?? |
1—7”217”2362“/7, ( )
where we have used that Y- 2™ = 1/(1 — z) to sum the contributions from repeated reflections between the two
mirror surfaces. The reflection and transmission coefficients are labeled as indicated in Figure 2, and the round trip
phase 2¢ = 4md/A, with d the thickness of the transparent layer, and A the wavelength of the light. For normal
incidence, the Fresnel coefficients are 1, = (n, —n,)/(n, + n,) and t,, = 2n,/(ny + n,), so ry, = —ry;. These
Fresnel coefficients are related to the reflection R and transmission T of the top interface via R = |r;,|? = |ry;|? and

T'=7"12+
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T = ty,t,;. Any light not reflected must be transmitted, so T = 1 — R; this further simplifies equation (1). If we set
n; = 0 to make the bottom interface highly reflective, then we arrive at the familiar Gires-Tournois result:

R — e2io
r= _\/_—._ ()
_ 1 —VReZi®
The phase shift ® follows from r = |r|e’®:
2 _LHVR ;
an 2 1-V% an ¢ 3)

(Alternatively, the bottom interface can also be made highly reflective by setting n; = oo, more akin to a metallic
interface. This results in a sign change for r,3, and hence an additional m phase shift.) Graphs of the phase shift are
shown in Figure 2(b), for various reflectivities R of the top interface. The phase shift here is measured from the top
interface. If its reflectivity is 0%, then the top interface might as well not be there, so the phase shift equals the round trip
phase to the bottom mirror, and the graph is a straight line. For higher R, the phase shift becomes almost constant, except
for increasingly steep steps of 2m near the resonances, where the optical path length of a mirror round trip equals an
integer number of wavelengths. It is near such a resonance that we want to poise our etalon, so a small change in mirror
separation leads to a large change in phase.

The calculation of the etalon reflectivity for an HCG-DBR mirror pair closely follows the development above. Since
the mirrors are now no longer infinitely thin, we have to be more specific about the phase. We define the reflection and
transmission phase with respect to the outer surfaces of the mirrors, as shown in Figure 3. The Figure also shows the
dimensions of the HCG and the DBR layers. The dimensions are designed so that the reflectivity of the HCG is lower
than that of the DBR. The HCG dimensions are optimized to provide a large window of fabrication tolerance.'’
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Figure 3. A Gires-Tournois etalon using a high contrast grating (HCG) mirror on top, and a distributed Bragg reflector
(DBR) mirror below, with dimensions of the mirror components indicated. The reflection of the mirror pair can be
understood in terms of the reflection and transmission of its components, as shown.

Since the polysilicon HCG mirror is not absorbing, it is still true that T = 1 — R. With our definition of the phase
with respect to the outer planes of the high contrast grating, it turns out that arg(t) == arg(r) + m/2, and we find that

[Thcel — |rDBR|eZi(p

r = el¥HCG __ 4
1 = Iryellrpprle® @
where the round trip phase 2¢ now incorporates the phase shifts of the HCG and the DBR reflections:
2(d —4)
2¢ = @ucc + Por T+ ZFT; (%)
where A is the electrostatic displacement of the HCG. The resulting phase shift of the etalon is
14+ /Rycc- R 1+ /Rycc/R
® = @y + arctan (M tamp) + arctan (M tan<p> + 1. (6)
1 = y/Ruce * Rppr 1 — /Ruce/Rosr
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Since Rpgg is close to 1, the two arctangent terms are almost equal, and furthermore the Rpgg and 1/ Rppy in these terms
tend to cancel, hence the phase shift of our device is closely approximated by

+ / Rucg

® = @yg + 2arctan (1 tancp) +m+2n % (7
— +/Ruce A

The last term takes into account that in our device, the substrate is stationary and the front surface is moving, leading to

an extra phase delay if the phase shifter is actuated. In contrast, the phase due to the resonance (the arctangent) changes

in the opposite direction. Hence the achievable phase shift is slightly smaller than 2n. Fortunately this is of little

consequence in practice, since the phase change due to resonance is much larger than that due to displacement of the

front surface.

3. RESULTS AND DISCUSSION

Figure 3 shows the phase shift versus wavelength of one of the all pass filter mirrors in our array. The phase was
measured using phase shifting interferometry as outlined in ref. 11, using a tunable laser source. The phase is referenced
to the phase of a reflection from the area in between the mirrors nearby. The phase shows a large change of close to 2n
going across the resonance of the all-pass filter. Applying a modest voltage attracts the HGC mirror towards the DBR
and shifts the resonance toward shorter wavelengths, as expected.
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Figure 4. Measured phase shift vs. wavelength of the all-pass filter mirror of Figure 3. The curves are a fit to Eq. 7, phase
shift for a Gires-Tournois etalon. Applying a voltage actuates the mirror and shifts the resonance, as expected.

Figure 5 provides a further confirmation that the phase shifter is working as designed. This Figure shows the phase
shift vs. voltage squared for several wavelengths. Plotting vs. squared voltage puts these curves on the same footing,
since the mirror displacement is expected to be approximately proportional to voltage squared, for electrostatic actuation.
The HCG and DBR mirrors are sufficiently broadband reflectors that the reflectivity is similar for the various
wavelengths, but the round trip phase changes, so the curves shift accordingly.

Positioning the mirrors close to resonance to achieve low voltage operation requires careful design of the HCG and
DBR, since the round trip phase due to the mirrors is about equally important as that due to the mirror separation.
Changing the operating wavelength provides some latitude, but not very much, as will be clear from Figure 5. In
particular, if the mirror gap is too narrow, then no applied voltage can bring the etalon back into resonance. For the
phase shifters demonstrated here, we selected an operating wavelength of 1500 nm to comfortably perform beam
steering.
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Figure 5. Measured phase shift vs. voltage squared, for various wavelengths from 1480 nm to 1530 nm, in 10 nm

increments.

To put the advantage of an all-pass filter mirror in perspective, we compare its phase shift with that achieved by
reflecting from the surface of a single actuated HCG mirror, in Figure 6. The HCG-only mirror is comparable in design
to the all-pass filter HCG.'? In particular, it has similar resonant frequency. For the conventional HCG mirror, the phase
increases with voltage, as the mirror gradually is pulled in. Since the displacement varies quadratically with voltage, the
phase varies quadratically too. In contrast, the phase of the all-pass filter mirror decreases as the etalon tunes through the
resonance. From the Figure it is apparent that the all-pass filter provides a larger phase shift for a considerably reduced

actuation voltage.
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Figure 6. Comparison of the phase shift of our HCG-DBR all-pass filter phase shifter (red, filled symbols) with the phase
shift of a single HCG phase shifter (blue, open symbols), with similar resonant frequency. The all-pass filter achieves a

larger phase shift for a much reduced actuation voltage.

Beam steering experiments were conducted with the 8x8 array of mirrors using a binary pattern of phase shifts, i.e.,
with the phase of the mirrors set to either 0 or « radians. Far field images for a selection of patterns are shown in Figure
7. The central spot in these images is the 0™ order beam due to the modest 33% fill factor of the present array. The
binary patterns shown deflect the beam symmetrically to the four corners of the field (for the checkerboard pattern), or
up and down (for a pattern of horizontal lines), to left and right (for vertical lines), or diagonally (for a diagonal line
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pattern). Smaller deflection angles can be obtained by applying a more coarsely structured pattern, as illustrated with the
checkerboard pattern. In fact, any beam position inside the dashed square can be reached by applying a suitable pattern.
A video of the beam raster scanning over the square is available online.

Figure 7. A selection of beam patterns. The dashed rectangle in the first panel outlines the maximum steering range. The
pattern below each panel shows the arrangement of mirrors switched on or off (n or zero phase shift).

Video 8. Beam steering. Images for multiple beam positions are superimposed here. A video of the beam making a raster

scan is available at: http://dx.doi.org/10.1117/12.2045341.1

4. CONCLUSIONS

A novel micro-electromechanical systems optical phase shifter based on an all-pass filter has been successfully
developed for fast beam steering. The 8x8 array of phase shifters consist of lightweight high contrast grating mirrors
suspended above a distributed Bragg reflector mirror substrate using flexure springs. The mirrors are electrostatically
actuated by applying a voltage between a grating mirror and the substrate. The mirror separation is designed such that
the mirror pair is poised close to resonance, where the round trip optical path length is slightly longer than an integral
number of wavelengths. A small mirror displacement then suffices to pull the mirrors through resonance, leading to a
large voltage-controlled phase shift. In this way we achieve a wide operating bandwidth of over 500 kHz, for a low
actuation voltage. We demonstrate beam steering with an 8x8 array of these all-pass-filter mirrors.
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