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Abstract

Characterization Of High-Stroke High-Aspect Ratio Micro
Electro Mechanical Systems Deformable Mirrors For Adaptive
Optics

Mohamed Amine Bouchti

Adaptive optics MEMS deformable mirror, in conjunction with Shack Hartman
wave front sensor and real-time controller, is capable of correcting time-varying
aberrations in imaging applications through manipulating its mirror surface. Adaptive
optics systems in astronomy for next generation large telescopes (30 meter primary
mirrors) require a high stroke of 10pum of mechanical displacement. This required
stroke would be achieved by MEMS deformable mirrors fabricated with high aspect
ratio techniques.

This thesis will review the designs of various types of high aspect actuators
consisting of folded springs with rectangular and circular membranes as well as X-
beam actuators. Finite element analysis (FEA) simulations of these designs have
shown the ability of each design to achieve a stroke of approximately 9.4 um. Also,
FEA simulations proved that the X-beam actuators provide the best spring support
while preventing tilting.

In addition, this thesis will discuss device characterization and voltage vs.

displacement test results for the high aspect ratio gold MEMS 16 x 16 X-beam



actuators deformable mirror that has been bonded and packaged. The results
have shown that the device is capable of achieving approximately 5.5 um in

individual actuator testing and 7um in dual actuator testing.
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Chapter 1: Introduction

1.1 Introduction

Adaptive optics (AO) MEMS deformable mirrors (DM) are used in
astronomy in order to improve the performance of optical systems by
compensating for aberrations due to fabrication errors, thermal fluctuations and
atmospheric turbulence. Plane waves passing through the atmosphere
encounter temperature fluctuations in small patches of air causing changes in
index of refractions. This flux of index of refraction causes light to refract many
times by small amounts leading to skew rays. Hence, the rays can’t be focused to
a point as shown in figure (1.1) below causing a distorted wavefront and

therefore a blurry image [1] [3] [4].

I —_—
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— /’

ks

Figure 1.1: Schematic of parallel light Rays (Left) vs. rays affected by
turbulence [1]



The main components of an AO system, as shown in figure (1.2), are a

wavefront sensor, a control system and a deformable mirror. Shack-Hartman

wavefront sensor (SHWFS) is used to measure the distorted wavefront. This

sensor splits light into a number of small beams using an array of miniature

lenses, called lenslets. The light from each of these lenslets is focused onto a CCD

camera as shown in figure (1.3) below. As the portion of the wavefront hitting

the lenslet is aberrated, the focused spot on the CCD camera moves. Through

simple geometry using the displacement of the focused spot and the focal length

of the lenslet, the local tilt of the wavefront is approximated [1] [2] [9].
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Figure 1.2: Schematic of adaptive optics
system [1]
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Once the wavefront is measured, a control system (typically a computer
running control algorithm software) calculates the appropriate shape needed to
compensate the wavefront and sends that information to the deformable mirror.
The deformable mirror changes the spatial phase of a wavefront using an array
of actuators that deforms the mirror’s surface. The appropriate shape of the
mirror to compensate for each aberration is simply the same shape as the

wavefront with half the amplitude since the reflection doubles the effect [1] [2].

1.2 MEMS Actuators

The actuators of the deformable mirrors are electrostatically actuated and
move in a piston like motion. Each actuator is modeled as a two parallel-plate
capacitor with gap g between them, area A and dielectric constant €. The top
plate is connected to a spring and it is free to move, while the bottom plate is
fixed to the substrate as shown in figure (1.4). Applying a voltage V results in an

attractive electrostatic force Fe that bends the actuator membrane downward.
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Figure 1.4: Parallel plate actuator mode [3]



This electrostatic force is related to the mechanical work done from the outside

in moving the plate by a distance Z, which is given by equation (1.1):
AW =F -AZ (1.1)

While the electric work, if we control the voltage and let charge flow into the

capacitor from a battery, is given by equation (1.2):
AW, =Aq-V = (V-AC)-V=V?-AC (1.2)

In addition, the work required in charging the capacitor due to a change in

charge Q at constant voltage is given by equation (1.3) as follow:

dU =V -dq

dU=%'dq where Q=C-V

U=1C-V2 (1.3)



The electrostatic force is found by balancing the change in the potential energy

in the capacitors with the sum of the mechanical work and the electric work as

follows:

AUCapacitor = A‘A/Mecham'cal + AV‘/Electrical

Ly ‘AC=F,-AZ+V*-AC

2

—%VZ -AC=F, -ANZ

Fe=-lvz-£ (1.4)
2 AZ

The capacitance of the parallel plates is given by the (1.5):

C= e4 where g=g, -z (1.5)
8o—%

And therefore the electrostatic force becomes:

po_LydC
2 dz
Fo-lydfeA
2 dz\g,-z
F=—1V2' —8'A

e 2 (go _Z)Z



_leAv:
e 2<go_z)2

On the other hand, a linear spring is used to apply a mechanical restoring force

(1.6)

Fm for electrostatic actuators that can be expressed in equation (1.7) as follow:
F =—k-z (1.7)

Where k is the spring constant and z is the distance the spring either stretched
or compressed.

One of the limitations of the deformable mirror is that the displacement
of electrostatic actuators is stable only up to 1/3 of the gap between the plates.
Once the displacement exceeds this threshold the mechanical force becomes
larger than the electrostatic force and the actuator membrane snaps-in unstably
into the fixed plate [3]. Therefore, it is very important to calculate the maximum
voltage Vy; that can be applied before a pull-in occurs. At this voltage,
equilibrium is established where the electrostatic force and mechanical force are

equal. Therefore, the Vyican be calculated as follow:

k. =F,

l AV _

2 —k-z
2 (8-2)



Solving for V as a function of Z we get:

2°k'z'(go—z)
e-A

V=

And evaluating z at 1/3 of the gap leads to the pull-in voltage given by equation

(1.7)[3]:

8-k-g
V. = |[— 950 1.8
" N27-g-A (1.8)



1.3 Deformable Mirror Fabrication

Adaptive optics applications in astronomy require a high stroke of 10pm of
mechanical displacement. However, current deformable mirrors are fabricated
using surface micromachining techniques that provide only a stroke of less than
6Jm for continuous-facesheet mirrors. Commercial MEMS deformable mirrors
developed by Boston Micromachines Corporation provide a stroke between 1.5
to 5.5pum. This limitation is due to the fact that the sacrificial oxide layer in the
surface micromachining process is limited to a thin-film of 2pum [4].

Dr. Kubby and Dr. Fernandez have fabricated deformable mirrors with
MEMS high-stroke actuators using high aspect ratio Innovative Micro
Technologies (IMT). IMT uses a monolithic fabrication process that allows for
thick layer deposition, between 10 to 100pm, of sacrificial layer and therefore
allowing for a 10pum stroke required for astronomical applications [5].

This process is performed on optically flat WMS-15 glass-ceramic
substrates with thermal expansion of 11.4 x 10-¢ K1 (close to the coefficient of
thermal expansion of gold, which is 14.2 x 10-¢ K1) and involves four phases. The
first phase, as shown in figure (1.5a), in the fabrication starts with a deposition, a
lift off and then a patterning of a 0.5um electrode layer on the substrate. The
next step is the patterning and electroplating of the gold actuator anchors to a
height of 22pum. The electroplated gold anchors and copper sacrificial layer are

planarized down to a height of approximately 20pum with a chemical mechanical



planarization (CMP) process. The next phase involves the patterning and
electroplating of a 4pm gold spring layer followed by a copper electroplating up
to the height of the spring layer. In addition, these layers undergo CMP
planarization as shown in figure (1.5b). The third phase incorporates 30pum of
patterned and electroplated mirror support posts and an electroplated copper
sacrificial layer. Once again, the electroplated mirror post and the sacrificial
layer are planarized using CMP as shown in figure (1.5c). In addition, a 2pm gold
mirror layer is patterned electroplated and then planarized to an optical mirror.
And finally, a chemical etching step is required to remove the copper sacrificial
layer resulting in an approximately 56.5um high released structure as illustrated

in figure (1.5d) [4] [5].

i
T
20pm I
WMS15 Substrate (1.0mm) WMS15 Substrate (1.0mm)
(A) (B)
¥
30pm
WMS 15 Substrate (1.0mm) WMS15 Substrate (1.0mm)
© D)
Au B Cu

Figure 1.5: Monolithic fabrication process overview. (A) Patterning, electroplating, and CMP of
counter electrodes and anchor post. (B) Patterning, electroplating, and CMP of the spring layer.
(C) Patterning, electroplating, and CMP of the mirror support post and of the mirror layer. (D)
Released continuous facesheet mirror attached to actuators [6].
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Dr. Kubby and Dr. Fernandez have also designed and simulated different
shapes of actuators using L-edit and finite element analysis (FEA) software in
order to find the optimal spring support that would prevent tilting. The first
design was a square actuator supported by eight folded springs at the corners as
shown in figure (1.6a). The simulations of this design showed that it is capable of
a displacement of approximately 9.8um at 156 V, however, if there were any
manufacturing asymmetries, the stiffness of the springs would not be uniform.
This would cause the mirror to tilt and eventual premature pull in. The second
design was a circular actuator supported by folded springs at 90,180,270 and
360 degrees around its perimeter as shown in figure (1.6b). This design was also
able to achieve a displacement of approximately 9.9um at 167 V. However,
simulations showed that the perimeter of the circular actuator was not displaced less
than the center. In addition, this actuator required a larger voltage compared to the
square actuator. The last design was an X-beam actuator, which is basically a square
actuator supported diagonally at the corners by fixed-fixed beams as shown in figure
(1.6¢). This design achieved approximately 10pum at a voltage of 280 V. The X-beam
actuator minimized the tilting effect but required a large voltage compared to the
previous designs discussed above. Since it is important that the center of the
actuators be displaced more than the corners to prevent tilting, the X-beam
actuator design was chosen. The X-beam has proven to provide the best spring
support. Figure (1.7) represents the three designs after fabrication whereas

figure (1.8) represents the fabricated three designs [5].

10



(b) ()

(a)

Figure 1.6: 3D actuator designs modeled with FEA. (A) Square actuators
supported by eight folded springs at the corners. (B) Circular actuators
supported by four folded springs. (C) X-beam actuators supported by

four fixed-guided beams [5].
B ©

Figure 1.7: The three actuator’s designs shown in Figure 1.6 fabricated out of
gold [5].
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1.4 X-Beam Actuator Design

The X-beam actuators were designed to prevent premature pull-in while
achieving large displacement. The center square electrode in the x-beam actuator
measures 400 x 400um with four 390 x 20um fixed-guided beams as shown in figure
(1.6¢). The actuator’s fixed-guided beams become nonlinear when displaced by more
than half of the spring layer thickness. This nonlinearity allows for mechanical strain
or stiffening to increase the actuators travel range to more than half the gap [7].
Therefore, the actuator’s spring can be described by a nonlinear spring equation as

follows:

F =K-z+K -7 (1.9)

And the pull-in voltage becomes:

2 (K- K -7 _ 2\
V,i= ( — i) (go Z) (1.10)
€-

Where K is the linear spring constant and Kg is the nonlinear stretching component.
The linear MEMS spring constant is calculated by assuming that the actuator’s beams

are two parallel fixed-fixed beams as shown in figure (1.8):

12



Figure 1.8: Fixed-fixed beam subjected to a point load F at the middle of the
beam [3].

This spring constant is a function of Young’s Modulus (E), the length of the spring’s
beam (L) and the moment of inertia (I) as given by the following equation:
384-E-1

K I

(1.11)

Since the moment of inertia is given by

AL (1.12)

Where w and t are the width and thickness of the spring beams, respectively.

Therefore the spring constant K becomes:

. . 3

K IBYE wi

L 12
C32-Ewr

K 7

(1.13)
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Similarly, the nonlinear stretching component for a single fixed-fixed beam is
given by the following equation:
4
a E-w-t

K
’ 8-I°

And for two fixed-fixed beams the equation becomes:

4
a - E-w-t
K = 1.14
40 (19
Therefore the mechanical force becomes:
. . . 3 4. . .
Fm=32 E3w t ~z+ﬂ E 2w t'Z3 (1.15)
L 4-L

The deformable mirrors discussed in this thesis consist of 16 x 16 array of
actuators with a continuous facesheet as shown in figure (1.9). The inner
14 x 14 actuators can be tested individually from each other as well as in groups
for multi-actuator testing. Each electrode in each actuator is routed and

connected to a bond pad [6].
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Figure 1.9: layout of 16x16 deformable mirror array [6]
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Figure 1.10: Close-up view of the top right of a 16x16 deformable mirror array [6]
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Chapter 2: Deformable Mirror Testing

2.1 Actuator Packaging and PCB Test Board

The 16 x 16 actuator deformable mirrors were packaged onto a 181 gold-
plated through-hole ceramic pin grid array (CPGA) as shown in figure (2.1). In order
to actuate the largest number of actuators in a square area, the center 12 x 12
actuators were wire-bonded to the CPGA where the outer 2 rows of the deformable
mirror are used as spring support for the continuous facesheet. In addition, these
deformable mirrors were not hermetically sealed. A glass lid was taped to protect the

mirrors from dust [6].

(>~

[
l

N I

Figure 2.1: Packaged Deformable Mirror
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The center 4 x 4 actuators of DMs were utilized for multi-actuator
displacement testing. In order to perform the DM testing, a PCB was designed and
fabricated as shown in figure (2.2). The PCB consists of two layers: the top layer,
where the yellow traces are located and the bottom layer where the red traces are
located. Also, the PCB has a ground plane (blue layer) at the bottom layer to help
reduce noise. The PCB allows the actuation of 1 to 16 actuators with a single power
supply by shorting a pin attached to a trace leading to the actuator of interest and a
power pin. The deformable mirrors continuous facesheet is attached to the power
supplies’ ground. The packaged deformable mirrors were placed on a zero insertion
force (ZIF) PGA test and burn-in socket (181-PRS 18041-12, Aries Electronics, Inc,
Bristol, Pennsylvania) allowing the DMs to be easily swapped for testing. Table (2.1)
gives the Die pad name (location of the actuator in the mirror layout), Die pad
number and the equivalent package pad number of the center 4 x 4 actuators.
Figure (2.3) shows the location of the actuators on the ZIF sockets, and figure

(2.4) is an image of the ZIF socket mounted on the fabricated PCB.

Figure 2.2: PCB layout for 16x16 deformable mirror

17
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Figure 2.3: Location of the center 4x4 Actuator of the deformable

mirror in the ZIF Socket
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Figure 2.4: ZIF Socket Mounted on the fabricated PCB
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2.2 WYKO Interferometer:

The Veeco WYKO ® NT1100 interferometer is used to test the deformable
mirrors. This interferometer is an optical profiler providing accurate three-
dimensional measurement of the surface topography of systems, ranging from a
crystal surface to a MEMS deformable mirror. In this interferometer, the light reflects
off of a reference mirror and combines with light from a sample to produce
interference fringes. These fringes are alternating bright and dark bands of light. At
the point of best contrast, we are able to obtain the best focus. The interferometer is
able to take measurements via optical Phase-Shifting (PSI) and white light Vertical
Scanning (VSI) and then outputs the scans and data to the WYKO Vision Software
for analysis. In the testing of the deformable mirrors, the VSI mode is used. In this
mode the white-light source is filtered with a neutral density filter, which preserves
the short coherence length of the white light, and the system measures the degree of
fringe modulation, or coherence, instead of the phase of the interference fringes [8].
Figure (2.5) represents the flow chart of the VSI algorithm used to extract the
interference signal. Figure (2.6) gives a schematic of the interferometer. And figure

(2.7) 1s an image of the WYKO interferometer.

DC subtract Square-Law Low Pass Peak Surface
Rectifier [P Filter — Detector —» Height

Figure 2.5: represents the flow chart of the VSI algorithm used to extract the
interference signal [8]
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Figure 2.6: Schematic representation of the Veeco WYKO interferometer

Figure 2.7: Image of the WYKO interferometer used for testing the
deformable mirrors
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2.3 Testing Procedure

The following procedure describes how to set up the Veeco vision software and
apply voltage to actuate the deformable mirror using the WYKO interferometer:

1) Connect the power supply probes so that the ground probe is connected
to the ground bond pad and the voltage probe connected to the desired
actuator’s bond pad.

2) Click on measurement options to set measurement type to VSI, Objective
to 2X and the field of view (FOV) to 0.5X.

3) Under the same window click on VSI options to set the Backscan that is
the distance the camera will vertically move upwards to take
measurements. Set the length that is the downward distance measured.
And the threshold modulation, which is the percentage ratio where the
higher the percentage the higher the accuracy. The appropriate values for
testing the deformable mirrors discussed in this thesis are as follows:
Backscan: 10 pm
Length: 80 um
Modulation Threshold: 1%

4) Fluff the fringes at the bottom layer and then bring them back to the top

layer. Align the fringes with the desired actuator as shown in figure (2.8)
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Intensity
View Cptions  Hardware  Heb

Figure 2.8: Fringes of the deformable mirror

5) Take a scan and then go to the Mask Editor option. Choose histogram and
drag the cursors to frame the wavelengths of about 500 nm. Next choose
the mask type “right ” or “left” which will remove the values in the
histogram of that type and then click ok. The software will try to align the
device by referencing the wavelength chosen in the histogram as shown

in figure (2.9) and figure (2.10). Next, click on terms, save then ok.
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Veeco

Surface Statistics:
Ra: 2.02um
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Figure 2.9: Surface Scan of a deformable mirror before alignment
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Surface Scan of a deformable mirror after alignment
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6) Next click on SV option tab and create a new template. Click on raw data
and set the maximum slope to between 10 -20 degrees and the minimum
island between 5 - 10 pix as shown in figure (2.11). Click next and pick

two islands.

X]

Island Finding

® Use Slope of HEIGHT Data
¢ Use Slope of INTENSITY Data

Maximum Slope: |20 Degrees

Mnmg_;\elslmd 10 IEI
™ Exclude Edge |slands
[ Eight Pixel Neighborhood

Rouine Type  [B, Siope ~] <Back | MNet> | Cancel |  Hep |

Figure 2.11: Window for setting the maximum slope and minimum islands
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7) Click next and define the actuators of interest by drawing squares around
them. After pick all etch hole as a reference as shown in figure (2.12). The
reference region is the feature of zero (remove tilt from). Parameters for

the other regions are calculated relative to the reference region.

Define Regions of Interest 'X

[ Highlight al regions
Select ishands into this region:

[ |
Edit Regon Information I
Edit Maleridl Information I

Auto Region Definiion
ofd ieplay Begion Numbers

<Bock [ Finish Concel | Heb |

Figure 2.12: Window for defining the actuators of interests and
references
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8) After, select RO1 through R09 depending on how many actuators are
going to be tested. In figure (20) two actuators are tested, therefore pick
RO1 for the top actuator and RO2 for the bottom actuator.

9) After click finish and then calculate to get the screen shown in figure

(2.13).

Mag: 10X Date: 04/08/2013

Time: 14:59:27

SV Region to Region Analysis

\eeco

Filtered Data

Mode: VSI

Aligned Data Region ID Plot

[

00 05 10 16 10 16 30 08

4 46 5068 0 1018 20 26 90 36 40 48 40 46 83 00 05 10 15 20 25 30 25 40 45 60 55 03

00 04

Template Statistics Reference to Region Avg Height Reference to Region Max Height
Template Fit Quality 1000.00 RO1 Avg Height 64.62um  RO1 Max Height 65.12 um
Templ. Rotation 0.00deg  RO2 Avg Height 63.73um  RO02 Max Height 64.56 um
Template X Translation  0.00um  RO3 Avg Height RO03 Max Height
Template Y Translation  0.00um  R04 Avg Height R04 Max Height

R05 Avg Height R05 Max Height
R06 Avg Height R06 Max Height
RO7 Avg Height R07 Max Height
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Figure 2.13: Window after finishing the set up and calculating the initial heights
of the actuators of interest



10) After click on the database tab and choose database options and then
define. Scroll down for SV analysis and add Average height for R01
through R09. Depends on how many actuators are been tested. In figure
(2.12) they were two actuator that are been tested so pick
RO1 Avg Height ad then click ADD
RO2 Avg Height ad then click ADD

11) Once the average heights are added you can start applying voltage and
scanning. In the database window, click View and choose graph to keep

track of the behavior of your device as shown in figure (2.14).

MW Database List View : DM_D_8_9_and_8_10_20jumps_040813_T3.csv
Name:| | 5_01_sAvgHeight 5_C2_AvgHeight
Unita:f [ »m n.
JPFC
LPFC
1) o H
Z) L4
2) .6 |
&) .0 |
) .5 [
&) .6 |
7 2.C |
Gy .6 |
5) .7 |
1c) .C |
11) .C |
12) 9 |
13) .3 |
14) i I
Ave 65138.2 67228.7
St Gda. 1 991.5
Pk 0.0 1.6
MaR: 69117.4 GR200.¢
Min: GEDEL ) 65041.7
Range: 3an29.0 3158.7
Faza: 19 13
Fail: 0 0
M Graph : 5_01_AvgHeight [ =] 17
b =t Tpe o iz Edt Tops Coke kap
%8 '_,Gf—eph & 01 Avgept ) a3 - __e?nn .5 02 Awghuighl
- BER ma
53024 e - + STEERA-| - e

S g
= a6 :

REAE -

B4EE3.7-

AeAIon\CorE TNTEST I

Figure 2.14: Database view and graphs of displacement vs. voltage for dual
actuator testing.
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Chapter 3: Deformable Mirror Testing Results

3.1 Challenges

Previously, single actuators of a 10x10 deformable mirror were tested
and scanned using a white light interferometer. The center four actuators of this
DM were actuated. The average displacement, due to an applied voltage of 300V,
was found for each quadrant. The average displacement ranged from 2.62 to
6.26um. And as expected, the more voltage applied the larger the displacement
as shown in figure (3.1). This figure represents 5 trials of voltage vs.

displacement for a single actuator in a 10 x 10 actuators deformable mirror [6].

() S
(L 350

-1
”é\ -2 ——T1
=% —_ T2
= -3
5 T3
g -4 == T4
§ —=T5
A

-6

-7

Voltage (V)

Figure 3.1: Displacement vs. voltage for a 10x10 mirror system [6].
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From these obtained results we can assume that actuating multiple
actuators in a 16x16 actuator deformable mirror from the same die should
behave in this manner as shown in figure (3.1). However, the initial testing of the
central 4x4 actuators exhibited different behavior. Initially, there was no
movement on the center of the DM. The DM was scanned across using the
interferometer and some movements were observed on some actuators.
However, these actuators do not correspond to the actuators near the center as
expected. These actuators are far apart from each other and cannot be used for
multi-actuator actuation. The pins and pad numbers were doubled, checked with
the designed PCB and everything matched according to table (2.1). In addition,
pin 1 of this deformable mirror was found to be wire bonded to pin 46 and not
pin 1 as was requested. Another issue encountered was that applying voltage to
certain actuators showed oscillation in the displacement; they oscillated back
and forth even as the voltage increased all way up to 320 V, as shown in figure
(3.2). This result could possibly lead to the conclusion that this mirror may not
be fully released and/or the fact that there might be a humidity factor

responsible for this behavior
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Figure 3.2: Oscillating behavior in the Displacement vs. voltage graph
for a dual actuator-system testing

Further testing of the mirrors suggested that there is a 90-degree rotation of the
mirror packaging compared to what was expected. In order to confirm that there
is indeed a 90-degree rotation, the wires from the mirror to the package were
traced using a probe station shown in figure (3.3). It was found that this mirror‘s
packaging is rotated 90 degrees counter-clockwise. After examining the rest of
the mirrors (total of 6) it was found that two mirrors were rotated 90 degrees
clockwise, two were rotated 90 degrees counter-clockwise, and the last two
were correctly packaged. In addition, it seems like there is an additional
horizontal flip as shown in figure (3.4) and (3.5). Figure (3.4) represents the pin
array of the ZIF socket used for testing and figure (3.5) represents the DM
packaging. The blue lines and dots are the center 4x4 actuators expected while

the red lines and dots are the actuators obtained.
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Figure 3.3: Probe station used for electrical and mechanical probing

Figure 3.4: ZIF socket pin array. Blue dots represent the pins wanted.

Red dots represent the pins obtained
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1.188+.013
[P=.027x44]

180X
t + ]002

g [176X]
.015 —-.001 .027

UL N

Figure 3.5: DM Packaging. Blue lines represent the pins wanted. Red
lines represent the pins obtained

According to these results a new PCB was designed and sent for fabrication. The
new PCB was horizontally flipped. It was also modified by adding keep out
shapes around the voltage actuator connector and around the ground and

voltage pin as shown in figure (3.6).

Figure 3.6: Layout of the Horizontally flipped PCB
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Since the PCB was flipped horizontally, the mirrors will be simply rotated either

CW or CCW and placed in the ZIF socket as shown in the following figures (3.7),

(3.8) and (3.9).
N
=

1.188+.013

Actuator
(7,7)

Actuator
(7,7)

1.188+.013

[P

[027X44]

DO

2NN

Figure 3.8: 90 degrees CCW orientation of the mirror with respect to packaging
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Figure 3.9: 90 degrees CW orientation of the mirror with respect to packaging
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3.2 Results

Due to damage in the center of the deformable mirror, as shown in figure (3.10),
during the fabrication process, only 4 actuators behaved as expected. In addition,
some packaging wires got removed by mistake, which made the bottom two rows of
actuators unavailable for testing. Only actuators (7,7), (7,8), (10,7) and (10,8) were
individually tested. After, dual actuator testing was performed for actuators (7,7),

(7,8) together and for (10,7) and (10,8) together.

Actuator

(7,7) Actuator

(10,7)

Actuator
(10,8)

Actuator
(7.8)

¢ e

Figure 3.10: Center 4 x 4 actuators of the deformable mirror with
the hole in the top
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3.2.1 Individual Actuator Testing

Each actuator was tested individually and displacements were recorded for
voltages from 0 - 360 V for actuator (7,7) and 0 - 380 V for actuator (10,7) and
(10,8). Three trials of actuator (7,7) have been conducted leading to the graph on
figure (3.11). While four trials of actuator (10,7) and (10,8) testing has been
conducted leading to the two graphs on figures (3.12) and (3.13), respectively. These
actuators follow the same trend that we expect; the more voltage you apply the more
displacement in the z-direction. The maximum voltage applied results in an average
displacement of 4.15 um for actuator (7,7) at 360 V, 5.12um for actuator (10,7) at

380 V and finally 4.58um for actuator (10,8) at 380 V.

Actuator (7,7)

1
VA A A\ —
0 50 100\'\m1~5Q\ 200 250 300 350 400
1 -
~n_ ——T1

Z-2 A T2

3 S T3

4

-5

Voltage (V)

Figure 3.11: Graph of voltage vs. displacement for actuator (7,7)
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Actuator (10,7)

Voltage

Figure 3.12: Graph of voltage vs. displacement for actuator (10,7)

Actuator (10,8)

Voltage

Figure 3.13: Graph of voltage vs. displacement for actuator (10, 8)
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3.2.2 Two-Actuators Testing

The data below represents the displacements of two neighboring actuators, (7,7)
and (7,8), being actuated at the same time under the same voltage. Three trials were
conducted leading to the graphs in figures (3.14), (3.15) and (3.16). Both of these
actuators follow the same trend that we expect; the more voltage you apply the more
displacement in the z-direction. The maximum voltage applied to the dual actuation
of (7,7) and (7,8) is 370 (V) leading approximately to a displacement of 7um for

actuator (7,7) and 6um for actuator (7,8).

Trial 1

0 50 400w, 150 200 250 300 350 400

o)

_1 A oSS

5 -3 \ ——(7,7)

_4 \ (718)
_5 \
-6

Voltage (V)

Figure 3.14: Trial 1 for dual actuator testing for actuator (7,7) and (7,8)
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Trial 2

Voltage (V)

Figure 3.15: Trial 2 for dual actuator testing for actuator (7,7) and (7,8)

Trial 3

Voltage (V)

Figure 3.16: Trial 3 for dual actuator testing for actuator (7,7) and (7,8)
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Similarly, four trials were conducted of the dual actuation of (10,7) and (10,8)
leading to the graphs in figures (3.17), (3.18), (3.19) (3.20). The maximum voltage
applied to the dual actuation of (10,7) and (10,8) is 380 V leading to an approximate
displacement of 6.43um for actuator (10,7) and 5.7um for actuator (10,8). Once
again, both of these actuators follow the same trend that we expect; the more voltage

you apply the more displacement in the z-direction.

Trial 1

0 100w 200 300 400

Z \ ——10,7
-4 \ 10,8
5

Voltage

Figure 3.17: Trial 1 for dual actuator testing for actuator (10,7) and (10,8)
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Trial 2

Voltage

Figure 3.18: Trial 2 for dual actuator testing for actuator (10,7) and (10,8)

Trial 3

Voltage

Figure 3.19: Trial 3 for dual actuator testing for actuator (10,7) and (10,8)
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1 Trial 4
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-4 \\\ 10,8
5

Voltage

Figure 3.20: Trial 4 for dual actuator testing for actuator (10,7) and (10,8)

The graphs below in figures (3.21), (3.22), (3.23) and (3.24) show the
repeatability of each actuator in dual testing leading to the conclusion that these

actuators are indeed behaving as expected.
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Figure 3.21: Repeatability of actuator (7,7) throughout the 3 trials

Actuator (7,8)-All trials
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Figure 3.22: Repeatability of actuator (7,8) throughout the 3 trials
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Actuator (10,7)-All trials
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Figure 3.23: Repeatability of Actuator (10,7) throughout the four Trials

Actuator (10,8)-All trials

0 ‘A*'§'\ —
1 0 100 200 300 400
'\'\v\
-2 S ——T1
N
z-3 ) T2
-4 2 T3
-5 T4
-6
-7
Voltage

Figure 3.24: Repeatability of Actuator (10,8) throughout the four Trials
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3.3 Summary/Discussion

Table (3.1) summarizes the maximum displacement of actuators (7,7) and (7,8)

in pair actuator testing in all trials. Table (3.2) summarizes the maximum

displacement of actuators (10,7) and (10,8) in pair actuator testing. Table (3.2) below

compares the displacement between single and dual actuation for each actuator

leading to the conclusion that the more actuators we use the less voltage we apply.

Pair actuation

Pair actuation

displacement at 360 V displacement at 360 V
Actuator (7,7) Actuator (7,8)
(um) (um)
Trial 1 6.4 5.36
Trial 2 6.42 5.33
Trial 3 6.45 5.35
Average 6.42 5.35

Table 3.1: The maximum displacement of actuators (7,7) and (7,8) in pair

actuator testing in all trials

Actuator (7,7) reached 6.9 pm (basically 7 um) at 370 V.

Pair actuation

Pair actuation

displacement at 380 V displacement at 380 V
Actuator (10,7) Actuator (10,8)

(um) (um)

Trial 1 6.56 5.80
Trial 2 6.41 5.67
Trial 3 6.35 5.57
Trial 4 6.41 5.74
Average 6.43 5.70

Table 3.2: The maximum displacement of actuators (10,7) and (10,8) in pair

actuator testing in all trials
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Dual actuation Single actuation
Actuator Displacement Displacement
(um) (um)
(7,7)at360V 6.42 4.15
(7,8) at 360V 5.35 NA
(10,7) at380V 6.43 5.14
(10,8) at380V 5.70 4.58

Table 3.3: Comparison of the displacement between single and dual actuation
for each actuator

From the tables above we can conclude that actuating multiple actuators we can
achieve a higher stroke at lower voltage. However, not all of the actuators move to
the same displacement under the same voltage. To understand this behavior the height
of different actuators around this mirror was measured as shown in figure (3.25). On
average we get 56.93 um as the total thickness from the substrate to the mirror layer,
27.35 um from the substrate to the spring layer and 0.25 um for the counter electrode

as shown in figure (3.26).
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Mirror: 56.57 pm Mirror: 57.89 um Mirror: 59.44 um

Spring: 26.14 um Spring: 26.95 um Spring: 27.66 um
Bottom Plate: NA Bottom Plate: 0.215 um Bottom Plate: 0.012um
Mirror: Mirror:
54.88 um 58.00 um
Spring: Spring:
26.73 um 28.29 um
Bottom Bottom
Plate: Plate:
0.39um 0.134um
Mirror: 55.06 pm Mirror: 56.6 um Mirror: 57.04 um
Spring: 26.9 m Spring: 27.65 um Spring: 28.50 um
Bottom Plate: 0.27um Bottom Plate: 0.44 um Bottom Plate: 0.9643 um

Figure 3.25: Height of actuators located in the corner of the deformable mirror
as well as the height of actuators in the middle of each side of the mirror
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On average:
27.35 um

L

[

L

WMS - 15 Substrate A

On average:
56.93 um

On average
the thickness
is 0.25 pm

Figure 3.26: Average height from the substrate to the mirror layer, from
the substrate to the spring layer and for the counter electrode of this

deformable mirror

There are also bulls-eye test structures, as shown on figure (3.27), on two sides of this

mirror: the right side and the bottom side. The heights of different layers of the bulls-

eye were measured and summarized in table (3.4) below. On average, we get 0.44 pm

for counter electrode, 22.493 um for the gap between the counter electrode and the

spring layer, 5.882 um for spring layer, 25.3 um for the post gap and 3.7 um for the

mirror layer leading to a total of 57.82 um from the substrate to the mirror layer.
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Location e(I:eo;t?ctzre Gap ?g;g? ZC;SS Mirror Total
Right 1 0.47 22.49 6.31 24.28 5.94 59.48
Right 2 0.44 22.51 4.81 27.01 2.44 57.22
Right 3 0.36 22.65 5.57 28.25 1.35 | 58.19
Right 4 0.44 22.57 5.73 27.06 3.53 59.31
Right 5 0.42 22.66 5.74 24.92 3.46 57.20
Right 6 0.46 22.64 6.02 20.75 7.42 57.29
Right 7 0.48 22.57 5.72 27.39 1.10 57.27

Bottom 1 0.49 22.60 7.12 24.59 2.56 57.35

Bottom 2 0.41 22.51 5.25 26.87 2.44 57.49

Bottom 3 0.44 22.39 6.44 23.80 3.96 57.03

Bottom 4 0.45 22.27 5.36 25.82 5.80 59.70

Bottom 5 0.42 22.06 6.51 2290 | 4.38 56.27

Average 0.44 22.49 5.88 25.30 3.70 57.82

Table 3.4: Summary of the heights of the counter electrode, the gap between the
counter electrode and spring layer, the post gap, the mirror layer and the total
height of each bulls-eye that are part of the DM.

Red = Counter Electrode

Blue = Gap Between the electrode
and spring layer

Black =Spring Layer

Green = Post Gap

Brown = Mirror Layer

Purple = Total thickness

Figure 3.27: An illustration of a test-structure (bulls-eye) found around the
mirror
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The heights of different layers of test structures (bulls-eye) that are not part of

the mirror were also measured for comparison as shown in tables (3.5) and (3.6)

below.
Location Counter Gap Spring Post Mirror Total
electrode layer Gap
1 0.35 20.26 2.85 24.89 1.36 49.72
2 0.41 20.66 1.83 25.04 1.55 49.49
3 0.39 20.85 3.58 24.30 3.67 52.79
4 0.42 21.05 2.84 24.75 6.34 55.39
5 0.43 21.15 2.98 26.29 3.78 54.63
6 0.44 21.41 3.65 27.77 1.50 54.77
7 0.43 21.75 4.07 24.07 5.50 55.81
8 0.41 21.79 4.21 25.15 4.91 56.48
9 0.42 21.91 4.46 27.88 2.21 56.88
10 0.42 21.97 4.86 27.97 2.46 57.68
11 0.40 22.04 4.56 26.01 3.61 56.62
12 0.43 22.01 4.75 26.55 3.49 57.23
13 0.43 21.95 4.94 28.27 1.91 57.49
14 0.43 21.88 4.56 26.26 3.48 56.61
15 0.39 21.93 4.57 26.52 3.58 56.99
16 0.41 21.66 4.53 28.26 1.85 56.71
17 0.42 21.59 4.54 26.70 3.50 56.74
18 0.39 21.46 4.09 26.76 3.07 55.77
19 0.41 20.75 3.86 26.27 3.41 54.70
20 0.40 20.52 3.20 27.56 2.52 54.20
21 0.42 19.81 2.04 24.33 5.80 52.40
22 0.42 19.45 1.46 25.23 3.10 49.66
23 0.43 19.34 1.85 27.05 4.56 53.24
Average 0.41 21.18 3.67 26.25 3.35 54.87

Table 3.5: Summary of the heights of the counter electrode, the gap between the
counter electrode and spring layer, the post gap, the mirror layer and the total
height of bulls-eyes that are not part of the mirror.
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If we compare the average heights between the test structures on the mirror with
the others that are not on the mirror we can see that there is a discrepancy in the
height of the spring layer of approximately 2pum, a discrepancy of 3um in the mirror
layer and a discrepancy of 1.2um in the gaps. These discrepancies lead to the
conclusion that actuators throughout the mirror do no necessarily have the same gap
between the counter electrode and the spring layer, thus explaining why some

actuators achieve higher stroke than others.

Location Counter Gap Spring Post Mirror Total
electrode layer Gap

DM 0.44 22.49 5.88 25.30 3.70 57.81

OFF DM 0.41 21.18 3.67 26.25 3.35 54.87

Table 3.6: Comparison between the heights of the counter electrode, the gap
between the counter electrode and spring layer, the post gap, the mirror layer
and the total height of bulls-eyes that are part of the DM and ones that are not
part of the DM.

In order to reach 10 um of stroke and avoid breakdown more than two actuators
must be actuated at the same time. According to the modified Paschen curve we can
apply approximately 400 V for a 20 um gap, between the counter electrode and the
spring layer, before we reach breakdown as shown in figure (3.7). This graph also
gives the safe operating region for operating MEMS device, which in between

360 — 370 V [10].
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Figure 3.28: Standard Paschen curve, modified Paschen curve, Vacuum
breakdown, and safe operating region for MEMS for air at one
atmosphere [10]

Unfortunately we cannot use actuators (7,7), (7,8), (10,7) and (10,8) for 2 x 2
actuator testing because they are far apart. Directly between them there is a hole,

preventing further testing in that region.
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Chapter 4: Future Work

4.1 Individual Actuator Testing

In order to perform 2 x 2 testing, a second 16 x 16 X-beam actuators deformable
mirror is in the process of being tested. Figure (4.1) shows an image of the center 4 x
4 actuators of this mirror. A displacement of 1.4 pm on average is achieved at a
maximum voltage of 280 V. This displacement is basically 1 um less than the
previous mirror discussed above in this thesis at the same voltage. Preliminary
individual testing of the 16 x 16 X-beam deformable mirror showed that 13 out of the
16 4 x 4 center actuators are more or less behaving as expected. The graphs below
show the average displacement of each actuator from 0 to 280 V for 13 actuators of
the center 4 x 4 as shown in figures (4.2), (4.3), (4.4) and (4.5). We can therefore
conduct dual, 2 x 2 and eventually 4 x 4 testing and see how much displacement we

can achieve.

Figure 4.1: Image of the Center 4 x 4 X-Beam Actuators of second DM
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Figure 4.2: Graph of the average displacement of actuator (7,7), (8,7) and (10,7)
from 0 to 280 V for the top row of the center 4 x 4
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Figure 4.3: Graph of the average displacement of actuator (8,8), (9,8) and (10,8)
from 0 to 280 V for the second row of the center 4 x 4
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Figure 4.4: Graph of the average displacement of actuator (7,9), (8,9), (9,9) and
(10,9) from 0 to 280 V for the third row of the center 4 x 4
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Figure 4.5: Graph of the average displacement of actuator (7,10), (8,10), and
(9,10) from 0 to 280 V for the bottom row of the center 4 x 4
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4.2 Dual Actuators Testing

The second mirror’s dual testing have shown that the center 4 x 4 x-beam actuators
are behaving as expected; the more voltage applied the more displacement achieved
as shown in the figures below. Also, these results show that the more actuators are
tested at the same time the less voltage applied, which is similar to the behavior of the
first DM tested. In addition, this graphs show that the behavior of these actuators is
also repeatable in the four trials conducted for each actuator. However, the maximum
displacement achieved in dual actuator testing is only 4.5um at 360 V for actuator

(7,7) compared to the same actuator of the first mirror.

Actuator (7,7)

15 S —e—Series1
2 -2 '\,, Series2

_'3 N '\7 Series3

35 \T Series4

Voltage (V)

Figure 4.6: Repeatability of Actuator (7,7) throughout the four Trials of
dual actuator testing of the second DM

57




Acuator (7,8)

0.5 |

O a —
050 100— Tzeg—agg—mo

-1 = :
15 > - —¢—Series1

zZ -2 \\\ Series2

-2.5 \ Series3

-3 \\ Series4
-3.5 \

4 \
-4.5

Voltage (V)

Figure 4.7: Repeatability of Actuator (7,8) throughout the four Trials of dual
actuator testing of the second DM
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Figure 4.8: Repeatability of Actuator (7,9) throughout the four Trials of dual
actuator testing of the second DM
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Figure 4.9: Repeatability of Actuator (7,10) throughout the four Trials of dual

actuator testing of the second DM
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Figure 4.10: Repeatability of Actuator (8,7) throughout the four Trials of dual

actuator testing of the second DM

59




Actuator (8,8)
0.5
0 —r———
e, 400
o5 0 100 -~ . 200 300 0
» = ——T1
T2
Z 15 —
\ T3
-2 >
- T4
2.5 N
-3
-3.5 Voltage (V)

Figure 4.11: Repeatability of Actuator (8,8) throughout the four Trials of dual
actuator testing of the second DM
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Figure 4.12: Repeatability of Actuator (8,9) throughout the four Trials of dual
actuator testing of the second DM
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Figure 4.13: Repeatability of Actuator (8,9) throughout the four Trials of dual
actuator testing of the second DM

4.3 Future Work

The second mirror’s actuators are following the similar trend compared
to the first mirror’s actuators. Therefore, 2 x 2 and 4 x 4 actuators testing of the
second DM is in the process to achieve higher stroke than 4.5 um realized in the
dual actuating testing.

If the center 4x4 actuators behave as expected then the next step in testing
the mirrors would require a bigger actuator test area. A new PCB would be
planned that will allow the use of a current commercial deformable mirror

power supply from Boston Micro-machines Corporation (BMC) to actuate the
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deformable mirrors actuators at different voltages. The voltage output of the
BMC power supply will be summed to a constant voltage to allow a high voltage
(+300V) to be applied to each actuator. The testing will be performed on the

central 4x4 and eventually expanded to the entire central 12x12 actuators.
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Conclusion

Micro-Electro-Mechanical System (MEMS) X-beam actuators deformable
mirrors were fabricated using high-aspect ratio monolithic process by Innovative
Micro Technology. This process was used to fabricate 16 x 16 X-beam actuators
deformable mirrors and individual and dual actuator testing has been conducted.

Thorough characterization testing was performed on the fabricated MEMS
deformable mirrors. The Veeco WYKO NT1100 White Light Interferometer was
used to perform stroke measurements while the data was collected in the WYKO
Vision 32 Software for further analysis.

Single actuator testing achieved approximately a maximum of 5.14um for
actuator (10,7) while dual actuator testing achieved a maximum of approximately
7um for actuator (7,7) for the first deformable mirror. These results show that
applying voltage to multiple actuators achieves a higher stroke at lower voltage. In
addition, the data show the repeatability of these actuators’ voltage vs. displacement
curve as expected.

These results lead to the conclusion that the high aspect ratio monolithic
fabrication process is capable of the fabrication of high stroke MEMS deformable
mirrors that are suitable for the next generation of telescopes. In addition, these
mirrors hold great promise for applications in vision science that requires a stroke of

15 pm.
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