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Measurement System for Full Three-Dimensional
Motion Characterization of MEMS

Christian Rembe and Richard S. Mull&ife Fellow, IEEE

Abstract—Advanced testing methods for the dynamics of The displacement at a single spot of the surface under inves-
mechanlcal microdevices are necessary to develop reliable, mar-tigation is computed by integrating the velocity measurement.
ketable microelectromechanical systems (MEMS). A key purpose By scanning a 1 mW continuous-wave (cw) laser beam over the

for mechanically testing MEMS is to provide feedback of measure- f th t the vibrati f that
ments that can help the designer progress in an iterative process stiiace, e SySIE MEeasures the vibiation oran area tat a User

from prototypes to fully developed products. The effectiveness Preselects using a graphical user interface.
of these procedures is markedly enhanced if the measurements Pure out-of-plane motions can also be measured with a

include high-speed dynamic visualizations of mechanical struc- Stroboscopic Interferometer System (SIS) developed by Hart
tures in the microsystem. These data can be obtained using aet al. at the Berkeley Sensor and Actuator Center (BSAC) [5],

measurement system that is capable of stroboscopic imaging, .
interferometry, and digital-image processing. We present such a [6]. However, neither the SIS nor the MSV are capable of

system and demonstrate its capabilities in three disparate MEMS Mmeasuring in-plane motion. Therefore, mechanical in-plane

applications: a gimballed microactuator built for a miniaturized  vibration modes that are coupled to the out-of-plane-deflections

magnetic-disk information-storage system; a micromirror array  cannot be investigated with these systems.

for an adaptive-optics system; and a microgyroscope that can be |, njane motions of MEMS can, however, be studied using

applied in & number of microsystems. [794] the Computer Microvision System (CMS), a stroboscopic mi-
Index Terms—Design evaluation, image processing, interferom- croscope that has been developed at MIT [7], [8]. In the CMS,

etry, MEMS characterization, MEMS reliability, MEMS testing.  pariodic motions of a microstructure that are imaged with a mi-
croscope on a charge-coupled de€€D) camera are frozen
|. INTRODUCTION using a high-speed strobed light source. By processing the mea-

sured data with digital-image-processing algorithms, the CMS

. ) . . Ban recover in-plane motions from the captured images and, by
syst_em output when a defined 'nPUt IS apphed_. Foermploying an additional focus system, the CMS is also able to

example, in the case of an electrostatic actuator with Atract the out-of-plane motions. Two limitations in the CMS

mte_grated sensor the Input driving voItagg IS compared. Wi t-of-plane-measurement method are that the moving element
a signal from the capacitive sensor that is representatlve’,ﬁEe

th tuator displ ¢ Static ch terist I st not deform in order for the measurement to be valid, and
€ actuator displacement. Stalic characlernstcs as well as i\, that the resolution of the measurement is appreciably poorer
frequency-response behavior can be investigated using

thod and. th tically at least. full ti i n that obtainable using interferometric methods. Improve-
method and, theoretically at least, Tull ime-response INIorMgsa s i the CMS that overcome the resolution problem have

tion can be extracted using Fourier analysis. Proceeding in t %ently been described by the MIT group [9]. In the newer

way is tedious and the results are inferential. Directobservatiggstem the in-plane motions are extracted through data pro-
of dynamic behavior can speed-up the characterization procg §sing in which the interferometrically produced fringe pat-

and, at the same time, make evident possible nonlinear effeels g e 1o out-of-plane motions are mathematically removed

mc(l)udlng th?se caused bytagfmgl; [1]. s is with before an image-processing algorithm is employed. Rigid-body
ne way to measure out-ol-planeé movements 1S with a Cofiin s are computed point-by-point in user-selected regions

mercially available scanning Laser-Doppler Vibrometer (MS n the device surface with high resolution (2.5 nm in-plane,

300, Micro-Scanning Vibrometer) from Polytec PI [2]{4]. The<1 nm out-of-plane). Deformations that may occur in the mea-

Polytec system measures the velocity of a moving surface ?Q(rement region during the motion cannot be detected by this

detecting the Doppler frequency shift of a reflected laser beamethod

A system for the investigation of not-repeated, transient pro-
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Fig. 1. Schematic of stroboscopic interferometer system. The abbreviations used are as folowg2—wave-plate, P—polarizer, PBS—polarization beam
splitterf.—condenser lensf;; —imaging lens, and’,,,—microscope objective for imaging, LD—laser diodd—reference mirror

tion-measurement capability demonstrated for the BSAC Siigld-of-view can all be adjusted. We use four different objec-
with a new in-plane-motion-measurement feature. tives having magnifications»b, 10x, 20x, and 40« (objective
lenses from Zeiss).
To visualize the typically very tiny mechanical structures
used in MEMS, a microscope objective,f having a large
Il. STROBISCOPICMICROSCOPICINTERFEROMETER numerical aperture (NA) must be placed between the beam
) splitter and the specimen. The distance from the specimen
Our work on a system for dynamic measurements of M the microscope objective has to be the focal length of the
crostructures in three dimensions is based upon improvemegiisactive to image the specimen to infinity. The lens with focal
to the earlier BSAC SIS system [5], which used stroboscopigngih f, is placed between the beam splitter and the light
interferometric methods for highly precise measurements §fsor to create an imaging system consisting of this lens and
out-of-plane motions. the microscope objective. The distance between the lens and the
In the new system, a pulsed-laser diode with a wavelengifcp sensor is the focal lengffs. Then, for a 1& microscope

A = 683 nm provides a strobed light source to “freeze” thgpjective (Zeiss Epiplan, NA= 0.25) the magnificationn of
motion of a periodically moving microstructure. The laser lightyis imaging system is

is coupled into a mono-mode fiber to filter astigmatism from

the beam and the other end of the fiber is placed in the focus fi

of a microscope objective to form a collimated laser beam. A m= E ~
A/2-plate, placed after the microscope objective (see Fig. 1), ro-

tates the polarized beam which then enters a polarization-bealrere f,,, = 18.7 mm andf; =150 mm. The CCD pixels have
splitter that parcels it into two perpendicular directions and alsosize of 9.9um x 9.9 um. Therefore, form ~ 8, a pixel of
polarizes the beams perpendicularly. This arrangement allothe specimen image corresponds to an area of approximately
the adjustment of constant polarization for an optimum illumit.24 xm x times 1.24um. The image-pixel size has to be cal-
nation power. The intensities of both beams can be adjusibthated before a precise in-plane-motion analysis can be per-
by rotating the) /2-plate making it possible to compensate théormed. We use a camera as a light sensor to register the image
differences of the reflectances between the sample and the réfthe specimen. The optical path of the reference beam has to
erence mirror. The /4-plates between, respectively, the beanbe the same as that of the measurement beam, which requires
splitter-and the-reference mirror, and the beam-splitter-and-this-to insert a second microscope objective with the same focal
object ensure that both beams are directed onto a CCD serleogth f,,, between the reference mirror and the beam splitter.
instead of returning to the source. We have integrated the lineaA lens with focus lengtly. is placed between the half-wave-
progressive-scan camera “6600 from Cohu” in our setup. Théate and the beam splitter so that a defined area of the MEMS
beam path of the lighting is adjusted through the lens focsarface is illuminated through this leng.] and the microscope
lengthsf;, f., andf,, acccording to the rules of Kéhler to in-objective (f,,.). The lens and the microscope objective image a
sure a high contrast of the images. By choosing different focasoss section of the collimated laser beam on the imaged area
lengths for f,,,, magnification, resolution, depth-of-focus, andf the specimen and the reference mirror. The diameter of the

8 1)
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illuminated area on the specimen and the reference mifrormotion extraction and x 10 images for the out-of-plane-mo-
is defined through the diameter of the collimated beam= 6 tion computation. Therefore, a full sequence for a measurement
mm, the focus lengthf, = 125 mm, and the focal lengtfi,,. at 10 time points contains 60 images. The analysis software,

For the Zeiss 18 Epiplan objectivei; results in which computes full three-dimensional motion, is written with
fim MATLAB. 1
di = A de 2 900 pm. (2) The strobe-phase delay is altered automatically during the

. . . . measurement routine to perform a deflection measurement over
The d|ametgr of the light spot on the imaging plane at ﬂbehe full cycle of a periodic motion. In order to perform accu-
CCD sensot, is calculated through rate time measurements at frequencies as high as 1 MHz the
d. — Ji d. ~ 7.2 mm. 3) strobe-phase delay and the width of the strobe pulse have to be
T well defined. To accomplish this goal we use the synchroniza-

The diametet; is independent fronf,,,, as is obvious when tion TTL-output of the function generator (33120A from Agi-
combining (3) and (2). The area of the chip (6.5 mm.9 mm) lent Technologies) as a clock for the experiment. The function
is smaller than the image of the illuminated area of the obje@€nerator also supplies the driving signal for the MEMS device
imaged through the microscope objectje and the lensf; on ~ as well as a synchronization signal that triggers the delay gener-
the image plane at the chip. The illuminated area is just largéor (DG535 from Stanford Research Systems, Inc.). The delay
enough as it is necessary to achieve a homogeneous illumi@ignerator triggers the pulse generator for the laser diode and in-
tion for the area captured by the CCD sensor. The numeri€i¢ases the strobe-phase delay during the automated measure-
apertures of the illumination and imaging lenses are, for our &rent procedure with picosecond resolution (5 ps).
rangement, the same. Therefore, the beam path is adjusted using’e@ maximum device-dependent repetition rateof the
the rules of Kohler [13] so that a high contrast of the images afiglay generator is,. = 1/(1 S + bmax). Here, dyax is
adequate optimal illumination power is ensured. the longest delay applied during the automated measurement

The interferometer corresponds to a Twyman—Green arrang§éocedure. This limits the maximum frequency that can be
ment [14] of a modified Michelson interferometer. The specidiivestigated because the longest strobe-phase delay depends
configuration with two microscope objectives as we use it in o@n the driving frequency of the MEMS device. For example,
setup is known as a Linnik interferometric [14] objective_ only the firstzr radians in phase can be investigated at 500 kHz

The interferometer forms an image of the MEMS device th&dmax = 1 1s). We improved upon this limitation by dividing
is crossed by bright and dark fringes, which can be interpretéte TTL synchronization signal of the function generator
as a contour map of object surface heights. To measure the sh4fie a frequency scaler;,. = 1/2v. The frequency scaler is
of a static specimen or that of a moving specimen, “frozen” Balized with the digital counter (SN74LS162N from Texas
the strobe light, phase-shifting interferometry (PSI) is used. Iastruments). Less light is integrated by the image sensor as
five-step PSI algorithm in which the fringe pattern of a spedesult, but this is only important for low repetition frequencies.
imen is visualized five times for five different reference-mirrof herefore, for low repetition rates (MEMS driving frequencies
positions is employed. Finally, the surface-height map is calcu-< 10 kHz) we switch the scaler oft{ = ») and the limita-
lated with Se|f-deve|0ped ana|yzing software. tion for 6111ax is valid. The limitation of the delay generator is

The system described in the foregoing can also be used&gs important at lower frequenci€$ua. = 1/v — 1 pus~1/v
common light microscope if the light path to the referenc®r » < 10 kHz). The current pulse for the laser diode is
mirror is removed. The schematic of the system when this@nerated by the precision current source (LDP-3840 from
done [which we call a Stroboscopic Microscopic InterferomlLX Lightwave) and can be chosen to have any value between
eter System (SMIS)] is shown in Fig. 1. The SMIS becomesl®0 ns and 10s. We use the laser diode (ML1013R from
conventional light microscope when the light beam that goesMjtsubishi) as light source.
the reference mirror is shadowed with shutemhrough the
stroboscopic, visible-light illumination, a sett ) of images [ll. ANALYSIS SOFTWARE

is taken of the periodic motion without forming interference \ye have developed a new algorithm to extract the in-plane
patterns. We have developed a new algorithm to extract tigyion from an image sequencee 9 with a sub-pixel resolu-
in-plane motion from this sequence with subpixel resolutiogo, The structure of the new combined algorithm to compute

After the system has taken a see( ) of images without | three-dimensional motion is presented in Fig. 2. The Anal-
interference fringes, the shutter is moved out of the laser bezg}g;s software is written with MATLAB.

making it an interferometer. In this configuration, a sst(9
of images that contain the interference pattern is taken. The Algorithm for In-Plane-Motion Computation
translation data extracted froget lare then used to recalculate

}rr:]zlne-gl?;eer\?;tlo;:olgw t?rl]eelm;%?i?ﬁé;iii:ﬁ?;ﬁxeei I1P(image 1 before the in-plane displacement can be calculated.
9 y sing b 9 he first region defines the region for the in-plane algorithm.

map is measured because of the five-step-PSI method that_we
apply. This procedure has already been used for the earlier %_IIE%A) and is termed in Fig. 3 as the region of interest (RO).

and is described in reference [5]. . .
Therefore, to investigate the three-dimensional (3-D) deﬂe-g-he ROl must be a part aage lthat shows only the moving

tion at 10 time points the SMIS saves 10 images for the in-planeThe MathWorks, Inc., Natick, MA.

The user has to specify two regions in the first imageeif

second region has to be inside the region for the algorithm
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Fig. 3. Definition and restriction of ROA and ROI.
structure. The algorithm can only work properly if the structure pitch axis
of the image partin ROl is not deformed somewhere in the ROA actuator readiwrite head

of the remaining images dfet 1 This is the demand on the
definition of ROA that must be ensured by the user. If ROA is
oversized, the computation time increases unnecessarily. In the
following, the algorithm for in-plane computation is explained

on the example of two images #et 1 The restrictions for the
definition of ROA and ROI are specified in Fig. 3. For in-plane
motion SMIS can only measure rigid-body motion. The reason

for this restriction is that the algorithm can only calculate the rodl
in-plane-translation motion of a not deformed structure on the 2%15
moving specimen in ROI.

In the following we number the column of each picture with b =
i,, and the rows withy, (¢,,, 7, € R). The initial row (number
Jn = 1) is the bottom row of ROI. Column numbgyr = 1 is
the first column at the left side of ROI [15]. The advantage of
;rzis; ge;;r)‘I:IP?Z;SCI;:12?(;(:\;,efg??n?gélgfvzﬁjoec;r%:laﬁtfhseyﬁmerlgig. 5. SEM photograph of gimballed microactuator (courtesy Lilac Muller).
of the columns,, and rowsj,,. The displacemenig; andd; in
Fig. 3 are computed using digital-image-processing methodame sensitivity as those in the CCD camera [15]. We use this
The progressive-scan-CCD 6600 (from Cohu) camera captudedinition for theimagein the following.

8 bit gray-level images that are saved as TIF-files on the hardThus, the sampled-image-matri with the components
disk. The TIF files are transformed to matrices by MATLAB. 1,(i,, j,) is the TIF-image or MATLAB matrix and the resam-

In digital-image processing, an image is defined as the contpled image..(¢, 7)is the continuous gray-level-distribution
uous gray-level-distribution functiof(z, j) that would be pro- function that can be calculated from the sampled image by
duced by an image sensor having infinitely small pixels with themploying the Nyquist Sampling Theorem. The formulation

Z3 KU
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400 400
300 0°%, 300 0°°0
.5200 o o _5200 ° °
§ 100 ° o{ & 100 o °
8 0 o 8 (o) }
o o ° 100 °
OI-100 . . o ° o
=-200 oo >200p o 4

(]
300 -300
02r 06rn = 14 18n 02n 06xn = 14n 1.8=n
Phase v [rad] Phase v [rad]
(@) (b)

Fig. 7. In-plane-motion at 1250 kHz: (a&)and (b)y deflection.

for a sampled image with columns andn rows is shown as where

follows:
"L sin (w(k — i 1 ACK, DI, = A{ (7)
F(La 1)22%_{5(/{,‘]”) ; "

k=1
istheL, norm [16]. The least-square problem in (6) is solved by

I.(i, ) = Z sin (n(l f‘j)) F@, D). (4) employing the Nelder—-Mead algorithm [17] that is implemented
) —1 m(l - j) in MATLAB. This algorithm is very robust in finding the global

One well-known problem in resampling of signals is that 0c?ptimum so that displacements over several pixels are calculated
aliasing which happens when the highest frequency in a sig |th subpixel resolution. In-plane-rotational computation can

vy is more than half of the sampling frequeney also be implemented with this method using the operation
UN > %1/5. (5) ['L‘":Q} — [ cos@ Sm‘P} |:'€n,l_ci:| I [CZ} ®)
In,2 —sing cos@ | | Jn,1 —C ¢j

In this condition, high-frequency information #diasedto ap- ith the ful d the rotati |
pear as low-frequency information. This problem can be auti™! the fulcrume and the rotation angig. . .
matically avoided if the image resolutign is adjusted such Direct employment of these methods is infeasible for typical
that p; = 0.61\/NA, and the CCD-pixel resolutiop, — computers because the computation time for image translation
mpg(;;g =99 umis tr,1e CCD-pixel size) are designeg S0 thaqnd rotation (even for small ROI’S). is too long [an example
pi > 2p,. These rules govern choices for the numerical apertd?ehéllf an.hOL_” for th? data shown in Fig. 7 even When linear
N A, magnificationm, and pixel size of the CCD chip. Interpolation is used instead of.(4)]. Therefore, gradient-based
The in-plane-motion algorithm calculates the shifisand methqu [7] or frequency-domain mgthods [18] are usually used
dj betweernimage 11;) andimage Z1,) through least-square- to estimate displacement between images.
optimization We have developed an algorithm that translates and resamples
an image with linear interpolation in one step. The restriction for
min (|11, s(in, jn) — L2, (in — di, jn — dj)|l,) (6) this algorithm is that rotations in ROl cannot be computed. The
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algorithm contains a function to shift the columns of a samplédlle surfaces inspected may not slope by more than aScag-5
imageM fore errors resulting from parallax become significant; afa 5
slope the error is roughly 0.4%.

gi, new

= Cit1, olds Ci new = Ci—1,old (9) B. Algorithm for Out-of-Plane-Motion Computation
The in-plane-displacement data between the images is used to
calculate the in-plane motions from the interferogramsafge

set 2with the image-translation method expressed by (11) and

E(_12). This is necessary to make sure that out-of-plane deflection

1S computed in respect to points on the device surface. Otherwise

size ; . .

T@e algorithm would compare different points on the surface to
Calculate deflection, which would be without value. After this
procedure we use an algorithm that we have reported in detail

(10) in [5] and which we summarize in the following.

The data-evaluation software reads the gray-level distribution

wherer; is thez, row. of the TIFF-images as a function
Therefore, the images can be shifted full pixels by employing

(9) and (10). Shifts with subpixel resolution are performed with Ln (¢, 5) = A (4, j) + B (¢, j)cos (¢ (i, j) + on) . (14)
linear combinations of full-pixel-shifted matrixes. If we definea |, (14), the term co8s(i, §) + ) includes the phase func-
matrix M, that is right-shifted: pixels by employing operation tjony o,(; " 5). (i, 5) is the phase difference between measure-
(9), a subpixel-resolution shift af € %, ¢ > 0 pixels t0 the ment and reference beam @t j) resulting from the surface
right is expressed by height of the specimeh(i, ;) and the phase shift, = 47-s/\
s o resulting from the position of the reference mirror. The func-
M; = (= k) Mgy + (B +1 -9 My D tions A(¢, j) andB(i, j) are governed by the spatial variations
wheret is the largest integer that is smaller thaté — &) < 1. inamplitudes of the beams returned from the two interferometer
Respectively, a shift to the left abouk 0 pixel is defined by arms and result from differences of the surface reflectivity.
) ) To measure the shape of a static specimen or that of a moving
M;=(k-0)M, ;+(1+i-k)M, (12) specimen “frozen” by the strobe light we use phase-shifting
wherek is the smallest integer that is greater thiafihe equa- interferometry (PSI) with five steps. The PSI algorithm cal-

tions for a shift up or down aboyt € R pixel are counterpart culates a wrapped-phase map following a method known as

equations to (11) and (12). The shifting algorithm given by (11jarharan’s Algorithm [19]. The algorithm calculates the
from the five intensity amplitudes

and (12) employs automatically a linear approximation betwedffaPPed phasej(z, ) from th
the pixels as the resample method. The distance between g 7) =+~ Ln (% 7) - - I; (¢, 5) using the formula

to the left or to the right, respectively. Hetg ., is the:,
column after the column shift ang,,; 4 thed, 41 column
before the shifting. All entries in the left column of a new
right-shifted matrix are set to zero. The right column of the m
trix before the right shifting vanishes because the image
remains the same. The inverse occurs for a shift to the left.
image matrix can be shifted up and down in the same way

Zi, new — Ii-l—l, old» Ii, new — Ii—l, old

pixels is 1. For linear approximation between two pixels:at o ] 2(Ix(4, ) — 14(i, )
andk + 1 with the values'(k) and F'(k + 1) the relation ¢(i, j) = arctan 21504, ) — I3(i, J) — 11 (3, §) (15)
FG) = F (k) F(k+1) - F(k) (i k) Inputs to this algorithm should change phase by approximately
k+1—k 7/2 in each data-acquisition step. The surface under test is as-
=G - R F(k+1)+(k+1-)F(k+1) (13) sumed to be smooth and continuous; abrupt steps are removed
by software.
is valid. The comparison of (13) with (11) proves the statementA piezoelectric, translation stage (Polytec Pl P-753.11C)
of linear approximation. moves the reference mirror with nanometer precision. During

There are two possibilities to compute the deflection: 1) Cadach measurement sequence the reference-mirror step is one
culate the displacement for every image with respect to the paghth of the illuminating wavelength (86 nm for the 688 nm
sition of the first image. In this case, no error is accumulatediode-laser wavelength) which results (through the beam re-
This method should be used for small distances and high #lection on the reference mirror) in the required phase-step size
curacy. 2) Compute the displacements between all successive- «,,—; = #/2. Thus, four mirror variations result in a phase
images pairs. Possibility 2) should be used for large motion ashift of 2= in the two-dimensional functionos(¢ (i, 5) + o)
plitudes because method 1) may produce absurd results in tfighe fringe pattern at the CCD sensor, as shown on Fig. 2.
case. The maximum amplitude for method 1) depends on fhe fifth image should therefore be the same as the first image.
contrast of the images and the structure of the specimen and WA®en the reference mirror moves forward, the fringes move in
to be found for every device by experiment. Usually method e positive-gradient direction of the slope.
is more accurate but less robust. If method 1) converges, itis théfrhe Hariharan Algorithm [19] is relatively error-resistant
better choice. From our experience method 1) works fine up t®.g., to errors caused by vibrations). For example an error of
2 pm amplitude. The time needed to process the data showrtlie reference-mirror step size ef= 2 nm leads to an error
Fig. 7 is approximately 5 s when the optimization problem (6) isf 0.02 nm for the wrapped-height map - ¢(¢, j)/4x).
formulated using the translation method expressed by (11) a&@dr single-wavelength system measures wave-front-phase
(12). One limitation on the methods we have described is thabdulo 27 and, therefore, calculates a “wrapped” phase



REMBE AND MULLER: MEASUREMENT SYSTEM FOR FULL 3-D MOTION CHARACTERIZATION OF MEMS 485

map from the interferogram sequence. The unwrapped phasethe time accuracy. Problematic for the accuracy is the jitter
map ¢(4, j) = ¢, j) + 2n(¢, )= is determined from the é;;;. The jitter is the standard deviation

wrapped-phase functiop(¢, 7). The spatially varying integer
n(i, j) is present because the optical phase can only be

measured modul@x in a single-wavelength interferometer. S = |1/ (n — 1)2(5 — Serr)2.
Finally, the surface-height mdgy, j) can be found using im1
hii, 5) = X - (i, j) /4. (16) We have measured the jitter of our electronic toShe= 28.9
ns.

This procedure is repeated for different Strobed_”ght de'aysln addition, the |aser—pu|se width defines the time resolution
At, corresponding to a strobed-light-phase defay 2r,A¢, Of our system because the laser pulse freezes the motion. The
with Vs the strobe frequency_ In addition a time_unwrapping aminimum W|dth iS 100 ns. To Optimize the OVerShOOt and the I’ise

gorithm is employed to enable the system to measure pure pistée we have chosen the series resistance on the laser mounting
motion. board (LPD-382P, ILX Lightwave) to be 28.

IV. SMIS SPECIFICATION V. EXPERIMENTS ONMEMS

: ' L . .. A. Gimballed Microactuator

The in-plane-profile resolution is the spatial resolution lim-
ited by the numerical aperture of the imaging optic and is ap-The gimballed microactuator, a multiple degree-of-freedom
proximately 1,m if the microscope objectivef,,) is a 20<  device, has been developed by Lilac Muller, Albert Pisano, and
objective. The in-plane-displacement resolution depends on Reger Howe at BSAC. The microactuator is driven electrostati-
algorithm and has been investigated with a test image for dally by applying a constant voltadg. at the rotor of the device
ferent initial displacements. A steady object, the slider withodhd a time-dependent voltayét) at the stators. The production
any applied voltages, has been captured. No motion shouldvbieh the HEXSIL process and its functionality, the differential
detected but the measurement in Fig. 4(a) shows a random gi&p-closing drive, are all described in references [20] and [21].
flection with maximum amplitude of8 nm. This experiment A SEM photograph of the microactuator with an assembled
shows the noise of the in-plane measurement. read/write head is shown in Fig. 5. To demonstrate our combined

The root-mean-squafems)value (root mean square) of thisin-plane and out-of-plane algorithm, we have measured the full
noise measurement is 3.6 nm. The noise can result from noiseee-dimensional motion of one single area on the slider sur-
of the camera or from mechanical vibrations. The system ctate for an harmonic input signal with a frequencyof 1.25
detect harmonic motion with an amplitude greater than the rmid4z, an amplitude o¥,,, = 7.5V (V(¢) = V,,, sin(2x ft)), and
value (3.6 nm). The resolution of the out-of-plane surface mea-dc voltageVp- = 16 V. The area on the device surface that
surementis limited by imperfections in the optical elements amhds been investigated is marked in Fig. 5. The driving frequency
by dust in the optical path. The out-of-plane-profile repeatabiligf 1.24 kHz is out of the designed dynamic range of the actu-
is smaller than 5 nm [5]. The out-of-plane-profile resolution iator drive &1 kHz) but close to a device mechanical resonance.
limited through imperfections in the system optics and is af-he actuator is designed to perform pure in-plane motion, but
proximately 25 nm. The rms-value of the measurement showhrough slight misalignment of the read/write head an energy
in Fig. 4(b) is 0.7 nm. This result was achieved by subtracting taansfer from in-plane mode to the out-of-plane modes is pos-
surface profile measurements of a reference flat and by printisifple. We have investigated this effect.
a cross line. The resolution for out-of-plane motion is 0.7 nm Fig. 6 shows the frozen images sét laty = /2 (a) and
(minimum amplitude of a harmonic out-of-plane motion). v = 3x/2 rad (b) strobe-phase delay in respect to the input

The time resolution of our system is defined by the widtkignal. The displacement can clearly be seen in the zoomed re-
of the strobe pulse, and the precision of the measurement dmn of interest. Altogether, 16 strobe-phase delays have been
pends on the jitter in the strobe-phase delay. Constant delay aagtured. The in-plane algorithm expressed by (11) and (12) is
jitter are generated in every electronic device and should be aaded to calculate the in-plane motion shown in Fig. 7. Fig. 8
ibrated. We tookn = 85 measurements of the delay betweeshows two fringe-image sequencesset 2at~v = 0 rad and
a square MEMS-input pulse and the laser pulse when the detay= # rad strobe-phase delay. Every sequencsedf2shows
6 at the delay generator was set&o= 0 us. The averaged five images for the same strobe-phase delay but for five different
delay ey = 1/n3] 6 was measured to be approximatelyphase shiftsy,, defined by the reference-mirror positions.
berr = 427 ns. This error is taken into account by setting the cor- The in-plane displacement, which is also captured in the im-
rected delay t@... = & — e fOr 6 > 6., in the software. For ages ofset 2is removed by the software using the data shown
high frequencies( < 10 kHz) itis possible for a dela§ < é.,, in Fig. 7 and by employing the image-translation method ex-
to be set. In this case we use the frequency sealet 1/2:». pressed through equations (11) and (12). After the in-plane dis-
Then (if § < err)s Scor IS SEt 1O b,y = 1/v — ey @Uto-  placement is removed, the surface profile and out-of-plane de-
matically through our software. In this way, constant delays aflection is calculated with the algorithm expressed by (15) and
considered in the software and, therefore, have a small influer{té). There is no bending in the investigated surface because
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Fig. 9. Out-of-plane motion at 1250 kHz. 4

Fig. 11. (a) Measured mirror deflection and deformation and (b) mirror
deformation after deflection has been removed mathematically.

the slider is a rigid body. By performing a least-square opf#g. 12. SEM of a microgyroscope (courtesy Joe Seeger).
mization, a plane is fitted to every height map of the 16 inves-

tigated strobe phases and theisplacement is computed. Thepeen developed by Helmbreatttal. at BSAC. Fabrication and

worst-case-out-of-plane deflection is shown in Fig. 9. functionality are described in reference [22]. The actuator array,

shown in the scanning electron micrograph (SEM) in Fig. 10,
has been produced by surface micromachining. Each actuated
A second demonstration of the SMIS is to characterize theirror-support platform is lifted up by three bimorph cantilever
three-dimensional motion of a micromachined electrostatic dmeams. Electrostatic actuation allows both tilt and piston mo-

tuator built for an adaptive-optics mirror array. This device hd®ns of the platforms. Flat single-crystal silicon mirrors are at-

B. Micromirror for Adaptive Optics
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tuators. The microgyroscope is described in references [24] and
[25].

We have studied the 3-D motions of the device at 9 kHz when
it is driven from a TTL source at 4.5 V amplitude. The result of
the in-plane motion in drive direction is shown in Fig. 13(a). A
very small (7 nm) out-of-plane motion has been excited at twice
the frequency of the in-plane motion [see Fig. 13(b)].

VI. CONCLUSION

We have presented a system for the 3-D dynamic char-
acterization of micromechanical devices, the Stroboscopic
Microscopic Interferometer System (SMIS). The SMIS can
extract data at time intervals as short as 100 nanoseconds and
measures full 3-D displacements with resolutions within 5 nm
in surface dimensions and 0.7 nm for displacements perpen-
dicular to the surface. The SMIS saves two sets of images on
the computer hard disk. One set is a strobed, cinematographic
image sequence used to compute in-plane motions. The other
set contains interferograms that are used to compute the
out-of-plane displacements of the surface during the strobe
delay periods. Performance of the SMIS is demonstrated by
study of the dynamic behavior of three disparate micromechan-
ical devices: a micromachined electrostatically driven actuator
for read/write heads in disk drives, actuator platforms to support
an array of micromirrors for adaptive-optics applications, and
a MEMS microgyroscope.
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Fig. 13. (a) In-plane motion and (b) out-of-plane motion of measured surface.

(1]

tached to each of the support structures using a fluidic self-as-
sembly technique developed by Srinivasan and Howe at BsAad?
[23]. The SMIS has been employed to investigate the dynamicgs;
of the actuator platforms under 1 kHz excitations resulting in the
measurements shown in Fig. 11(a) which reveal displacementﬁ]
up to 5m under 50 V drive. Higher order modes can be seen
after tilt and piston terms have been removed mathematically as
shown in Fig. 11(b). The in-plane motion detected for this de- [5]
vice can be neglected for this application (amplited400 nm).

(6]
C. Gyroscope

A third example in which the SMIS has been used is to study a7
surface-micromachined gyroscope developed by Seeger, Jiang,
and Boser at BSAC. The gyroscope was surface-micromachine([j8
using the Multi-User-MEMS-Process Service (MUMPS). The
mechanical microsructure is integrated with the electronic cir-[9]
cuits for processing of the measurement and driving signals for
the proof mass. The mechanical structure is shown in the SEM,
photograph in Fig. 12. The microgyroscope measures rotations
by exciting deflection of a proof mass and sensing the displace-
mentin a sense direction that is perpendicular to it (see Fig. 1251.1]
The proof mass is driven electrostatically with gap-closing ac-
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