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ABSTRACT

2D quasistatic (point-to-point) gimbal-less MEMS mirrors enable programmable, arbitrary control of laser beam position
and velocity - up to their maximum limits. Hence, they provide the ability to track targets, point lasercom beams, and to
scan uniform velocity lines over objects in laser imaging. They are becoming increasingly established in applications
including 3D scanning, laser marking and 3D printing, biomedical imaging, communications, and LiDAR. With the
increased utility in applications that demand larger mirror sizes and larger overall angle*diameter (6*D) figures of merit,
the technology is continuously pushed against its limit. As a result we have implemented mirrors with larger diameters
including 5.0mm, 6.4mm, and 7.5mm, and have designed actuators with larger torque and angles to match the @*D
demand. While the results have been very positive in certain application cases, a limitation for their more wide-spread
use has been the relatively high susceptibility of large- 6*D mirrors to shock and vibrations. On the other hand, one of
the challenges of MEMS mirrors of small diameters is their lower optical power tolerance simply due to their smaller
area and heat removal ability. Although they can be operated at up to 2-3W of CW laser power, new developments in
dynamic solid state lighting in e.g. headlights demand operation at up to 10W or beyond.

In this work we study and present several package-level approaches to increase mechanical damping, shock robustness,
and laser power tolerance. Specifically, we study back-filling of MEMS packages with different gases as well as with
different (increased) pressures to control damping and in turn increase robustness and useable bandwidth. Additionally,
we study the effects of specialized mechanical structures which were designed and fabricated to modify packages to
significantly reduce volumes of space around moving structures.

In their standard form and packaging the MEMS mirrors tested in this study typically measure quality factors of 75-100.
Increases of pressure up to 50psi have shown relatively modest reductions of the overall quality factor to the 40-50 range.
Backfilling of packages with heavier inert gasses such as Ar and SF¢ results in lowering of the quality factor down to 20-
30 range. Mechanical modifications of the package with special structures and reduced air-gap to the window yielded the
best results, reducing the quality factor to ~9-14. Combination of specialized packaging structures and gas backfill and
pressure control could provide a very efficient heat transfer from the mirror and the desired near-critical damping, but
has not been demonstrated yet. The increased performance does not change the compactness and low power consumption
- the improved MEMS mirrors still consume <ImW. So far, designs with mirror sizes through 3.0mm diameter with
increased damping have passed 500G shock tests.

In terms of improved heat removal we have found that the packaging improvement greatly increased optical power
tolerance of MEMS mirrors from few Watts of CW laser power to >10 Watts. The exact numbers for the upper limit are
not yet available - in samples where the heat removing structure was added and air was replaced with Helium, our setup
with 3 combined lasers was not able to damage any samples.
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1. INTRODUCTION
1.1 GIMBAL-LESS TWO-AXIS QUASISTATIC MEMS MIRRORS

Most of our gimbal-less MEMS mirror device types are designed and optimized for point-to-point or quasi-static optical
beam steering [13],[1]. A steady-state analog actuation voltage results in a steady-state analog angle of rotation (tip/tilt
positioning) of the mirror. At low frequencies or near DC, there is a one-to-one correspondence of actuation voltages and
resulting angles: it is highly repeatable. All designs can be mechanically positioned to at least 16384 x 16384 clearly
resolvable x-y mechanical positions. In other words, if a digital-based MEMS driving system with true, low-noise 14-bit
voltage driving capability is attached to the MEMS mirror, the mirror could be commanded to 16384 measurably
different and repeatable positions - on each of its two axes. In many cases that number is 20k x 20k or higher. As
mentioned, a driver should have very low noise and high (e.g. 15-16 bit) precision to allow a system to achieve the
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ultimate electromechanical capabilities of the MEMS mirror itself. It has been found that this repeatability does not have
any measurable degradation over time in cases where the MEMS mirrors are packaged in clean/inert environments such
as e.g. in hermetically capped TO-8 packages with dry N, backfill. Furthermore the performance is not degraded by the
frequency of their use such as e.g. number of cycles. Billions of cycles are easily reached only in the first few months of
a MEMS mirror’s 10+ year lifetime. All of these key repeatability and reliability characteristics are owed to the pure
single-crystal silicon design and construction and to the electrostatic actuation methodology. Namely the complete
MEMS actuating structure is constructed in one single layer of a single-crystal silicon wafer. There are no special
materials, piezoelectric, magnetic, or electrothermal. There are no significant currents running through structures, no
metal interconnects in any flexures, and no magnets. Apart from single-crystal silicon structures and flexures there is
only pad metallization and mirror metallization for high reflectance. For this reason our gimbal-less MEMS mirrors have
been successfully used in applications at temperatures ranging from sub 1K (below -272.15°C) [16],[17] to around
473.15K (200°C) temperatures, though the standard operating range for most reliable operation is specified as -40°C to
105°C. Ultimately, any limitations are often related to the package and die-attach materials and adhesives rather than the
MEMS chip itself.
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As mentioned, with the quasistatic capability, a sequence of actuation voltages results in a sequence of mirror angles for
point-to-point laser beam-steering. Such devices can be operated over a very wide bandwidth from DC (maintaining
position at constant voltage with nearly zero power consumption at the device) to several thousand Hertz with
mechanical tilt range of -5° to +5° on each axis or larger depending on the design [1]. Such fast and broadband capability
allows nearly arbitrary waveforms such as vector graphics, constant velocity line scanning, point-to-point step scanning,
and resonant-quasistatic rastering (one axis resonant, the other quasi-static). These capabilities are utilized in established
applications such as 3D scanning [2], biomedical imaging [3], free-space communication, LiDAR [4],[5], and laser
tracking (Figure 1c) [6],[7]. At higher frequencies closer to device resonance, the full device response dynamics must be
taken into account. A good approach to estimate “what will the MEMS mirror do if I apply the following waveform?” is
to simulate or analytically assess the effect of the mirror’s electromechanical transfer function on the specific waveform.
Ultimately measurements give the final and most accurate answer but very good estimates can be obtained by relatively
simple simulation.

The gimbal-less MEMS mirrors’ actuators lend themselves inherently to a modular design approach. Firstly each
actuator utilizes electrostatic combdrive rotators (Figure 1a) of designer-chosen length (depending on the allotted chip
size). Our designs range from <1mm length rotators to ~9mm long rotators, and even special double-rotator designs to
practically double the available torque on each side of the chip (Figure 2a and b). Furthermore, designer chooses
arbitrarily stiff torsional supports for each rotator, arbitrarily stiff linkages between the rotator and the mirror, and
arbitrarily positioned mechanical rotation transformers [10]. Those bi-axial flexures or rotation transformers which
connect each rotator to the central mirror (or stage for bonded mirrors) determine the ratio of mirror angle to rotator
angle which we call the angle gain. In addition, the device can have an arbitrarily large mirror diameter [1],[13] —
however naturally not without significant trade-offs. Devices with larger-diameter mirrors are correspondingly
quadratically slower due to the increased inertia. Namely, inertia of a round mirror plate is proportional to the fourth
power of its radius and therefore the “speed” capability of the MEMS mirror is inverse proportional to the square its
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radius. This is a general rule of thumb when comparing device designs, but many other parameters affect the actual
performance especially die size and angle swing.

Integrated mirrors of 0.8mm, 1.2mm, 1.6mm, 2.0mm, and 2.4mm diameter are monolithically fabricated as an integrated
part of the gimbal-less actuator device structure. They are the central area of the silicon die and share the same micro-
fabrication steps as the surrounding electrostatic actuators. These mirrors are constructed of the same available silicon
layers, featuring nearly perfectly flat and smooth silicon surfaces. On four sides, the mirrors are connected to bi-axial
linkages that provide two-axis movement.

5mm Mirror d) 7.5mm Mirror

Double Rotators
-—wr
Figure 2. a) A 8mm x 8mm MEMS actuatdd SR8.2400ALwith a single rotator on each side, b) A 12mm x 12mm MEMS
actuatorA4ADR12.22400ALwith doublerotators on each sidef the chip c) A4SR8.-5000AL MEMS device with a 5.0mm
mirror in a DIP24 package providing +5° of tip/tilt angle for a totab*D factor of 25 d) A4QY8.4500AL MEMS device
with a 7.5mm mirror, packaged in a customized ceramic agi@-flex carrier board— an experimental actuator, mirror
and package desigrThis device provides-¥° of tip/tilt angle for a totab*D factor of 52.5.

Y .

Bonded mirrors are fabricated separately from the silicon actuator structure and are intended for subsequent micro-
assembly on top of devices. Because these mirrors are attached from above the device actuator structure, they do not
occupy a part of the actuator area and therefore can be essentially made in arbitrary sizes. The Bonded Mirrors
methodology allows users to select the size up to 7.5mm diameter, as well as the geometry of mirrors for each individual
application, in order to optimize the trade-offs between speed, beam size, and scan angle (Figure 2c¢ and d).

1.2 PRIOR WORK ON DIELECTRIC-LIQUID ENHANCED MEMS

In 2016, we presented work demonstrating that MEMS mirrors can have dramatically increased performance in effective
achievable resolution (0*D product) when fully immersed and packaged in dielectric liquids with highly favorable
torque-increasing, damping-increasing, and optical gain-increasing properties [14]. The rotating electrostatic combdrive
had its torque multiplied by liquid’s relative permittivity of ~2.5. Furthermore, by selecting the appropriate fluid
viscosity, quality factor of the device was reduced and structural damping was tuned to near critical damping. Finally, the
increased scan angle due to the ~1.5-1.7 index of refraction of the fluid was an additional benefit. These benefits of the
fluidic packaging enabled us to double and in some cases triple the previously achieved 6*D product of two-axis
quasistatic MEMS mirrors while still maintaining speeds applicable for above mentioned applications. For example, a
standard MEMS mirror (A7B1.1-3000AL) with a 3mm diameter mirror and up to +-8° of mechanical deflection has a
product of 24, while another (A4SR8.3-5000AL) with a 5mm diameter mirror and up to +-5° of mechanical deflection
has a product of 25 (Figure 2c¢). Those could be increased ~1.5X in the cases of full immersion in dielectric liquid.

One of the most exciting benefits of the packaging methodologies is that the damping dramatically increases shock and
vibration tolerance. While the results with MEMS actuators packaged fully immersed in dielectric fluids were very
positive and exciting, there are obvious challenges related to reliably producing such packaging — without air bubbles,
evaporation or leaks, etc. That work is ongoing and especially for some application areas that would most benefit from
said figure of merit improvements.

1.3 GOAL OF THIS WORK

In this work, we investigate various other packaging approaches, without the above-mentioned dielectric liquids, which
would still provide some of the mentioned benefits and would be more straightforward for productization. For example,
we investigate specialized structures and gases in the MEMS mirror packages to increase the mechanical damping of the
MEMS structures. The work consists of a three prong approach. The first is to add structures to the MEMS package, to
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restrict the flow of gas surrounding the moving structures. The second approach is to replace the air (or N,) filled
package with higher density gases. The final approach is to increase the pressure within the cavity package. Potentially, a
combination of all three approaches can be combined to create a highly optimized package to improve MEMS mirror
performance by reducing Q, as well as increasing the mirror’s heat dissipation capabilities.

a) 3 b) 100

o— Unfiltered Input —o— Unfiltered Input jg

—a— Filtered Input —a— Filtered Input

—
(=]

m

> oo %%
o580
O
o

Mechanical Angle [ °]
T o o
Magnitude [dB]

580Hz 4500Hz

-3dB at \ -3dB at

o

L8
o
-

o 1 2 3 4 5 10 100 1000 10000
Time [ms ] Frequency [HZ]

Figure 3. Typical responses of a 1.2mm diameter girdsd MEMS mirror irair, showing the challenge difie very high
quality factor.a) step response of the MEMS mirror to unfiltered input vs. to inpetditwith fc = fn/3p) smaltsignal
frequency response of the MEMS mirror with and without the filtered input.

One of the obvious consequences of this damping is a major increase in shock and vibration tolerance. Furthermore,
driving of the MEMS mirror can be simplified without the need to cancel unwanted overshoot/ringing by multiple
software and hardware methodologies. Namely, the very high quality factors of the silicon MEMS mirrors result in
significant driving and controlling challenges. Since these are quasistatic or point-to-point beam steering devices, one of
their most natural modes of operation is stepping from one position to another. In Figure 3 we see that the response of a
typical gimbal-less MEMS mirror to a step function is an oscillation which can last for 10s of milliseconds or longer.

\MEMS mirrors manufactured in standard packages with air or N, backfill have quality factors (Q) as high as 100
(damping ratio of 0.005). This varies to some extent with mirror size and bonded vs. integrated mirror assembly
approach but is always quite high. Due to this high Q, the unfiltered step waveform excites that resonance (2.91kHz in
Figure 3b example) — so the beam overshoots to practically twice the desired angle, undershoots back to zero etc. This is
clearly highly undesirable in any point-to-point beam-steering application. It should be noted that there are different
considerations in cases where one of the axes or both axes are purposely allowed to oscillate at resonance in special
raster scanning applications. However the focus of the work is on improving specifically broadband quasistatic
performance and reducing any resonant response such as overshoot or ringing or shock-induced oscillation. Hence, what
we often must do to avoid such overshoot and ringing is to pre-shape (in time domain) or filter (in frequency domain) the
input waveform such that it does not excite the resonant peak which results in a relatively fast step settling time also seen
in Figure 3a. But in order to get satisfactory results with a simple low-pass filter (here a 6™ order Bessel filter is used),
we must set the cutoff frequency of the filter to approximately 1/3 of the resonant frequency (f,,) of that MEMS mirror.
Figure 3b shows this filtered vs. original open loop response and we can see that indeed such a method suppresses the
peak adequately but has a severe penalty in available bandwidth. The original -3dB point of the response was at 4500Hz
and therefore with some optimal driving scheme that perfectly inverses the device responses all of that bandwidth would
be available. However due to the need to pre-filter which is the simplest but often the only available solution in many
applications, the -3dB point drops to 580Hz. It is evident then that any increased damping and therefore reduction of the
Q-factor could allow a much more efficient utilization of the device’s full available bandwidth, potentially allowing the
use of the full bandwidth without the need for pre-shaping or filtering of command waveforms.

MirrorcleTech.com Veljko@mirrorcletech.com +1-510-524-8820



Presented at SPIE Conference on MOEMS and Miniaturized Systems XVI, San Francisco, CA Feb 1%, 2017

2. THEORETICAL APPROACH
2.1 SIMPLIFIED LINEAR MODEL OF THE INTEGRATED MEMS MIRROR

Here we consider a simple model for the gimbal-less two-axis MEMS mirror. The mirror’s mechanical angle is
proportional to the angle of driving rotators (rotating vertical combdrive actuators) [10], and the following discussion can
be simplified and approximated by considering one complete axis sub-system of the gimbal-less two-axis MEMS mirror
as an LTI second order system (Figure 5b). This approximation is for integrated (monolithic) MEMS mirrors [10]-[13] in
which the mirror center of inertia is approximately in the same location as the (virtual) axis of rotation. It should be noted
that in the following models we assume linearized driving of the MEMS mirror using the bias-differential quad-channel
driving methodology [11].

The linearization is achieved by applying a Vbias voltage to all (opposing) rotator segments, and an additional

Vdifference between opposing rotator segments to obtain proportional rotator position. Therefore the models assume
Vdifference as the command input and mirror position as the output. The model can be expressed as shown in Figure 4a.

a) Control Voltage to Torque Mechanical spring-mass system Mirror
Voltage conversion response angle
Vdifferene(t) —»| H_(s) = 2&biastK, |— [ Hu (8) =K, O 4, — p(t)
E L M 2 +2G Oy G+ uf
b)
Vdifferene(t)—» | H(s)=KQ , —p(t)
s +2Q Oy G+w/
C) Diameter
Device [mm] K [°/V] { (Zeta) w, / 2p [HZ] Vbias [V]
A318.2 0.8 0.0594 0.0067 3975 70
A3112.2 1.2 0.0486 0.0067 2638 80
A1M16.5 1.6 0.0517 0.0067 1501 80
A7M20.1 2.0 0.0384 0.0067" 1314 80
A5M24.1 2.4 0.0459 0.0067" 850 80

Figure 4. a) A frequency domain model representing the integrated MEMS device as a 2nd order Linear Time Invariant
system, with a voltage input and a MEMS mirror angle output, b) A simplified model of the 2nd order LTI system, c) A list of

examples of integrated MMES mirror devices that are represented by the 2nd order LTI system.

In the model we group various geometry and material-based constants as constants K; and K,. The voltage to torque
conversion constant K; is dependent on the size and shape of the electrostatic combdrive structure and the permittivity of
the material between each individual comb finger in the combdrive. The mechanical response constant K, represents the
mechanical compliance of the structure which defines the magnitude of mirror angle response with respect to a provided
torque at the rotators. It is therefore the overall mechanical compliance of all the flexures but it also includes mechanical
gain between rotator angle and mirror angle. In Figure 3b all those constant terms are grouped as a new constant K which
provides for conversion from Vdifferencenput all the way to mirror angle p. The key parameters in the model then are as
follows:

+ (B AEA@ (1)
5 ¢nOQ (2
- = @)

where K is the “voltage-to-angle gain” or mirror rotation per driver voltage (Figure 5a), w, is the undamped natural
frequency of the system and  is the damping ratio. This 2" order transfer function can very closely match the system
plotted in Figure 5b. The primary goal is to modify the MEMS package, to increase the damping ratio ¢, and to see that
the system response becomes more and more like an ideal wideband actuation system with full use of the natural -3dB
bandwidth.
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Figure 5. a) Voltage vs. Mechanical Angle graph, with the slope near 0 Voltage Difference representing the lgain K,
Frequency response of an Integrated MEMS device, represented as ¥ bfde? system with 2 poles, S}ep response of
an Integrated MEMS device, where no filtering was applied to the device, as a step of ~3° mech. angle is requested.

2.2 SIMPLIFIED LINEAR MODEL OF THE BONDED MEMS MIRROR

The simplified linear model for the bonded MEMS mirror has two additional orders than the integrated MEMS model.
The bonded MEMS mirror and actuator system are represented as an LTI fourth order system (Figure 7b). The bonded
MEMS mirror structure has a rotating MEMS actuator with a stage, and a mirror on a pedestal bonded to the actuator’s
stage. The two additional orders are from the mirror’s center of inertia is no longer along the actuator, but above the
plane of the actuator. These standard MEMS actuators are designed to accept bonded mirrors from 2.4mm up to 5.0mm
diameter, coated with Aluminum or Gold. In special cases (experimental designs), 6.4mm and 7.5mm mirrors have been
used with large-angle actuators as well. On the other end, there are other very stiff MEMS actuators designed with
smaller mechanical angle range (e.g. A5L2.1 with +/-0.9°). Those MEMS actuators are often assembled with larger
bonded mirrors above 5mm diameter. In R&D quantities we have demonstrated MEMS mirrors with 8mm and 9mm
diameters on such high-stiffness actuators [1].

a) Control Voltage Mechanicalrzzgr;a-srgass system l;/lri]rgr%r
. WO, &s+2)(s+2)
Vdifferene(t) —s | H(s) =K M~ n2 - — > p(t
rerene) s | O e ns s s+ e pJ0 |

7 ParametersK, z,, Z,, Z,, Wy; Wy, W,
_ . [ 2 _ . [ 2
P =- Wy, - 1y 1'21 P, =- Wz, 1, 1'21
_ - [ 2 _ . [ 2
P; = - W2, - W, 1- Z, P, =-W,Z, 1, 1- Z,

z=-wz,-iwq1- 2, z,=-wz, +im1- 2,/
b) Diameter K w,/2p | w,/2p| w,/2p | Vbias
Device [mm] [°/V] [Hz] [Hz] [Hz] V]
A8L1.1 3.0 0.0455 649 2024 1804 80
A7B2.1 2.4 0.0437 780 1462 1250 80

Figure 6. a) A simplified frequency domain model representing the bonded mirror MEMS devic¥ asderdLinear Time
Invariant system, with a voltage input and a MEMS mirror angle output, b) A list of examples of bonded mirror MEMS
devices that are represented by tfeodder LTI system
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Figure 7. a) Voltage vs. Mechanica\ngle graph, with the slope near 0 Voltage Difference representing the géh K,
Frequency response of a bonded mirror MEMS device, represented as 4 &ifleft system with 4 poles and 3 zeros, c)
Step response of a bonded mirror MEMS device, wheritenin was applied to the device.

2.3 QUALITY FACTOR REDUCTION

Quality factor in an oscillating resonator is the ratio of the energy stored to the energy dissipated by damping per
oscillation cycle, and is (inversely) representative of the damping of the MEMS mirror. For resonators, a high quality
factor results in larger displacements, SNR, reduced phase noise, and other benefits. Therefore there is quite a volume of
published work on methods to increase quality factor of various types of MEMS resonators, e.g. inertial sensors,
reference clock resonators, and resonant mirrors. In many cases such MEMS are used in vacuum to attain extremely high
quality factors. But when driving a quasi-static MEMS mirror, the large quality factor results in undesirable overshoots
and oscillations. In fact, the resonant peak of the quasistatic MEMS mirror is the one part of the response that we
typically cannot use. It could be considered beneficial to have just that specific portion of the device response cancelled
by appropriate driving or control methods such as with closed-loop control or inverse system filtering [12]. Furthermore,
a high Q resonance in a mechanical structure like a MEMS mirror can make it highly susceptible to external
environmental perturbation like from shock, vibration, and even sound. This is of concern both in use in terms of
positional stability in a perturbing environment and also for overall survivability in major shock/vibe events. If the
external perturbation includes frequency content in the vicinity of the high Q resonance the effect on the structure is
magnified, sometimes catastrophically. Despite these multiple obvious benefits of increased damping in the category of
MEMS which are to be operated in quasistatic mode, there are practically no publications discussing methods to increase
damping.

2.4 IMPROVED HEAT REMOVAL FOR HIGH OPTICAL POWER APPLICATIONS

Since the mirror is quasi-static (point-to-point) capable and does not require vacuum for its operation like resonant-type
MEMS mirrors [8], it benefits from considerable thermal conduction capability of the surrounding air in its package.
This cooling-by-air capability is approximately proportional to mirror area, and therefore increases quadratically with
mirror diameter. Prior work from a 2016 paper at SID has shown that the majority of thermal conduction from the
mirror’s surface is via conduction through the surrounding air [9]. That conduction is to the ceramic carrier below, to the
surrounding anchored silicon structures, and to the glass window above. Hence the conduction is inverse proportional to
the mirror’s distance from those “cool” objects. Typically, the MEMS mirrors absorb 5% to 15% of the laser beam’s
energy (depending on the wavelength) with the standard Aluminum and Gold coatings. With these coatings, we have
found that mirrors can be reliably operated at up to 2W of CW optical laser power in most wavelengths. At some specific
wavelengths where reflectance is relatively higher, reliable operation is reached at powers as high as 4W (CW) even with
mid-size (2mm diameter) mirrors. Finally, at 1064nm wavelength and with gold-coated 4.2mm and 5mm mirrors,
operation at up to 10W of average optical power is reliable. Wavelength specific coated-mirrors showed higher
reflectance to increase that range, but require a complex and costly deposition process.

Thus we explored two simpler routes to significantly increase this optical power tolerance without need for MEMS
mirror re-design or metal coating alteration. One route was to design a new package in which distances between the
mirror and cool reference surfaces are minimized. Above the mirror the fused silica window could be dropped from the
standard height of 0.65mm above the mirror down to 0.15mm. Below the mirror we placed a custom-designed copper
cooling structure, which minimizes distances to the mirror without mechanical interference at all possible mirror angles
(5.5° on either axis and up to 7.75° on diagonals). This resulted in distance reduction from 0.45mm down to ~0.1mm.
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Figure 8. a) A MEMS package optimized for heat dissipation with a lowered window, and a heatsink cone beneath the

mirror, b) MEMS mirror power handling test using three laserrses to achieve >5W of CW power, MEMS heatsink
structure desiged to fit under a MEMS actuator to fill in the cavities under the actuators, rotators and mirror, single level,
d) Similar heatsink structure as figure c, with multilgheels to have the structure in the mirror cavity approach closer to the

mirror, €) Thesimplest heatsink structure, a cylinder to fit under the mirror cavity, with the tip of the cone approach as close

as possible to the backside of the mirror.

Since presenting our work in 2016, more complex cooling structures have been fabricated to reduce the volume of space
near all moving structures of the MEMS device, and not just being limited to under the mirror cavity. Figure 8c shows a
heatsink structure that goes under the MEMS actuator, covering up any backside openings, and reducing the space under
the actuators, rotators and the mirror. Figure 8d is a more complex version of the structure in Figure 8c, with multiple
layers, making portions of the structure move even closer to the MEMS mirror for increased thermal conductivity. Figure
8e is an image of the simplest structure, a cylinder with a pyramid structure on the top to have the center get as close as
~20um to the center of tilt of the MEMS mirror, and the edges at an incline to match the maximum angle of the MEMS
device. The pyramid structure on the top has the steepest of the inclines on the diagonals to accommodate the larger
angles seen by the mirror when the both X-axis and Y-axis rotators are tilted to their maximum angle. With these two
simple package modifications which nearly quadruple thermal conductance for the mirror we successfully operated
multiple devices at the maximum available power of 5.5W (Figure 8b). We estimate >10W capability with these package
improvements. The second route is to hermetically package the mirror in Helium environment. The combination of both
approaches should result in 15W capability in full range of ambient temperatures.

3. EXPERIMENTAL SETUP
3.1 SELECTION OF MEMS MIRRORS

Three different MEMS device designs were selected for the study to improve overall performance using various
pressures, backfilled gases and packaged structures around the MEMS mirrors. All three MEMS mirrors are designed for
two-axis quasi-static (point-to-point) beam steering with +5° mechanical tip/tilt angle and based on a gimbal-less,
monolithic structure with vertical comb drive actuator design. The three MEMS devices are Aluminum coated, vary in
mirror diameter and consequently the device bandwidth and resonant frequency. Additional designs were considered and
used in selected tests but are not reported in this study since they did not go through all the tests. The additional devise
include the A5SM24.1 integrated MEMS mirror device with a 2.4mm Aluminum mirror, and the A8L1.1 actuator with a
bonded 3.0mm Aluminum mirror. The selected designs for this study are:
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MEMS Device | Mirror Diameter | Chip Die Size | Mechanical Resonant
Design [um] [mm x mm] Angle* [°] |Frequency* [HZ]
A3112.2 1200 4.25x4.25 +/-5° 2700

A1M16.5 1600 4.23 x 4.23 +/-5° 1500
A7M20.1 2000 5.20 x 5.20 +/-5° 1300

Figure 9. A table of the three MEMS device designs used irsthdy *Note: The mechanical angle and resonant frequency
defined inthe table are in standard, afilled packages.

3.2 SELECTION OF GASES

Thermal
Molecular Density Conductivity
Weight (g/mol)| (kg/m3) W/(m K)
Air 29.000 1.225 0.024
Helium* 4.003 0.164 0.151
Argon 39.948 1.633 0.018
SF, 146.060 6.170 0.014

Figure 10. A table of thegases selected for this study. *Note: Helium was considered for its high thermal conductivity
properties but was not used due to imratelavailability for our test setup.

Argon (Ar) and Sulfur Hexafluoride (SFg) were chosen as both gases are inert, have favorable optical properties and have
densities greater than that of air. Argon has a density approximately ~1.5 that of air and SF¢ has a density approximately
five times that of air and in both cases we expect higher damping. Helium was also considered and tested because it helps
improve heat removal due to its high specific heat which helps keep the mirror cool. Based on immediate availability,
only Ar and SF¢ were used in damping experiments, along with room atmosphere. Helium was used in experiments with
high power lasers.

3.3 CHARACTERIZATION METHODOLOGY

Two stations were used to perform the characterization. For testing at different pressures, a device was placed in a
100PSI rated sealed chamber. The room atmosphere was then pumped into the sealed chamber, with a pressure gauge
monitoring the pressure in the chamber for each increment of the test. For testing different gases, a device was sealed in a
chamber and the chamber was backfilled with the gases to room pressure. Both stations used a 20mm x 20mm Position
Sensitive Detection (PSD) used to measure the MEMS device’s frequency response by reflecting a laser beam off the
MEMS mirror to the PSD. A BDQ Amplifier connected to a NI-DAQmXx card drives the MEMS device and observes the
drive voltages and PSD output voltages. The measurements are used to characterize the MEMS device parameters such
as frequency and step responses. The MEMS device is mounted with a ~20 degree of incidence from the CW laser and
approximately 30mm away from the PSD, allowing the majority of the PSD to be used for measurement. The CW laser
and PSD were not placed inside the sealed chamber for either of the two tests. The package modification tests were also
performed on the same test station with the 20mm x 20mm PSD, NI-DAQmx card and BDQ Amplifier MEMS driver.

Before testing, the each MEMS device was fully characterized in our standard test, which includes voltage vs. angle gain,
frequency response, step response, etc. However, while under test conditions, the voltage vs. angle relationship was not
measured for tests in different gases or pressures as the permittivity change in the electrostatic combdrives is negligible,
unlike in a dielectric fluid such as silicone oil. The measured frequency response is used to obtain an overall picture of
the dynamic characteristics. To verify the resonant frequency and Q of the device, we fitted the step response to a model,
and with the device’s response in room atmosphere and pressure.

4. TESTS OF OPERATION AT INCREASED PRESSURES
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The device under test is the A3112.2, with 1.2mm integrated Al mirror. The device was first characterized in a room
pressure environment to get a control baseline, and then inserted into a specialized chamber for the pressure tests. The
pressure was gradually increased, and stopped at steps of 7.5PSI for a frequency measurement. As the pressure increases,
the frequency response showed the MEMS device’s resonance frequency slowly decreases, but no more than ~1.2%. The
frequency response also showed that the Q at resonance drops almost in half at the highest tested pressure when
compared to room pressure. Additional tests were scheduled to test devices at higher pressures, and with modified
MEMS packages, but due to limited time and resources, only the A3112.2 MEMS device was completely characterized.
Initial results show that the MEMS device can benefit from a pressurized, hermetically sealed package.

a) Frequency Response at Different Pressures - A3112.2 b)
100

—&— Room Pressure
—o— +7.5PSI
—o— +15PSI| Different Pressures at Room Temperature
—v— +22.5PS| -
+ 30 PSI MEMS DeviceA3112.2
) —e— +37.5PS| Pressure Res. Freq. [HZ Q at Res.
T, —e— + 42 PSI
© Room Pressure (~14 PS 2464 80
El Room + 7.5 PSI 2456 69
S Room + 15 PSI 2449 61
= Room + 22.5 PSI 2446 56
Room + 30 PSI 2446 52
Room + 37.5 PSI 2439 49
Room + 42 PSI 2434 47
10

Frequency [Hz]

Figure 11. Pressure Resultsa) Frequency Responsetbt A3l12device on the PSD Test Seatpmultiple pressured) a
table of Resonant Frequenciasd Quality Factorsof theA3I12device at multiple pressures

5. TESTS OF OPERATION WITH DIFFERENT BACK-FILL GASES

The devices under test are the A3112.2 and A1M16.5 integrated MEMS devices with 1.2mm diameter Al mirror and
1.6mm Al mirror respectively. The devices were first characterized in a room atmosphere environment to get a control
baseline, and then inserted into a specialized chamber for the various gases. The experiment began by filling the chamber
slowly with Ar gas, with multiple frequency response measurements taking place as the chamber transitioned from air to
Ar. After the measurements were taken with the chamber filled with Ar gas, the chamber was cleared for the next
experiment. The same procedure of filling the chamber and taking frequency response measurements was done when
filling the chamber with SF¢. The results showed that Ar gas was able to significantly reduce the Q at resonance without
affecting the resonant frequency. SFs meanwhile, shifted the resonant frequency left, slightly reducing it, but it also
resulted in reducing the Q at resonance by at least half with the A1M16.5 device, and more than half the Q was reduced
for the A3112.2 device.
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a) Frequency Response in Different Gases - A1M16.5 b)
100 Different Gases at Room Pressure
MEMS Device: ALM16.5
Gas Res. Freq. [HZ Q at Res
Air (N,) 1487 82
/Argon (Ar) 1487 56
g Sulfur Hexafluoride (9F 1454 31
[}
) c)
g’ Different Gases at Room Pressure
MEMS DeviceA3112.2
Gas Res. Freg. [Hz Q at Res
Air (N,) 2787 92
~ Argon (Ar) N/A N/A
j Sulfur Hexafluoride ($F 2753 56

1000
Frequency [Hz]

Figure 12. GasBackfill Results- a) Frequency Responsetbe A1M16.5evice on the PSD Test Setwith various gases
b) A table of Resmant Frequencieand Q of the A1M16.5device with various gases) A table of Resonant Frequencies
and Q of the A3I118evice with various gases.

6. TESTS OF OPERATION WITH MODIFIED PACKAGES

a)  Frequency Response in Different Packaging - A7M20.1 b)
I MEMS Device in Package with Modifications
100 H —s— Standard Package MEMS Device: A7M20.1
—o— Package with Cone Package Res. Freg. [HZ Q at Res
—o— Cone and Window
Standard DIP24 Package 1309 110
. DIP24 Package with Cone 1313 13
g Package with Cone and Windo! 1294 12
Q
E c)
€10 — - P
5} MEMS Device in Package with Modifications
= MEMS Devicea3l12.2
Package Res. Freq. [HZ Q at Res
Standard DIP24 Package 2361 56
DIP24 Package with Cone 2312 12
Package with Cone and Windo N/A N/A

1 S
800 900 1000 2000
Frequency [Hz]

Figure 13. Package Damping Resuklsa) Frequency Response AFM20.1device on the PSD Test Setwjth package

scale damping solutionb) A table of Resonant Frequency and Q of A7M20.1 device with package scale damping solutions,

c) A table of Resonant Frequency and Q of A3112.2 devicepaitkage scale damping solutions.

Two package scale solutions we designed to reduce the Q at resonance by limiting the available volume of the
atmosphere within the package cavity. A cone structure was placed underneath the MEMS mirror to reduce the air gap
from ~450um to less than 100um which decreased the Q by a factor of 10. The second package scale solution was
lowering the window to ~150um from the top of the MEMS mirror. Unlike the cone which is in a mostly enclosed cavity
beneath the mirror, the window has gaps on all sides around the mirror that reduce its damping effectiveness which is
why the Q changes minimally. A cross-section of this package is shown in Figure 8a. This packaging methodology
yielded the best results, and in the future, this modified package can be combined with a different backfill gas, or
pressured environment to further reduce the Q. In addition to the reduction of Q, this packaging methodology also
increased the mechanical robustness of the MEMS device, enabling the device to survive higher shock tolerances when
compared to the same device in a conventional package. This has so far been tested only informally by dropping various
exposed device packages from different heights >1m onto the metal optical bench surface. In these informal tests the
liquid-packaged MEMS have survived 100% of the time while air-packaged MEMS often broke.
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7. MEMS PERFORMANCE AND QUALIFICATION TESTS

MEMS mirror designs considered and used in this study, as well as a few other designs were also tested with some
standard environmental stress tests. To test mechanical robustness and life time, the MEMS devices were put to various
tests to find the limits of the designs. One of the tests is fast ramp (“thermal shock™) temperature cycling from -40°C to
+125°C according to MIL-STD-883. All of the designs and all packaging varieties tested to date have always passed this
test. Another test is mechanical vibration, variable frequency test, with 20G from 20Hz to 2kHz, according to MIL-STD-
883 Method 2007 [15]. This test is again one that has not been found to challenge the devices or damage any. A further,
more challenging test performed on the devices was a test of mechanical shock tolerance. The devices were tested to
according to MIL-STD-883 Method 2002 [15], testing at six axes for 1ms shock at 500G peak and 0.5ms shock at 1500G
peak. Additional (in-between) shock increments were added to the test since a wide range of MEMS devices were being
tested, and we wanted to see how far certain designs were able to survive. The tests recorded shocks in X and Y-axis
first, then a visual inspection is conducted on the devices to optically verify any structural damage, and the Z-axis shock
is applied, followed by the visual inspection. The tests began with 300G shock tests, continued to 500G, 1000G and
finally 1500G shock at the end. The results of the shock tests are shown in Figure 14. Note that none of the devices
passed 1500G shock and therefore the line is not shown. The ASM24.1 MEMS devices in a modified package optimized
for damping is shown as passed for 1000G shock, but not all the A5SM24.1 devices passed this test in the Z-axis. Designs
A3112.1, A7TM20.1 (with and without the damping structure), A5SM24.1 (with and without the damping structure), and
A8L1.1 with a bonded 3.0mm mirror all passed the 500G at 1ms shock.

MEMS A3112.2 A7M20.1 | A7M20.1 | A5M24.1 | A5M24.1 A8L1.1
Mirror Dia. 1.2mm 2.0mm 2.0mm 2.4mm 2.4mm 3.0mm
Damping No No Yes No Yes No
300G Shock Pass Pass Pass Pass Pass Pass
500G Shock Pass Pass Pass Pass Pass Pass
1000G Shock Pass Fail Fail Fail Pass* Fail

Figure 14. A Table of theShock Test ResuktsMostof tested devices pasithe 500G testbut failedthe 1000Gtess A3112

was able to pass the 1000G shock tests, and some of the A5SM24.1 devices also passed the 1000G tests.
In addition to the performance qualifications presented, many MEMS devices manufactured over the past decade are still
in operation in laboratory settings and in live applications of the technology. Recently, a life time test was put together to
test cycles of operation of a MEMS device, operating at higher than rated voltages for the design. The test used four
A5M24.1 integrated MEMS mirror devices, with a 2.4mm Aluminum mirror, in standard ceramic packages, scanning a
sinusoid waveform at 140Hz, driven by 200V peak-to-peak. The standard A5M24.1 MEMS mirror is rated for 160V
peak-to-peak, to reach a maximum angle of approximately +/-5.5° mechanical angle. The devices have been running
continuously for +130 days, accumulating over 1.5 billion cycles of movement. The MEMS devices are checked daily
for operation, and weekly under a microscope to check for any physical damage to the single-crystal-Silicon MEMS
structure. These devices are operating in a clean laboratory setting and without any optical window or cover over the
MEMS device. There has been some fine dust gathering along the edges of the MEMS mirror but it is not affecting the
MEMS operation in any way.

8. CONCLUSIONS

Each of the individual tests yielded positive results. Increasing the pressure in the MEMS packages can reduce the Q,
with a small effect on reduction of the resonant frequency. Backfilling the MEMS packages with various inert gases also
saw a decrease in Q, and in some cases have additional benefits of increased thermal conductivity, meaning the MEMS
mirror can work with higher laser powers. The MEMS package modifications produced the best results with the Q being
reduced down to the 9-14 range. The modified package can be combined with a backfill of a gas can drastically increase
the MEMS device’s performance, and improve the mechanical structure to survive 500G shocks.

The changes in pressure and various backfill of gases does not change the compactness and low power-consumption of
the MEMS-based beam-steering solution since the improved MEMS mirrors still consume <1mW in operation and
drivers typically consume 100mW. The MEMS device can still be packaged in standard off-the-shelf packages such as
TO-8, with an optically coated window cap to be hermetically sealed. The MEMS mirror package with PCB and its
digital-input driver PCB are approximately 25mm x 25mm x 15mm in volume and weigh only <15g.
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