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Dynamic Properties of Angular Vertical Comb-
Drive Scanning Micromirrors with
Electrothermally Controlled Variable Offset

Ralf Bauer, Li Li, and Deepak Uttamchandesgnior Member, IEEE

Abstract— This paper presents the investigation of a varide
angular vertical comb-drive (AVC) actuated MEMS scaning
micromirror, focusing on the influence of the initial comb offset
on the dynamic scan characteristics. Continuous ctml of the
fixed comb initial vertical offset is achieved usig an
electrothermal actuator integrated in the AVC. Eledro-thermo-
mechanical simulations and experiments of the AVCtricture
show good agreement, with the initial vertical offst of the fixed
comb reducing theoretically from 10.8um (OmW to aaiator) to
6.0pum (500mW to actuator) and experimentally from 0.4pm
(OmW to actuator) to 4.9um (510mW to actuator).
Experimentally, a change of the initial vertical canb-offset from
10.4pm to 4.9um leads to a reduction of the measwaralynamic
total optical scan angle (TOSA) from 27° to 19° forlO0V AC
actuation. Additionally, a mechanically assisted déection of the
AVC actuators to achieve an almost in-plane comb odiguration,
further reduces the measured dynamic TOSA to abouB°. The
overall device behavior is modeled using a hybridimulation
approach combining FEM analysis of the AVC capacitace with
an analytical solution of the motion equation of tle scanner. The
analysis shows good agreement with the experimeniaimeasured
characteristics, overall showing an increased TOSAvith higher
initial comb offsets.

Index Terms—Angular vertical comb-drive (AVC) actuators,
scanning micromirrors, electrothermal microactuators,
electrostatic force actuators

I. INTRODUCTION

have been shown, for example, by using in-planebedrives
creating resonant tilt movements [9] or in-plandational
movements in combination with a diffraction gratifit0].
Imaging and projection systems have also been peapby
using vertical offset comb-drives for actuationcatcaded 1D
scanning micromirrors [11] or 2D scanning micromis [12,
13]. Asymmetric comb-drive actuators are a sub§efeoeral
comb-drive actuators. They can generate high targne are
often used for generating stable and wide contisuange of
dynamic angular motion, such as required in higinsangle
micromirrors. Asymmetric comb-drive actuators arsally
classified into two categories, namely staggeretoat comb-
drives (SVC) and angular vertical comb-drives (AVQhe
SVC category actuators have a parallel offset eelacomb
finger thickness variation between the fixed andvimp
combs, while the AVC category actuators have amlmon-
zero cross-over angle between the fixed and moxdmgps.
The fabrication of SVCs in general requires compiaxti
mask etch steps to create the different comb tleiskneither
through selective etching [14, 15] or by addindaton layers
between two device layers to create the vertidakbbetween
the active comb electrodes [16]. A further fabiimat
possibility has been demonstrated by using the aréchl
displacement of a hinged actuator [13]. For thipetyof
actuator a frequency tuning scheme has also bemsmnsfi 7]
by mechanically increasing the torsional sprinffress using
a chevron actuator. SVC actuators have also bedavad by

LECTROSTATIC comb-drive actuated silicon MEMsUSING bulk micro-machining of a stack of silicon fas

micromirrors [1] have been the subject of extensivel
detailed research investigations which have led the
application of these devices in optical systemhitling active
corner cube reflectors [2], variable optical attous [3, 4],
wavelength multiplexers/demultiplexers [5], tunaldsers [6,
7], optical switches [8], as well as micro-projastoand
imaging systems [9-13]. An example optical switgfstem
includes an array of 1xN comb-drive actuated midrmms in
combination with a grating spectrometer to allowelangth

selective switching [8], while imaging and projectisystems
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requiring precise alignment between the individuadfers
[18].

For AVC actuators various fabrication schemes Hhasen
demonstrated including the use of stiction pads],[1Be
reflow of photoresist [11, 12, 20], plastic defotioa [21],
mechanical pre-tilt of the torsion beams [22] ,tloe use of
non-actuated bimorph layers on the moving [23]xed comb
structures [24]. In these cases the emphasis teasrbainly on
investigating the static behavior of the MEMS desic
incorporating the AVC actuators and the influendettte
comb-drive geometry and initial vertical offsetstbe electro-
mechanical characteristics (such as static rotamagles, pull-
in stabilities or comb-drive capacitances) of tlewides when
operated at DC voltages. This paper presents astigation
of the dynamic behavior of AVC actuators at diffareomb
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cross-over angles. Our AVC actuators were realibgd
exploiting non-uniform stresses, which exist in thidicon

Il. DEVICE DESIGN AND FABRICATION

device layer of devices fabricated using the SOIMREM A. Scanning micromirror design

process [25]. These stresses, combined with thindtresses

The layout of the single crystal silicon (SCS) MEMS

arising from the deposition of thin gold layersngete an out- scanning micromirror used to investigate the infee of the

of-plane curvature in cantilever type MEMS struesir This
effect has been used advantageously in our wordegign

initial AVC angle on the resonant behavior of tharmer is
shown in Fig. 1. The 700um diameter mirror surfase

AVC actuators with curved stators and rotors, thgre connected via a 25um wide circular frame to twdamegular

generating a non-zero cross-over angle. Furthermarehave
designed novel AVC actuators whose cross-over acaylebe
varied by application of an electrical voltage
electrothermal actuator integrated with the stafothe AVC.
We have experimentally and theoretically investdathe

torsion beams, each of length 745um and width 1&imilar
scanning micromirror designs from our group havewsh

ton amaximum optical scan angles of around 80° [7]. Tineular

frame was chosen to reduce the dynamic mirror distoand
induce a small magnification of the mirror tilt &agn respect

dynamic response of such a variable angle AVC bl the tilt introduced on the torsion beams [27hisT is

incorporating it in a scanning micromirror, whichadles the
use of a laser detection system
characterization. To the best of our knowledge, etaited
investigation of the dynamic response of an AVQiatzir for
different cross-over angles has not been previaeggrted.
Theoretical analyses of vertical offset comb-driviesve
mainly concentrated on the vertical and angulapldements

achieved by combination with a second set of torsiprings

in the experimental length 35um and width 10pm connecting the freand

mirror surface in line with the main torsion spsngThe
moving combs of the AVC actuator are connected single
side of one of the torsion beams, while the fixednbs are
attached to a comb support beam and anchored thriowg
electrothermal bimorph actuators (see Fig. 1). dtalt 13

generated when driven by DC voltages. The analyticenoving and 14 fixed combs are used to create thmbco

methods have included electrical field calculatid@s] or

calculation of the differential capacitance of twmmb-drives
[23], in both cases ignoring the electrical frirfigdds. While

for SVC actuators this approach might be valid, ldwe area
overlap of the combs compared to the comb sidecfra&/Cs

requires the consideration of fringe fields. Thiashbeen
achieved in [11, 12, 20] by use of a hybrid modgbraach,
calculating the differential capacitance through BEM

simulation in combination with an analytical apprbao the
static torque balance. In their analysis of AVC monirrors

Hong and Syms [2] used a parametric fit of theedéhtial
capacitance to match experimentally obtained reswithout
investigating the influence of the initial AVC aegbn the
dynamic performance. In the work presented heralae use
a hybrid approach with a combination of FEM simigiatand
analytical calculations to obtain the different@pacitance.
This has been done for different initial AVC crasger angles
combined with an analytical solution to the dynammiotion

equation of the micromirror.

In section Il the design and fabrication stepshaf AVC
scanning micromirror and the novel variable crossrangle
AVC comb actuator are presented. This is followedection
Il by the simulation and characterization of thectrothermal
actuator used to change the AVC cross-over angletic® 1V
presents the experimental characterization of oU€ Alriven
micromirror with varying initial cross-over anglef dhe
stator/rotor combs. The hybrid theoretical model thg
scanning micromirror is presented in section V wih
comparison between the experimental and theoretsalts in
section VI and a concluding discussion in sectidin V

actuator with each comb finger having a length @9dm and
width of 10um. The lateral gap between the combteddes is
set to be 6um, which is achieved with high accumasyboth
comb electrode structures are defined in the sapenlthick
device layer, as are all other moving structurethefdevice.
Only a single side AVC is used in this device afurdher
intended use is as an array configuration wheremion of a
small footprint limits the available space for attrs.

B. Electrothermal variable AVC actuator
The initial vertical offset of the AVC actuator defined as

the value of zand z (see Fig. 4) when the mirror is at its rest

position. The offset is generated through stregsd®e overall
anchor structure of the fixed combs, consistinghef comb
support beam, bimorph actuators and anchor padeor
uniform stress through the thickness of the silidenice layer
creates an out-of-plane curvature of this singtke silamped
anchor structure. To increase this out-of-planevaure a

Comb suzppon beam . 700 um diameter mirror

Comb-drive
A

& 25 um frame

Bimorph, 1]
actuators

e ———

A EEE A
Anchor péd 1 N I:l

Anchor pad 2 @ Si Substrate (400pum) mWSiO2 (1um)
mn-type Si (10 um, device layer) mAu (1.1 um)

Fig. 1. Schematic layout of AVC scanning mirroclirding layer structure.
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bimorph layer structure is created on part of thehar
structure by depositing a 1.1um thick gold coatimgits top
surface during the microfabrication. These coat@dolph
actuators are 250um long and 88um wide with twahem
connected in parallel to a 90um wide and 500um lcomgb
support beam and an anchor pad fixed to the silicloip
substrate (see Figs. 1 and 2).

To enable a continuous variation of the initialtieal offset,
an electrothermal actuator is created using the dnnorph
beams. With two adjacent bimorph actuators condeate
parallel and using a separate electrical conneclios, a
current path is created through the bimorph anchad the
comb support beam when applying a potential diffeee
between anchor pad 1 and 2 shown in Fig. 1. Thiseot
generates Joule heating throughout the current gaththe
resulting temperature change will change the cureaof the
bimorph actuators. Using the material combinatibB@S and
gold the increase of temperature will lead to aiotidn of the
curvature and therefore a reduction of the initextical offset,
z; and z. The electrothermal actuator movement range
limited by the maximum temperature in the gold fayeavoid
thermal damage, as the analysis of section |1l stiw.

C. Fabrication process

The device is fabricated using the commerciallyilaiée
multi-user silicon on insulator process (SOIMUMPdlered
by MEMSCAP Inc [28]. A schematic of the cross-sectbf
the structure is shown in the inset of Fig. 1. pdirts of the
scanning mirror are defined in the 10um thick plhosps
doped SCS device layer which is subjected to alesidgep
reactive ion etch (DRIE) step. The device layeelitss
electrically isolated from the 400um thick SCS dtdie by a

* Anchor pad 1
:* Anchor pad 2

* Bimorph actuators

+ Comb drive

Fig. 2. SEM image of fabricated scanning microoririncorporating
electrothermally controlled variable initial verioffset AVC actuator.

1pm thick silicon-dioxide layer. A backside DRIEgtis then
performed through the thickness of the substratel&ase the
device. The gold coating layer on the electrothéractuator
beams is produced by a combination of a 500nm thibkam
evaporated gold layer and a 600nm thick shadow rgask
layer, one deposited before and one after the Dittitess
steps. A non-uniform stress in the silicon deviegel

generates an out-of-plane curvature of single sidehored
beams, with the free end of a beam being verticaffget

above the device layer [25]. This through thicknes®ss-
gradient originates from a non-uniform doping gethrough
the thickness of the silicon device layer. It alsads to an
intrinsic curvature of the mirror surface with atperimentally
determined radius of curvature of ~0.1m [29]. Tidius of
curvature is outside the usually specified limit @bm for
mirrors used in imaging or projection systems. Hasve the
desired application of the scanning mirror usethis work is
focused on its use as a MEMS based, active intrdyodevice

in solid-state laser systems, where optically staldser
avities can be achieved with the measured mirtofase
curvature [7]. An SEM image of the fabricated deviis

shown in Fig. 2, with a magnified image of the cednlve in

the inset showing the initial vertical offset affabrication.

I1l. ELECTROTHERMAL ACTUATOR SIMULATION AND

EXPERIMENTAL CHARACTERIZATION

A. FEM simulation of the electrothermal actuator

An electro-thermo-mechanical simulation of the iait
vertical offset change of the AVC, achieved through
electrothermal actuation of the bimorph actuatdrthe fixed
comb structure, was performed using the FEM softiwar
CoventorWare. Using the simulation results, thengiray
initial vertical offset of the AVC was calculated she DC
voltage applied between the anchor pads was iredeas
During the simulation, a sweep of varying potentifflerences

Temperature limit for electrothermal actuation
due to thermal limit of gold coating

Comb support beam
(Silicon)

GND

Bimorph actuators
(Silicon + Gold)

Anchor pads
(Silicon)
x N T | T
Temperature: 293.1 485.3 6775 869.6 1061.8
K COVENTOR

Fig. 3. FEM simulation of electrothermal actuateith a maximun
temperature distribution at an applied DC voltafjg.6V (593mW)to avoic
damage to the gold layers on the anchor beams.
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from OV to 3.5V was defined across the faces aGh® and
+Vpc ends of the model (Fig. 3). The simulation sofevtiren
calculated the temperature profile in the actudtoe to Joule
heating, heat convection and radiation, and theplaug
between thermal and mechanical deformation. Thiesivity
of the silicon and gold surfaces were taken to lead 0.02
respectively. The air convection coefficient foe thurfaces of
the comb-drives model was taken to be 150%fh Other
material properties of the silicon and gold layesed for the
actuator can be found in previously published wW8f. The
intrinsic stress gradient of the silicon layer wagMPajim
and the residual stress within the gold layer ved®n to be
300MPa. Both effects lead to the out-of-plane cumeof the
fixed combs of the comb actuator, while only thérimnsic
stress gradient leads to the curvature of the ngowombs of
the actuator.

The simulated temperature on the surface of theatmt
with an applied DC voltage of 3.5V, leading to qapléeed DC
power of 600mW, is shown in Fig. 3. The averagéain

DC voltage was applied between the anchor padsd12aof
the fixed combs, with an electrical power levelotn OmwW
and 510mW leading to a downward bending of thest@imb
tips due to the bimorph effect between the gold sitidon
layers of the stator. The fixed comb support beaiformity
changes only minimally during this actuation, shmyia
maximum height difference change of 0.1um which dad
significantly influence the pre-tilt angle of the/&.

The measured average initial vertical offsetsamrd z are
shown in Fig. 4, with the experimentally obtaineentd
matching the simulated FEM results. The maximuntiahi
vertical offset z of 10.4um is measured without applying an
electrical DC power, i.e. this is the value gfof the device as
fabricated. With electrothermal actuation of themdiph
stator, the initial vertical offset reduced to 4n®@ufor an
applied electrical power of 510mW. The DC powertloé
actuator was limited to 510mW to avoid thermal dgent the
gold coatings of the actuator.

vertical offset z of the tips of the comb-drives (see inset of

Fig. 4) changed from 10 to 5.Qum when the applied
power increased from OmW to 600mW. The simulatezhgle

of the initial vertical offsets zand z for varying applied DC
power is shown in Fig. 4.

B. Experimental characterization of the variableinitial
vertical offset AVC

To evaluate the performance of the fabricated bégia

initial vertical offset AVC, the height profile dhe structure

was measured using a Veeco NT1100 optical whitht lig

interferometer profiler. The non-electro-thermadigtuated set
of combs (i.e. the rotor) of the microscanner wesed as the
initial height reference, with measurements beéakgn of the
height difference at the end of the fixed comhsHig. 4) and
the end of the moving combs,(Zig. 4). The fixed comb

support beam (see Fig. 3) showed a maximum heig

difference of 0.5um between the middle and the eihthe
support due to the residual stress in the siliceviad layer. A
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Fig. 4. Average initial vertical offset of conurive fingers witl

electrothermal DC actuation, s the offset at the fixed comb end side o
comb-overlap area while is the offset at the moving comb end.

IV. DYNAMIC SCANNER BEHAVIOR WITH VARYING INITIAL
VERTICAL OFFSETS OF THRAVC

The experimental characterization of the influedethe
initial vertical offsets z and z on the resonant movement
behavior of the scanning micromirror was performesing
two methods to vary the initial vertical offset, thithe
combined experimental setup shown in Fig. 5. Thst fi
method used a DC voltage control to vary the ihitrtical
offset as described in Section lll. The second oetto vary
the initial vertical offset was by mechanical dagment of
the fixed comb anchor structure using the sharpftip needle
mounted on a vertical micrometer translation stafbe
second displacement method was used to achieve alose
as possible in-plane configuration for the comiwelriand
additionally a “negative” initial vertical offsetwith the
%?sition of the stator combs lying below the plasfethe
surrounding silicon die, and therefore below thgahposition
of the rotor combs. A mechanical displacement loaloet used
for this part as the damage limit of the electrotied actuator
prevented a displacement range leading to an mept@mb-
drive configuration. The resulting total opticalasc angle
(TOSA) for each initial vertical offset of the deei was

Optical Profiler

mechanical

displacement
AZI ﬁ\

electrical
( displacement
N X20 Edawg

Fig. 5. Experimental setup for mechanical and tetad change of tt
initial AVC angle with simultaneous evaluation dfetinitial combeffsei
during actuation. Scanner excitation at torsionesonance mode thi
arbitrary waveform generator (AWG) and high voltageplifier (x20).
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Fig. 6. Frequency response curve of AVC scannimgamirror with electrical variation of the initialombeoffset. (a) Actuation of the scanner wit
sguare-wave voltage signal with V=80V, (b) actuatid the scanner with a square-wave voltage sigital\V=100V.

measured using the reflection of a probe HeNe lasam on
the mirror which was projected onto a screen. Sanglously
the initial vertical offsets were measured usingvVeeco
NT1100 optical white light interferometer profiler.

A. Electrically varied initial vertical offset

The initial vertical offset was electrically vadievhile the
microscanner was driven at its resonance frequeAcipC
power varying from OmW to 510mW was applied betwten
anchor pads 1 and 2 of the stator combs to varyirtitial
vertical offset as previously explained. The micamer
dynamic displacement was generated using an AC faawe
from a signal generator (Agilent 33250A) which veasplified
by a 20x voltage amplifier (FLC A400) before beiagplied
to the scanner. The AC actuation voltages consisfedn
offset square-wave waveform with peak-peak value3@V
and 100V at a frequency of around 6 kHz, correspantb
the torsional resonance mode of the scanner.
measurements were taken at four initial verticafsedf
positions, starting from the maximum initial vedimffset z
of the fixed comb tip of 10.4um to the lowest pbksiinitial
vertical offset of 4.9um which ensured that thectetghermal
actuator was not thermally damaged.

The resulting frequency response curves showing
measured TOSA are presented in Fig. 6. For bothegabf

B. Mechanically varied initial vertical offset

The mechanical variation of the initial verticalfsst is
conducted on the same microscanner as the eléotrfiset
control, creating the vertical displacement of ¢benb anchors
by using a needle tip. The needle is fixed on aticadr
micrometer stage and mounted at an angle to allosv t
simultaneous imaging of the fixed comb displacemesihg
the optical profiler while adjusting the displacemef the
combs. The needle tip has a width of around 100pdhia
carefully centered between the two sets of bimdreams to
exert a balanced downward pressure leading to agehan
initial vertical offset, whilst making great effotdb minimize
any twisting of the comb structures. Four displagehtases
were chosen: (i) initial vertical offset at thedtk comb tip at
the rest position of 10.4um (ii) about half wayveetn the rest
position and an in-plane alignment relating to 8m9(iii) as
close as possible in-plane configuration with atiahvertical

TOSAfset of 0.5um and (iv) a negative initial vertic#fset of

-1.7um placing the fixed combs beneath the movomglerest
position. Due to the tip width being smaller thae toverall
comb-anchor width, the mechanical displacemenh@ftombs
leads to a slight non-homogeneous comb tip dispiaoé with
higher displacements in the middle compared toetlhges of
thiee anchor showing a maximum difference of 1.2uniHe in-
plane configuration. The quoted offset values drereffore

AC voltages applied to the scanner a reduction hd t average offsets.

maximum TOSA is observed for lower values of initiartical
offset. Additionally a resonance frequency increa$ebHz
(around 0.08%) can be seen as the initial vertoffdet is
reduced from its maximum value to its minimum val&er
80V AC actuation a TOSA of 21° at 6.005kHz was mess
for the non-actuated initial vertical offset (i.avithout
electrothermal actuation) while application of 5Mmto the
fixed comb anchor pads led to a TOSA of 14° at @®6ir.
For the 100V AC actuation a similar behavior wasesked
with TOSAs of 27° at 6.010kHz and 19°
respectively for the two initial vertical offsetluas.

at 6.015kHz
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Fig. 7. Frequency response curve of AVC scannifggamirror with mechanical variation of the initiebmbeoffset using a probing needle. (a) Actua
of the scanner with a square-wave voltage signiél W+80V, (b) actuation of the scanner with a s@uaave voltage signal with V=120V.

The frequency response curves for the four cagestmawn the scanner for torsional displacements. The mdaielthe
in Fig. 7 for square-wave AC actuation voltages80¥ and numerical solution is based on the model used bygHand
120V peak-peak. Similar to the electrically induciitial Syms [2] for the evaluation of a fixed initial viedl offset
vertical offset change, a higher initial verticdfset leads to AVC. The angular displacemertt of the scanning mirror
higher TOSA values at the resonance peak. For @ton around its torsion axis is governed by the equatibmotion
the TOSA reduces from 21° at the maximum initiaitical  of a forced oscillator and is written as
offset to about 2° for the lowest initial verticdfset difference ( )
and rises again to 9° when reaching the negatitial imertical » ) o n_ 1. ,0)0C(6,t
offset. As already mentioned, no perfect in-planemio 19+ 280516 + w516 = 2V (1) 6 @
alignment could be reached with the mechanicallaigment,
leading to an average initial vertical offset of|®m at the tip where | is the torsional moment of inertia of tlearmer,wg
of the fixed combs ¢ and -0.9um at the tip of the movingis the angular resonant frequenéythe damping coefficient,
combs (). This initial vertical offset in both vertical V(t) the applied voltage driving signal ando@) the angular
directions plays a part in the low TOSA frequenegponse and time dependent capacitance of the AVC actudtbe
for this case. For the 120V actuation a similarawdr is damping coefficient is related to the experimegtalleasured
observed with the maximum TOSA reducing from 32°tf®  Q-factor of the resonance by
initial vertical offset z to about 3° for the closest in-plane
configuration and rising to 17° when moving to tregative 1 f,-f, @)
initial vertical offset. The initial vertical off¢e for both '5 2f, '
actuation voltages are identical since frequencgeps have
been carried out for both without changing the raedtal
setup.

Comparing experimental results obtained from baoitiai
vertical offset control techniques shows the sarakakior,
namely lower absolute values of initial verticalsets leading
to a lower angular response of the microscannethé&tsame
time a small frequency shift in the region of SHmvards
higher frequencies can be seen at the resonanés pdeen
moving from the highest initial vertical offsets te lowest
achieved initial vertical offsets.

where f{ is the resonance frequency andahd f are the
frequency values where the angular response hapeldato a
value of 142 times the maximum angle. The spring related
part of the motion equation can be written in fooh a
torsional spring with spring constant\where

k, = w?l . 3)

If a nonlinear behavior of the torsional springissent then
this spring constant has to be adapted to incligleeh order
. . . . for s mmetrlc displacement movements as is preseur

To investigate the expected dynamic behavior of the y P P

: Lo 4 . microscanner [31]. The modified spring constanhttakes the
microscanner for varying initial vertical offsetstlaeoretical [31] pring

model is used, combining an FEM simulation of theorm

— 2
capacitance between the comb fingers of the AVQadot Ky =ko (1+ k.0 ) (4)
with the numerical solution of the basic equatiémmotion of
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Fig. 8. 2D FEM simulation of electrical eqpdtential lines between o
pair of half-comb fingers with varying vertical efftfor an applied voltag
of Veem=80V. The electrical energy distribution is usedctculae the
capacitance between the comb-fingers includingéifield effects.

where k is the resulting spring constant andik the cubic
nonlinear spring constant. Positive kalues lead to spring
hardening behavior while negative kalues show a spring
softening effect [32]. The right hand side of eduat(1)
comprises the electrostatic torque applied throtigh AVC
actuator. The electrical actuation voltage can btem as

V2(t) = %Voz [1+ sgn(sin(277ft))]* ,
(5)

+1 for sin(277ft)>0
sgn(sin(277ft))={0 for sin(2ft)=0
-1 for sin(277ft)<0

fixed comb

moving comb 2

Fig. 9. Geometry definitions for comtdrive overlap calculations of z(l)
calculate the angular dependent differential capace.

combs. This is done by defining both half combgeaminals
in the FEM software with their respective matepabperties
set to the used SCS. The 6um gap between the darfilbed
with air by using the COMSOL in-built material perties.
The electrical energy density wof the unit cell is then
calculated using a surface integration of the sited potential
distribution over the 2D area using the FEM softvaFhis
process is repeated for varying height steps zdmivthe two
half combs, leading to a distribution of wver varying height
differences. The electrical field distribution fidree example
cross-section offsets of Oum, 5um and 10um is showiig.
8 (with Veey=80V), also showing the necessity to include the
fringe field in the capacitance determination agomparts of
the field distribution are outside the overlap area

B. Capacitance evaluation over angular movement range

To determine the capacitanced(of the actuator for a
specific mirror tilt angled, with inclusion of the contributions
of the fringe fields, the electrical energy densitythe 2D unit

with V, being the amplitude of the square-wave voltageell of section A above needs to be integrated ¢giverength

signal and f the device actuation frequency. Temantfor the
variable capacitance distributions for varying ialitvertical
offsets and for the fringe fields between the castértrodes,
which are not negligible for AVC actuators [20]28 FEM
simulation is used combined with an analytical esgion for
the instantaneous relative comb positions betw&enrotor
and stator.

A. Electrogtatic fringe field analysis

To determine the 2D electrical field distributioorfa
varying height difference z of a cross sectionh# tixed and

moving combs in a unit cell of the comb drive a FEM

simulation using the software COMSOL Multiphysics
performed. A unit cell consists of the end-on crasstion of a
half width of a moving and a half width of a fixedmb as
shown in Fig. 8. The use of this unit cell redudbe
computational requirements, with the use of onlyad comb
per unit cell to allow the summing of multiple umélls to
calculate the overall comb-drive electrical fielgstdbution
[20]. The simulation solves the electrical potentiigtribution
of the unit cell for an applied voltage-{, between both half

of a comb-finger while taking the instantaneoudigal comb
offset z(1p) for each section of the comb fingers into account
The vertical comb offset distribution along the dém of the
comb-overlap can be formulated using the defingionFig. 9.
When including the tilt anglé of the moving comb it can be
written as
2(1,6)=11sin(8-6,) + z, +1, [sin(d). (6)
| is the length variable originating from the tip the fixed
comb, 6; is the initial angle between the moving and fixed
omb, z is the initial vertical offset at the tip of théxdd
i comb and is the length along the moving comb between the
rotation axis and the start of the comb overlapttoan fixed
comb tip. 6; and z are inputs which are experimentally
obtained from the optical profiler measurements tbé
fabricated comb-drives. From this expression autation of
the overall actuator capacitance for a speciftcatilgle of the
moving combs is achieved using
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Iy
v22 [w.(z01,6))dr .

FEM o0

(7)

Cc8) =N

N is the number of gaps between the moving anddfi

combs and,lthe length of the comb overlap, as can be seen

Fig. 9. This integration is undertaken using Mathdth a fit to
the electrical energy density distribution and theasured
initial comb-offset values as inputs. The diffefraht
capacitanc@C/o0 is then approximated using

oC _C(p)-C(p-1

oL (8)
f(p)-6(p-1)

08

with p being the running variable through the calculated
of capacitance values for varying anglés An example
distribution of the actuator capacitance and diffeial
capacitance for an initial vertical offsetaf 10.4um is shown
in Fig. 10. The considered angular range is in t@se an
optical scan angle of +45°,

C. Analytical motion equation evaluation

To use the above determined differential capac#tanc

distribution in the torque related term of the roatequation, a
20" order Fourier fit is used on the dataset. A nuocari
solution of the ordinary differential equation irl)(is

constructed using Matlab with its in-built Rungettéusolver
in the function ODE45. To solve the second ordéecdintial

equation it needs to be split into two first orédguations in
the form

= 82
9)
= -4n 1,0, —k|i491+iv2(t)‘LC

6,
6
2 21 06,

To determine the moment of inertia | and the springig. 11.

constant ka FEM modal analysis of the scanner layout is used
(as seen in Fig. 11), resulting in a value for thement of
inertia of 1=3.963-10° kg-nf and a resonance frequency of
f;=6255Hz . This simulated resonance frequency otiarates
the experimentally observed frequency of the fatteid device
by 250Hz. Therefore the frequency used as simulatiput is
based on the experimental results with an initetigal offset
z; of 10.41m, through which the resonance frequency can be
extrapolated ag¥5990Hz, rather than using the FEM value of
6255Hz. The only other parameter relying on prior
measurements is the damping coefficiegt which is
determined through the Q-factor of the frequencspomse
curve when the thermal actuator is not actuatedis Th
experimental estimation is necessary as an accaratytical
calculation of the damping behavior for the microwon
structure is outside the scope of this work. Tccualte the
frequency response curve, multiple iterations & @DE45
function are required with varying actuation frege inputs
f. The achievable TOSA for each frequency stepxisaeted
after the simulated oscillation has reached itiisgttime.

Within the simulation model the influence of tharfre and

xeits second pair of torsion beams connecting theomsurface

I8, neglected and no coupled system of differemtiplations is
constructed. This is justified due to a low ampéfion factor
between the angular displacement of the frame khadrirror
which was measured to be below 1.2. The mirror faache
combination can therefore be modeled as a stificaire in a
first order approximation.

VI. VERIFICATION OF SIMULATION RESULTS WITH

EXPERIMENTAL DATA

The simulation results obtained in the previoudises are
verified using the experimental data obtained fer 80V AC
actuation. Four initial vertical offsets were usadp z values
of 10.4um and 4.9um for comparison with the
electrothermally varied initial vertical offsetsndh two 2z
values of 0.5um and -1.7um for comparison with the
mechanically obtained initial vertical offsets. Ainsmary of

FEM simulation of torsion resonance msiape.
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the input parameters for the simulation is preskmterable 1,

with the spring constanglbeing calculated through the modal

FEM results for | and ,f The two initial vertical offset

parameters;zand z for each offset case are the average value

taken from the optical profiler measurements ardused for
determining the differential capacitance distribati The
damping coefficient is taken from the 10.4um inhitrartical
offset frequency response curve of the electritsppldcement
case in Fig. 6(a) with a Q-factor of 166. The atituavoltage
V, used in the simulation model is 56V. A cubic noear

spring constant of &0.33 was included in the modeling as the

experimental measurements of the TOSAs showed
nonlinear characteristics (e.g. bending of the desgy
response curve) while an initial simulation shoveexdonlinear
response at movement angles above TOSA=15°. Thidted
from electrostatic field induced nonlinearities ithe

TABLE |
PARAMETER OF MOTION EQUATION SIMULATION

Symbol Description Value
Torsion moment of inertia 3.963-10% kg-n?
fo Resonance frequency 5.990kHz
ko Spring constant 5.61-T0Nm/rad
ko Nonlinear spring constant, cubic 0.33
Damping coefficient (measured) 3.0%0
N Number of comb finger gaps 26
Z1 Z;
Vertical offset, end of fixed coml Vertical offsend of moving comb
| 10.4pm 6.1pum
4.9um 2.7um
0.5um -0.9um
-1.7um -2.5um

simulation, which were counteracted by modifyinge th micromirrors for higher initial vertical offsets. h& AVC

simulation to include the nonlinear behavior of thesional
spring.

The resulting simulated frequency response cureeshie
four actuation cases are shown as lines in Fig.with the
open points depicting the experimentally obtainallies from
section 1V. The simulation results show a good agrent with
the experimental values with the trend of lower POBr
lower initial vertical offsets being also presem the
simulation results. The experimentally observedqdency
shift for lower initial vertical offsets is also @lwn by the
simulation results, with the simulation having aftsbf 20Hz
between the initial vertical offset of 10.4um ahd tlosest in-
plane configuration with 0.5um and therefore introidg an
even higher shift than experimentally observed.

VIl. CONCLUSION

Both the experimental and simulation results havews
higher dynamic scan angles of the AVC actuated réngn

25 T v T = J
initial offset z,
o o 10.4um
20 | S
a a o 4.9um
v 0.5um
-1.7um
© 15
)
Q
% 10
O
|_
5
1
5950 6000 6050 6100
Mechanical resonant frequency [Hz]
Fig. 12. Comparison ofhe simulated resonance curves and

measurement results for 80V actuation. 10pm and &ffiset measuremer
are from the electrical offset actuation and Oupmd a@um offse
measurements are from the mechanical offset actuati

scanning micromirrors are themselves novel in desgd
operation, since the relative position of the statnd rotor
combs can be changed by electrical control. Thesefthe
comb-offset for the AVC can be adjusted precishly.perfect
in-plane configuration can be achieved betweerstatr and
rotor combs; however a low initial fixed comb angfe0.5° is
the closest experimental realization of an in-plane
configuration. The full set of possible initial Wieal offsets for
our AVC microscanners were investigated, with theximum
possible initial vertical offset limited in ordew tprevent
thermal damage of the gold layer coating the adtotrmal
actuator. Alternative designs for the fixed combcleor
actuator may increase the possible initial verticdiset
variation range and could lead to the determinatiéna
maximum initial vertical offset range after whidietdynamic
scanner behavior will not have a further increasthé angular
frequency response. The hybrid simulation modekemeed
shows a good agreement with the experimental déta am
already mentioned overestimation of the frequenuift $or
changing maximum TOSAs. Only a cubic nonlineartyused
for modeling the spring constant with a possiblgher
agreement between the experimental and simulatedvazen
considering further orders of nonlinearity. Thesrild require
an optimization for a fit of the simulations to tegperimental
data, which was not conducted in the model devel@seapart
from the damping coefficient, all other model paedens were
based on theoretical values.

Overall, an investigation of the dynamic behavibrAyC
actuated microscanners has been presented, witlodhe on
studying the impact of the initial vertical offsstthe actuators
on the dynamic scan angles generated. Similar &viqus
investigations of the static scan angles, a higheal vertical
offset was shown to give a higher angular dynaméponse at
resonance. Experimental results matched the thealret
findings of a hybrid simulation model.
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