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Abstract

A new eclectrostatic actuator for a double layer deformable mirror with continuous phase sheet is presented. The electrostatic
actuator employs an upper electrode consisting of multiple Archimedean spiral spring arms supporting a small mass central
attachment point, and is capable of separate the parameters of actuation voltage, spring constant, and resonance. The feature
reduces the complexity in the designing of a double layer deformable mirror with continuous phase sheet that are widely
employed in the adaptive optics area of astronomy. The fabricated device has a diameter of 1250 pm with 4 single crystal silicon
spiral arms each having a length of 6030 um, thickness of 15 um, and width of 30 um. The actuator was simulated and tested to
have a resonant frequency above 2600 Hz, and was simulated to be capable of reaching approximately 5 um displacement with a
drive voltage of less than 30 V with an actuator-electrode separation of 15 pm, based on performance parameter found
experimentally.
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1.INTRODUCTION

Electrostatic actuation is one the most implemented driving mechanisms for MEMS applications [1]. The working principle of an
electrostatic actuator is well understood, they offer low power operation in steady state, and its dynamic response time can be
very high depending on its structure. However, electrostatic actuators can suffer from the need for large driving voltages,
particularly if they are located far from their actuation electrode.

In the adaptive optics area for astronomy there is often need for large stroke actuators. There are various mechanisms for
actuation, with electrostatic actuation offering a benefit of near zero steady state holding power. However, electrostatic actuators
require large voltage if high resonant frequency (> 1 kHz) is also needed. Electrostatic actuated deformable mirrors have been
explored by many groups [2-10]. In [2], T. Wu et al. demonstrated an electrostatic actuator using a bimorph cantilever as
restoring mechanism which offered 3.8 pm displacement at 130 V. Fangrong Hu et al. [3] developed a dual-directional
electrostatic actuated micromirror with a size of approximately 500 pm x 500 pm made out of polysilicon. The DM was reported
to have a resonant frequency of ~ 2.5 kHz, and a maximum 1.65 pm displacement at 100 V. Both of the DMs above are digital
mirrors with discontinuous phase sheet. In the applications of astronomy, DMs with continuous phase sheet are generally
preferable. Jen-Liang Wang et al. [4] introduced an electrostatic actuated DM with a continuous polymer membrane for optical
focusing. The DM had a 25 um deflection at 160 V, but its focusing time was 14 ms. A large stroke micro DM was introduced
by Po-Yu Lin et al. [5]. The DM also had a polymer phase sheet of 25 mm X 25 mm, and was tested to have a maximum
displacement of 39 um at 195 V. However, its resonant frequency was 40 Hz. The micromachined DM of Sarah J. Lukes et al.
[6] was fabricated from a 3 mm x 4.24 mm elliptical SU-8 membrane with a thickness of 2.5 pm. It had a maximum deflection
of 14.8 pm at 320 V. Wenying Ma et al. [7] built a surface micromachined micro DM based on hexagonal parallel plate
electrostatic actuator. The actuator array had a pitch of 408 um, and was measured to have a 0.68 um stroke at a drive voltage of
30 V.

Compared to the single layer DM with continuous phase sheet, the double layer DM with continuous phase has an advantage of
potentially controllable compliance between adjacent locations of the phase sheet. T. G. Bifano et al. [8] reported a high stiffness
and high resonance double layer deformable mirror (DM) system driven by electrostatic actuators with a 0.8 um displacement



requiring over 100 V driving voltage. The double layer structure uses a lower electrostatic actuator, whose movable membrane is
attached to an upper layer deformable mirror. The design was fabricated by Boston Micromachines Corporation, and later,
improved to give a 1.5 um displacement with a response time < 20 us [9]. However, the driving voltage was reported to be in
100’s of volts. Il Woong Jung et al. [10] successfully fabricated a single-crystal-silicon continuous membrane deformable mirror
array with 200 um pitch. The element of the array was capable of deflecting 125 nm at 100 V, and had a resonant frequency at
25 kHz.

In case of double layer deformable mirror designs with continuous phase sheet, the moving membrane of the actuator is located
at an intermediate position and is attached to the upper mirror phase sheet (see Figure 1). This is similar to the structure
employed by Boston Micromachines Corp.. Figure 1 shows the cross-section of a DM with 3 elements in row and its phase sheet
attached. Consider Element 2, which has its MEMS platform anchored at the spacer and spring anchor mounts, while the
attached phase sheet mirror is effectively anchored at the bonding pillars of Element 1 and Element 3 (labeled A and C in the
figure). This means that Elements 1, 2, and 3 are connected mechanically.
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Figure 1. Schematic view of a DM system employing a double layer structure using a lower electrostatic actuator, whose movable membrane is
attached to an upper layer deformable mirror. Each actuator membrane is anchored to the spacer (red), while the phase sheet mirror is attached
to the actuator at points A, B, and C.

Consider when Element 2 is activated while Element 1 and 3 are inactive. In this case, the spring constant of Element 2 should
be calculated as a sum of the spring constant of the upper electrode and the phase sheet above it. However, we should also
consider the case when both Element 1 and 3 are activated and Element 2 (which was originally activated) is then switched off.
Noticing that an electrostatic actuator normally can only do pulling motion, therefore, the restoration force is solely generated by
the suspending springs. As a result, the effective spring constant equals the spring constant of the upper electrode subtracted
from the effective spring constant of the phase sheet.

The change in the total spring constant for the two above cases, leads to a varying resonant frequency in different types of
motions, which is undesirable. A solution to this problem is to design the upper electrode with a much higher spring constant
than the phase sheet, therefore the variation in the spring constant is reduced.

Therefore, employing a double layer deformable mirror design adds another layer of complexity to the system, since the designer
should not only consider the spring constant of the actuator itself, but also the effective spring constant of the phase sheet.
Together these two parameters can give favorable mechanical compliance between two adjacent locations on the mirror phase
sheet. While difficult to achieve in practice, careful design can give controllable compliance between adjacent locations on the
mirror phase sheet.

The application focus of the research presented in this paper is a large stroke and low voltage electrostatic actuator for a double
layer deformable mirror system. A 2D array of 5-by-5 actuators was fabricated from a 1.2 cm x 1.2 cm and 15 pum thick silicon
membrane using a laser micromachining. This particular application required relatively large displacement electrostatic actuators
(~ 5 um), with a resonant frequency > 2 kHz, and a low drive voltage (< 30 V). None of the DMs mentioned above can meet all
three requirements simultaneously. These performance requirements were achieved by replacing the membrane of the
electrostatic actuator in the double layer deformable mirror design with spiral elements. Each element acts both as spring and
upper electrode for the actuator, with the individual spiral springs connected at a small central attachment point of minimal mass
(see Figure 2). This configuration results in the bottom electrode having most of its force applied to the spring arms, as opposed



to the central mass.

This structure has the further benefit of greatly simplifying the design process, since it enables the separation of the design
parameters of actuation voltage, spring constant, and resonance due to:
e The total system spring constant scales with the number of spiral arms.
e The total system mass scales with the number of spiral arms, when a small mass central attachment point is used.
e The facing area of the spring elements scales with the number of spiral arms, and so the electrostatic pulling force scales
similarly.
e The spiral shape itself enables compact size of spring structure, interleaving of multiple springs (allowing for integer
changes in spring constant), and rotation during deflection to minimize non-linear response over large deflection

Each individual spiral element can then be designed for a desired resonance frequency and stoke vs. force relationship, and the
overall system spring constant of the upper spiral electrode can be simply changed by varying the number of spring arms. This
provides freedom in changing the spring constant of the actuator, in order to get a desirable DM system compliance, without
affecting the drive voltage and resonant frequency of the DM system.
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Figure 2. Schematic of AO system with spiral actuators.

2.DESIGN AND SIMULATIONS

A common design for an electrostatic actuator is a parallel plate system, which has the parameters of actuation voltage, spring
constant, and resonance all interrelated. This complicates the design of the MEMS structure, since changing one parameter
affects the others. Consider a parallel-plate electrostatic actuator shown in Figure 3, the membrane is supported by springs of
spring constant k. The membrane of mass m is dominant compared to the springs. The underlying driving electrode and
membrane, both of surface area A4, are separated by a distance d, from which the actuation force is set by the drive voltage. The
deflection 4d of the actuator is given by Equation 1, with its resonant frequency f given in Equation 2.
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Figure 3. Conventional electrostatic actuator set-up.
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where Fe is the electrostatic force. Conventionally, the restoration force of the actuator is decided by the physical property of the
springs, so does the resonant frequency f. For a large deflection low voltage electrostatic actuator, a softer spring system is
required. However, according to Equation 2, the resonance frequency is proportional to the square root of the spring constant
over mass. As a result, a softer spring with the same mass, which is mainly decided by the center membrane, leads to a lower
resonance frequency, which is undesirable.
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k
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2

(1)

As shown in the discussion above, a commonly designed electrostatic actuator is not optimal for the applications of double layer
DMs with continuous phase sheet, as all three major design parameters are all interrelated. To separate these three design
parameters, we present a spiral shaped electrostatic actuator with its spiral shape of the springs calculated based on an
Archimedean spiral following Equation 3:

R=R,+R;-0 3)
where R is the total radius, Ry is the initial radius, R; is the radius increment per degree of arc, and 6 is the degree of arc.

The Archimedean spiral shape has been investigated and implemented by multiple research groups [11-16]. Both Narito Shibaike
[11] and William C. Tang et al. [12] used the spiral spring as the restoring mechanism in the micro-rotating actuators. Yen-Ru
Huang et al. [13] reported a carbon-nanotube-based parallel capacitor implementing the Archimedean spiral shape to increase the
facing area of the capacitor. Jinghong Chen et al. [14] designed a micro-inductor with a spiral shape, while Tetsuo Kan et al. [15]
presented a MEMS polarizer with spiral shape actuated by nitrogen gas pressure. None of above is an actuator with motion in
out-of-plane direction. Chenye Yang et al. [16] presented an out-of-plane PZT bimorph actuator with Archimedean spiral
actuator tethers. The actuator was reported to have a 17 pm displacement with a 110 V drive voltage. However, the actuator has
a diameter of 19 mm, which limits its application in applications with confined actuator size such as deformable mirror array.
Fukushige et al. [17] reported a conical inductor made of Pd-based TFMG (Pd7sCu7Sii7) that is capable of a tuning range of 3.64
to 3.75 nH at 2 GHz, although it is only used as a two state actuator. An electrostatic actuator based on the same structure was
also reported by this group [18]. The actuator has a diameter of 600 um, and a stroke of 180 pm. Again, the stroke is not
controllable as pull-in occurs when the actuator is activated. Hu et al. [19] presented a conical electrostatic actuator made of
polysilicon. The actuator has a side length of more than 250 pm, and was reported to have 2.7 pm at 50 V, while the resonant
frequency is not reported. None of the above works has investigated the unique advantages of the spiral shape spring for
electrostatic actuation for an out-of-plane electrostatic actuator.

Figure 4 shows a schematic cross-section of the of the designed spiral upper electrode with a diameter 2R = 1250 pm. Each spiral

arm was designed with an initial radius Ro = 80 pm, and a radius increment per degree of arc R; = 210 pum, giving a final length
of 6030 um.
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Figure 4. The cross-section of the schematic of the spiral actuator.

Equations 4 and 5 are the relevant equations for the spiral actuators and are based on Equations 1 and 2, but with N spring



elements in each. In Equation 5, k stands for the spring constant of each individual spring, m is the mass of each individual
spring, and M is the mass of the center connection location. If designed such that M is much smaller than Nm, the central spring
has minimum effect on the resonance frequency. The total spring constant of the upper electrode ks is given in Equation 6. We
can see that in either case (neglecting any fringing electric field), the presence of the N springs has no net effect on displacement
and drive voltage, and resonance. This is because the surface area (4) of the combined spirals increases in accordance with the
number of spiral elements (V).
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Figure 5 shows three related spiral designs, with their simulated performance. Simulations were done using COMSOL
Multiphysics software [20]. In Figure 5, f indicates the resonant frequency of each structures, and ki is the spring constant of
each structures. From Figure 5 we can see that despite the dramatic change in the spring constant, from 3.28 N/m to 6.64 N/m
caused by varying the number of spiral beams, the deflection and resonant frequency of all three devices are very similar. It
should be noted that the slight deviation in the resonant frequency and the deflection is largely due to the existence of the center
connection stage of the spiral arms, as the size of this element is the same in all three designs. For the 4 arm design of Figure
5(c), the next four higher order resonant frequencies found by simulation are at 5024.6 Hz, 6003.3 Hz, 6599.7 Hz, and 6601.4
Hz.

f=2654 Hz f=2685 Hz f=2705 Hz
kiotat = 3.28 N/m kiotat = 4.95 N/m kiotal = 6.64 N/m
(a) (b) (c)

Figure 5. Comparison of resonant frequency (f) and spring constant (k) between spiral upper electrodes with different number of arms ((a)
has 2 spriral arms, (b) has 3 spriral arms, (c) has 4 spriral arms). All have silicon spiral springs that are 30 um wide, 15 pm thick, 6030 um long,
an 80 um wide central platform, and the diameter of the structure is 1250 pm.

These actuators of this paper were designed for use with the polymer DM phase sheet mirror that was descibed in [21]. The
phase sheet was a 12 mm % 12 mm Al/SU-8/Al membrane mirror. The mirror is constructed from a 4 um thick SU-8 film, that
was coated on both sides by 250 nm thick thermally evaporated aluminum. In [21], an experimental verification was done to
verify the shase sheet’s spring constant. The 12 mm % 12 mm phase sheet was anchored on its sides, and an underlying MEMS a
Lorentz force actuator was used to force a deformation at its centre. The combined spring constant (DM phase sheet and actuator
together) was measured to be ranging from 0.0718 N/m to 0.116 N/m. The spring constant of the Lorentz force actuator itself
was measured to be approximately 0.1 N/m. We can see that the spring constant of the 12 mm x 12 mm phase sheet is on the
order of 0.01 N/m, which is considerably smaller than the spring constant of actuators of Figure 5 and so meeting the required
criteria stated in section 1.

The phase sheet was also investigated in this paper, in simulation, to explore the spring constant on the phase sheet under two
conditions. The first explored the stiffness of the entire phase sheet unloaded by actuators. This simulation had the phase sheet
anchored on all sides, and actuated by a single force point pushing at its center. The simulation gave a 0.0150 N/m spring
constant for the entire phase sheet. The second simulation explores the effective spring constant of an element of the phase sheet
above a single actuator, loaded by adjacent actuators. This represents the mechanical compliance condition that would be present
in an actuator array, which would effectively sub-divide the phase sheet, and so stiffen it. The set-up of the simulation is shown



in Figure 6, with the central point (Actuator 1) surrounded by 8 other actuators. This simulation was done to explore the situation
where surrounding actuators are at rest, and so act to stiffen the phase sheet locally. In this simulation, the neighboring actuators
are set as rigid boundary points fixing the phase sheet. In reality, however, these adjacent actuators would have some
compliance. This simulation found that the phase sheet at the Actuator 1 location had an effective spring constant at 0.135 N/m.
This is again much less than the spring constant of the spiral actuators, and so meeting the required criteria stated in section 1.
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Figure 6. Structure used in the simulation of the phase sheet effective spring constant above a single actuator. The center actuator (Actuator 1)
was set as active while the surrounding actuators were set as fixed. L stands for the spacing between two adjacent actuators and is 1800 pm
according to the actuator design.

From equations 1 and 4, we can see that for an electrostatic actuator the electrostatic force generated is proportional to the
inverse of the square of the distance d separating the moving and fixed electrodes. An electrostatic actuator also has a pull-in
distance, which is the maximum controllable stroke of the actuator. For a typical electrostatic actuator shown in Figure 3, the
pull-in occurs at approximately 1/3 of the original separation [22]. As a result, to maximize the displacement of the actuator with
a limited drive voltage, simulation was done with a separation between the upper (spiral) electrode and bottom (drive) electrode
d =15 pm, which is 3 times of the required stroke (5 um).

Figure 7 shows the simulated displacement versus drive voltage performance of the specific actuators with 2, 3, and 4 spiral arms
shown in Figure 5. We can see that these structures perform similarly in displacement vs. applied voltage, even though each has
different spring constant. All are capable of achieving ~ 5 pm displacement with a drive voltage of under 30 V, which is the
specific requirement of this project. Beyond 30 V the actuator was found to pull-in. We can, however, see a slight increase in
voltage needed for cases with more spring arms. This is because less electric field energy couples to each individual spiral arm,
and this is due to adjacent spirals limiting the fringing energy on to the sides of an individual actuator arm.
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Figure 7. Simulated displacement of the spiral actuator with spiral arms of 30 um wide, 15 pm thick, 6030 um long, and an 80 pum wide central
platform versus the drive voltage. The simulation shows that this structure is capable of achieving ~ 5 um displacement with a drive voltage of
under 30 V for the actuators with 2, 3, and 4 arms.



3. FABRICATION

The fabrication process of the electrostatic actuator array (the upper spiral electrode and drive electrode layers of Figure 2) is
described in Figure 8. A two-wafer process is used, with 250 um thick (100) silicon wafers.

The spiral electrode wafer fabrication is shown in Figure 8. A 1 um thick layer of silicon dioxide (orange) is grown on the wafer
(blue) using a wet thermal growth process at 1100°C. Then the backside silicon dioxide is patterned and etched using wet
etching. The SiO2 serves as the mask for the subsequent KOH etch. The wafer is then etched in 30% KOH heated to 80 °C 200
pum deep, leaving 50 pm of silicon in the actuator locations (Figure 8(a)). Another thermal oxidation is then carried out to grow a
1 um thick layer of silicon dioxide (red) in the etching trench as the mask for the next etch (Figure 8(b)). The frontside silicon
dioxide is then patterned (Figure 8(c)), and then etched in KOH in three successive steps to define the pillar, and to thin the
membrane to 30 pm at the locations of the support frames and 15 + 1 um at the locations of the spiral actuators (Figures 8(d),
8(e), 8(f)). This is followed by the removal of the silicon dioxide a deposition of 180 + 20 nm aluminum coating material (green)
by DC sputtering (Figure 8(g)). The aluminum is patterned into actuator shape using wet etching. Following this, the spiral
actuators are released (Figure 8(h)). Details of the actuator release are given in the section 3.1.
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Figure 8. Fabrication process of the spiral electrode.

The fabrication of the drive electrodes on the second wafer is shown in Figure 9. Alignment trenches 185 um deep are etched
into the frontside of the wafer to match the structure of the actuator wafer with the spirals, so to ensure they align during
fabrication (Figure 9(a)). Etching is done using KOH with a I um thick thermally grown silicon dioxide mask. A second KOH
etch is used to pattern a trench 15 um deep, which will later be the spacing between the spiral actuators and the drive electrodes
(Figure 9(b)). This etch also deeps the first alignment trench to 200 um deep. The substrate is then thermally oxidized (1 pm
thick) to provide electrical insulation, and 180 +20 nm aluminum is DC sputtered on the frontside and is patterned into the
structure of the drive electrodes (Figure 9(c)). Then a 1 pm layer of SiO: is sputtered as electrical insulation, using RF reactive
sputtering from a silicon wafer target material. After fabrication, this wafer is attached to the underside of the spiral electrode
wafer (Figure 9(e)). Figure 10 shows a picture of a fabricated bottom drive electrode wafer.
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Figure 9. Fabrication process of the drive electrode.

Figure 10. Fabricated bottom drive electrode of the actuator.

3.1 Releasing of the Spiral Electrodes

Two processes were investigated for releasing the spiral actuators. The first was a plasma etch process. This process used the
aluminum metallization on the spiral arms as the etch mask. However, the plasma etch releasing process was not able to give a
uniform etch profile over the surface of the device. This resulted in varying shape of the spiral features. Figure 11 illustrate this
issue. The first problem was due to a heating issue in the etch. Because the structure is very thin compared to its diameter (~15
pm in thickness compared to 1300 pm in side-length for each spiral actuator and 9000 pm for the whole 5 x 5 array), during
etching the center becomes hotter than the edges (where the spiral meets the bulk silicon wafer). The etching process is then
slower at the edges of the structure. The second problem occurs at the center of the spiral. The smaller mask opening at the



center of the structure impeded the plasma from reaching the silicon surface, therefore, the etching rate is also slower in this
location. Figure 11 shows a partially etched spiral structure under a microscope. In Figure 11, the silvery colored part is the spiral
structure coated with aluminum, while the grey and black area is the partially etched silicon.

Un-etched Si on the
edge (grey)

Etched Si (black)

Al Mask (silver) Un-etched Si at the center
(grey)

Figure 11. Surface of a partially etched spiral structure. The non-uniformity of the color (black and grey) shows the imperfections of the plasma
etch.

3.1.1 Laser Milling of the Spiral Electrodes

A laser etching method was developed to pattern the actuators to avoid the above issues with the plasma etching process. An
ultraviolet (355-nm) diode-pumped solid-state pico-second laser (A-355ps Laser Micromachining system) from Oxford Lasers
Ltd. was used to release the structure.

The laser micromachining system employed a diode-pumped solid-state laser, which has a pulse energy peaking at 0.12mlJ, a
pulse duration of 6 ps, and a pulse frequency range from 1 Hz to 400 Hz. The kerf width needed to be understood before laser
cutting was done to free the actuators. Kerf width was tested over various attenuation sets. Table 3 shows the results of the test
after 20 runs of milling process over the same cut area on a silicon wafer. A circular cut was made, 1 mm in diameter. This was
done to observe possible non-circular nature of the laser spot. A frequency of 400 Hz was used, and a laser spot traveling speed
was 1 mm/sec. We can see from the first entry of Table 1, that along the sides of the circle tangent to the x and y axes, the spot
size is not uniform. As the power level was reduced from its peak of 0.12 mJ by changing the attenuation, we can see that the
laser spot became more smaller and more uniform in relation to the cut size on the x and y axial direction. The most uniform kerf
width was 18 um in x-axis and 20 um in y-axis at 99.4 % of attenuation. Further increasing the attenuation did not shrink the
kerf width significantly nor did it improve the uniformity in the spot diameter. This might be a result of the non-linear control of
the attenuator beyond 90 %, based on this laser’s specification showing the attenuator only accurate from 0 % to 90 % of the
energy attenuation [23]. Accordingly, this power level was used in the actuator fabrication, as it gave the best cutting
performance in terms of achieving the best kerf.
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Table 3. Kerf width vs. Attenuation

Attenuation kerf width tangent to | kerf width tangent
x-axis (um) to y-axis (um)
0% 50 100
90 % 30 40
99 % 25 32.5
99.4 % 18 20

Laser cutting of the actuators first required the substrate to be clamped to an aluminum stage. The movement of the stage has a
0.1 pm resolution and + 1.5 pm accuracy in both x and y axis. Figure 12 shows the inside set-up of the laser milling system. Full
release of spiral features of the actuators required 25 runs of milling and a picture of the released upper electrode array is shown
in Figure 13. In all runs, 99.4% attenuation, 400 Hz pulse frequency, and 1 mm/s moving speed was used.

1000 um - 210 ym
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Figure 13. (a) Front (phase sheet side) view of a released spiral upper electrodes array sample. (b) Back-side (side towards drive electrodes)
view of the released array sample. (c) Picture of spiral upper electrode array under a microscope. (d) Single spiral upper electrode under 100 x
magnification.

4.RESULTS AND DISCUSSION

The actuator substrate was attached to the electrode substrate, and the separation between the actuator and drive electrode was
measured by microscope. It was found that the two substrates were separated by 45 + 5 um, and not the designed 15 um. The
possible reason for this might be that the laser milling process and assembly of the actuator were done outside of our cleanroom.
As such, particle contamination could easily be present on the surfaces of the spiral upper electrode substrate and drive electrode
substrate, so when attaching these substrates together their spacing was higher than expected.

The experimental set-up of Figure 14 was used for the actuator deflection tests. The MEMS structures require electrostatic
actuation, however, higher dc voltages (over 60 V) were found to result in charging of the dielectric upon the electrode pads. In
order to avoid this, the device was testing using an ac source. A high frequency (10 kHz) ac signal was used to provide an RMS
equivalent dc voltage. The selection of 10 kHz was chosen so as to be higher than the various resonances of the structure. The
displacement of the actuator was observed and measured using microscope, by focusing the microscope on the upper surface of
the center stage of the actuator before and after applying the drive voltage. By comparing the focal point of the microscope under
both conditions, the static displacement of the actuator can be measured.

S -

Bottom-layer electrode

(®)

Figure 14. Experimental set-up of the testing sample.

The fabricated actuators were 4 spiral arm designs of Figure 5(c), which were shown in Figure 13. Figure 15 shows the
performance of a tested actuator, and a comparison with simulated performance evaluated in COMSOL. For the simulation
curve, new simulations were run for actuator to drive electrode spacings d adjusted to be 45 um, to match the measured electrode
separation of the tested device. In Figure 15, the error bar of the measured data is set to be + 1 pm based on the measurement
error of the microscope, while the error bar of the simulation result is based on simulations for device thicknesses of 15+ 1 um
to represent error in fabrication of the silicon spiral arm thickness.
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Figure 15. Comparison between experimental result and the simulation results for the fabricated spiral actuator. The red curve is the simulated
result, and the blue curve is the measured result.

By applying the results in Figure 15 to Equation 1, the ratio of /4 for the fabricated actuator can be calculated and compared to
the &/4 of the simulated actuator of Figure 7. This is shown in Table 2. In Table 2, the last data point of Figure 15 is used to
calculate £/4, since the error to measurement ratio is the smallest compared to other data points due to the larger deflection. The
values in the bracket for the simulation column were calculated based on the thickness of 15 + 1 pm, while the values in the
bracket in the measurement column were calculated based on the error bar of the measurement data. We can see close agreement
between the simulated and measured of 4/4 value for the actuator. This result validates the COMSOL model used to design the
spiral actuator. We can then conclude that the simulation of Figure 7 is also accurate, which showed that the spiral actuator
design is capable of achieving ~ 5 um displacement with under 30 V drive voltage, if the separation d were to be correctly
fabricated at 15 pm.

Table 2. k/4 (ratio of spring constant vs. effective facing area) of the simulation results and measurements

Simulation (Figure 7) Measurement (Figure 15(b))
6.577 x 10° N/m? 6.6 x 10 N/m’
(5.347 x 10° N/m?, 7.982 x 10° N/m?) (6.0 x 10° N/m’, 7.4 x 10° N/m?®)

It should also be mentioned that the area of the bottom surface of this spiral actuator (which has 4 arms) is 7.39 x 107 m?. If we
assume the spring constant of the actuator is ki = 6.64 N/m as given in Figure 5, the effective surface area using the £/4 ratio in
Table 2 is calculated to be 1.0 x 10°® m?. This is 37% larger than the bottom surface area of the spiral actuator. This is expected,
as the electrostatic force would also couple to the sidewalls of the spiral structure. This is factor partially reduces the loss in
surface area of the spiral structure vs. a solid electrode. The spiral itself has approximately a 60% fill factor, and so taking into
account the sidewall coupling, it effectively has an approximately 85% fill factor from the point of view of electrostatic force
coupling,

The first resonant frequency of the device was also measured to verify the performance of the actuator. Resonance movement
study was done using a laser position measurement system to monitor spiral movement while it was driven with frequency swept
ac source (shown in Figure 16). The actuation circuit was the same as the one shown in Figure 14. A Tektronix TDS 2024B
digital oscilloscope was used to measure the frequency of the input drive voltage, while an Agilent 34461A digital multimeter
was used to measure the output signal of the laser position detection system. An ac function generator was used to generate a
swept frequency drive signal from 100 Hz to 3 kHz. The actuator was tested to have its first resonance at ~ 2.61 kHz, as shown
in Figure 17. This is in close agreement of the predicted resonant frequency of 2705 Hz found by COMSOL simulation.
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Figure 16. Set-up of the laser position measurement system.
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Figure 17. Resonant frequency test for the spiral actuator.

5. CONCLUSION

In this paper, we introduced a new electrostatic actuator design for double layer adaptive optics DM systems. The large stroke
electrostatic actuator was designed with spiral support springs, attached to a small size and minimal mass central attachment.
This new structure for electrostatic actuators, having Archimedean spiral springs which also serve as the electrode for
electrostatic force coupling. This structure has advantages over conventional electrostatic actuators. It enables higher flexibility
of the actuator within confined physical sizes, therefore reducing the required drive voltage for a specific stroke, without
sacrificing the resonant frequency of the actuator as the conventional designs would. This is valuable especially to the
applications where high spatial frequency of the MEMS actuator array is required, such as actuator array of a micro deformable
mirror. Second, the spring constant of the actuator is adjustable by increasing or reducing the number of spiral arms, while the
resonant frequency of the actuator is largely independent to the number of the spiral arms. Third, the electrostatic pulling force
scales with the number of spiral arms. Since the spring constant similarly scales with the number of spiral arms as well, it can be
adjusted without affecting the required driving voltage for a given stroke. Combining all three features together, the actuator can
be designed with its stiffness, the resonant frequency, and required drive voltage for a certain stroke independent to each other.
By enabling these three specifications (stiffness, resonant frequency, drive voltage) to be treated independently in the design
process, it provides wide latitude in exploring suitable performing designs. In the case of double layer deformable mirror with
continuous phase sheet, it means reduction in the design complexity to reach a specific performance and compliance between
adjacent locations of the phase sheet. The spiral actuator design was fabricated from a silicon membrane using laser
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micromachining. Experimental testing showed good agreement with simulations for the actuator spring constant and resonant
frequency.
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