Available online at www.sciencedirect.com

SENSORS
SCIENCE( DIRECT® ACTUATORS
g BN A
e aelies PHYSICAL
ELSEVIE Sensors and Actuators A 112 (2004) 175-183

www.elsevier.com/locate/sna

LIGA fabricated 19-element threshold accelerometer array
Shamus McNama*, Yogesh B. Gianchandaf?

@ Department of Electrical and Computer Engineering, University of Wisconsin, Madison, W, USA
b 1301 Beal Avenue, Department of Electrical Engineering and Computer Science, University of Michigan, Ann Arbor, MI 48109, USA

Received 22 July 2002; accepted 27 October 2003

Abstract

This paper reports the design, fabrication, packaging, and testing of a relay-type threshold accelerometer array. The array includes 15
different sense elements ranging from 10 to 1509 in 10g increments, and triply redundant 20 and 100 g sense elements for a total of
19 elements. The devices were fabricated using a modified sacrificial LIGA technique that creates a {l@0+30R nickel structure
with gold plated contacts. The threshold accelerometer array was evaluated by measuring its response to an applied acceleration (using
a centrifuge) and by using two built-in testing methods: a pull-in voltage test, and a transit time test. Unlike the pull-in voltage test,
the transit time test is sensitive to variations in the proof mass and spring constant. The average results from the centrifuge test, pull-in
voltage test, and transit time test are all within approximately 20% of the expected values that are analytically calculated. In addition to
the relay-type threshold sensing, the devices permit non-discretized readout of the acceleration using an alternative sense mode, in which
the capacitance between the test electrode and proof mass was measured. This measurement shows a sensitivity of 670 aF/g for a 50
threshold accelerometer, which is also within 20% of theoretical estimates.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction the positive and negative direction of the sense axis) because
electrodes can be in the same plane as the proof mass and

Research into micromachined accelerometers has beeronly one structural layer is required. There is only one report
ongoing both commercially and academically for the last of a substrate-plane sensing device in the past, but it targets
several decaddd]. Threshold accelerometers are typically very high g-forceq2].
designed with a proof mass and a restoring spring. At a  Sensitivity (defined in this context as the lowest ac-
pre-selected threshold, the force on the proof mass will be celeration threshold) and reliability have been the largest
sufficient to overcome the force due to the restoring spring obstacles to the fabrication of the threshold accelerometer.
and the proof mass will come into contact with another elec- The highest sensitivity working threshold accelerometer
trode, making an electrical contact. Thus, the operation of reported in the past required a minimum acceleration of
a threshold accelerometer is related to that of a relay. The400g to trigger[3]. However, many applications require
discrete output, coupled with the simple switch-like behav- sensitivities well below 100 g. For example airbag systems
ior, allows for a very simple interface circuit and very low on cars trigger at 50g. As the sensitivity is increased, it
power consumption. This permits long-term operation from becomes less robust because the restoring spring has to
a small battery. Since a threshold accelerometer triggers atbecome weaker. Thus, most reported working threshold ac-
a single threshold, an array is necessary to provide a widecelerometers have low sensitivity and target 1000'gy'sf
acceleration rangp—6]. [2-5].

Most threshold accelerometers reported in the past have Another reliability concern is the opening and closing of
been designed to detect out-of-plane accelerations. For ahe electrical contad#]. According to previous reports the
number of applications this is less desirable than sensingcontacts often have not closed because of warping of the
in the substrate-plane, which can simplify mounting and beams, or because a multiple contact scheme is used and only
alignment. It also simplifies bi-directional sensing (i.e. along one contact closes. Furthermore, the contacts often do not

open because of inadequate restoring force in the deflected
beam to overcome the adhesive forces due to stiction or
* Corresponding author. micro-welding at the contact.
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Fig. 1. Schematic illustrating the major components of the threshold accelerometer.

This paper presents a 19-element threshold acceleromeilead. Alignment errors are eliminated because all the struc-
ter array that senses acceleration thresholds over the rangéures are defined in a single mask layer. The proof mass and
of 10-150 g in 10 g incrementf,8].1 Of the 19 ele- cantilever spring are aligned perfectly and the proof mass is
ments, 15 are unique designs out of which two designs areexactly centered between the pick-off electrodes. The proof
triply redundant for better fault tolerance. Each element is mass is designed to be narrow to minimize the cross-axis
a substrate-sensing device that detects accelerations along sensitivity (as explained below). The cantilever spring is very
single sense axis. The 10g threshold provides the highestthick (100—-30Qum) to provide low cross-axis sensitivity in
threshold sensitivity reported in a contact switch type device the out-of-plane direction, to be reliable and robust, and to
to date. The reliability concern has also been addressed byprovide a strong restoring force to open the contact when the
a number of features of the structure and of the fabrication applied acceleration drops below the threshold value. The
method used. Furthermore, the threshold accelerometer hapick-off electrodes and bumpers constrain the proof mass
provisions for two types of built-in test, the standard pull-in so that the cantilever spring cannot be bent beyond its elas-
voltage test and a new transit-time test. This new transit-time tic limit. Furthermore, the pick-off electrodes and bumpers
test is a more thorough test than the pull-in voltage test. prevent the proof mass from touching the test electrode dur-
The threshold accelerometer array has been fabricated using built-in testing or during handling. The test electrode is
ing a variant of the sacrificial LIGA proceg8] to create positioned at the center of the proof mass, and the test elec-
gold plated nickel structures that are hundreds of microme- trode is segmented in order to reduce the magnitude of the
ters thick. The device structure and theory of operation are squeeze film damping due to the small gap between the test
explained inSection 2 The fabrication procedure is given in  electrode and the proof mass.

Section 3 Experimental results are given 8ection 4 and The threshold accelerometer triggers when the force on
the conclusions are given Bection 5 the proof mass due to an applied acceleration is sufficient to
deflect the restoring spring across the sense[fjap
: Ewd
2. Structure and operation ap = —0% 1 (1)
p wmlmlo | 412 + plm + 612,

The schematic of the threshold accelerometer shown in
Fig. lillustrates the following important components: proof
mass, cantilever spring, anchdf4 pick-off electrode V—
pick-off electrode, test electrode, and two bumpers. A sense
gap @,) exists between the proof mass and the two pick-off
electrodes and a test gagh)(is located between the proof
mass and test electrode. TWe- pick-off electrode is used
to detect accelerations in the positive direction, andthe
pick-off electrode is used to detect accelerations in the nega-
tive direction. To save on the pin count of a packaged device
the test electrode and- pick-off electrodes utilize the same

where the physical dimensiotg, |y, wm, wp, anddg are
labeled inFig. 1, & is the acceleration threshol#, is the
Young’s modulus of the cantilever spring, apds the den-
sity of the proof mass. An advantage of this structure is
that the acceleration threshold is independent of the thick-
ness, allowing greater fabrication latitude. This is because
the proof mass and cantilever spring are the same thickness.
The threshold accelerometer array was designed by hold-
ing all the dimensions constant except for the cantilever
'spring length in order to match any source of variability
across the whole array. It was necessary to use two sizes of
proof masses to keep the cantilever spring to a length of less

1 portions of this paper have appeared in conference abstract form in than 1 mm. A proof mass of §0m wide (wm) and 60Qum
[7]. long (m) was used for the sense elements from 50 to 1509,
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800 T T T T T two voltages as a function of distance. For a given voltage,
200 ALL: | there are two locations where the net force is zero (spring
’E; ‘\ Sumsensegap restoring force equals the electrostatic force). At 20V, the
£ 600 \ ~ 10 um cantilever spring widthi two null-force locations consist of a stable displacement of
aé': 500 \ N 0.3pum and an unstable displacement atr. The 8um lo-
> 400 N \“\,\ cation is unstable because the force at any position on the
= \! AT graph to the left of it will result in movement toward the
= 300 | stable point and any position to the right will result in move-
é 200 {{Carge proof mass: __|H—{Small proof mass: 1 ment toward the test e_Iectrode. Of course, the bumpers and
= 100 120 pm proof mass width 60 um proof mass width pick-off electrodes limit the range of motion so the proof
O + 80|0 MT prolof rr|1ass||ength—— 6?0 ulm prloof inasls |en|gth' mass can never deflect to thqu8 location. Further in-
0+—t—t—1+——+— e

creases in the applied voltage will increase the electrostatic
force, moving the stable point to the right and the unstable
point to the left (see the intersections between the spring
Fig. 2. Cantilever spring length for all 15 unique sense elements.  restoring force and the 40V electrostatic force). At some
critical voltage, called the pull-in voltage, there are no sta-

whereas a larger mass of 12f wide (wm) and 80Qum ble solutions and the proof mass Wi|| be pulled in_toward the
long (m) was used for the sense elements from 10 to 40g. test_ eIec_trode._Thls voltage is uniquely _determmed by the
A relatively small proof mass width was selected to reduce 9€Vice dimensions and material properties, and thus forms
cross-axis sensitivity. The sense gap wasrsand the can- the basis behind the pull—ln voltage built-in test. To |m.ple—
tilever spring was 1Q.m wide because that is the minimum Ment the test an applied voltage is slowly ramped until the
size that the LIGA fabrication technique will permit with a  Proof mass contacts the pick-off electrode. The pull-in volt-
high yield. The lengths of all the cantilever springs may be 29€ can be approximated @]

found inFig. 2 The structural thicknes$) fvas 100—-30@um. 33
This thickness provides for minimal out-of-plane deflection Voull-in = 2Ewid; @)
due to internal and external forces. pufin 27soltlb(4l§ + 6lplm + 3I2)

10 20 30 40 50 60 70 80 90 100110120 130140150
Sense Element Acceleration Threshold (g)

21. Built-in tests wheregg is the dielectric constant of the medium between
the proof mass and the test electrode kixthe length of the
The built-in test method typically used for devices such as test electrode. Although this is an easy test to perform, it is
the threshold accelerometer is the pull-in voltage test. When limited in its ability to measure variations in the proof mass.
a voltage is applied to the test electrode with the proof mass The pull-in voltage test is independent of the proof mass
grounded, an electrostatic force is generated that pulls thewidth (wm) and density £), and has only a small depen-
proof mass in toward the test electrofieg. 3shows the can-  dence on its lengthi ). This means that process variations

tilever spring restoring force and the electrostatic force for in the dimensions of the proof mass or in the density of the
deposited material that may significantly affect the accelera-

tion threshold may not be detected using the pull-in voltage

20 ———25 test. It also cannot measure any parameters that only affect

18{  Capacitance. /! «Eﬁggcaft\'/c) the dynamic response, such as the damping coefficient.

16 - Cantilever 20 ~ A transit-time test has been devised to overcome the limi-
= 147 Egrsé:””g : < tations of the pull-in voltage test. A prescribed voltage that is
ff 1(2) Equilibrium : 15 % greater than the pull-in voltage is applied as a step function
S gl Points ' 1108 to the test electrode, causing the proof mass to be deflected
“ o6l : Unstablel & into the pick-off electrode. The time between the applica-

41 Somer \Electrz‘;gtt?c +5° tion of the test voltage and the first contact at the pick-off
21 : Force (20 V) electrode is measured. This time is the transit time, and it
0 0 2 '4 '6 é 10 0 depends on the spring constant, the mass of the proof mass

(length, width, and density), and the damping coefficient.

The transit time test is a more complete test than the pull-in
Fig. 3. The curves on the graph show the cantilever restoring force and yoltage test because it provides a measure of not only the
the electrostatic force (at 20 and 40V applied to the test electrode) as spring constant but also the proof mass. The theoretical tran-

a function of the proof mass displacement. The locations where the net sit time is found by numericallv intearating the followin
force is zero (the cantilever restoring force equals the electrostatic force) y y 9 9 g

may be either stable or unstable. The capacitance (axis on right side) €quation:

is also shown as a function of proof mass displacement. Physically, the

proof mass can only displacementuBh because a bumper is located at d y dy

one end and a pick-off electrode at the other end of the proof mass. M@ = Frest— ba - kSDfingy (3)

Proof Mass Displacement (um)
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whereM is the total mass of the proof massjs the de- 3000 T T T 1
flection of the tip of the proof mass,is time, Fest is the 2500] 10 um initial gap ||
applied electrostatic forcey is the damping coefficient, \ 5 um deflected gap
and kspring is the spring constant of the cantilever spring. %’ 2000 \
Ftest and Kspring may be found from the following two > 1500
equationg10]: 2 1000 \\

eolitV2 g N
Frest= T — )2 (4) 500

(di—y) o

10 20 30 40 50 60 70 80 90 100110120 130140150

e ngt 1 (5) Sense Element Acceleration Threshold (g)
spring Iy 4lk2) + 6lplm + 312, Fig. 4. Calculated sensitivity for the capacitive sense mode.

wheret is the structure thickness andis the voltage ap-

plied between the test electrode and proof m&ss. (4)

assumes that the proof mass moves approximately parallelobtained by comparing the measured transit-time test results
to the test electrode. Analytical procedures for calculating to theoretical transit-time test results for a variety of damp-
the damping coefficienh, have been reported elsewhere for ing coefficients.

viscous-film dampind11] and squeeze-film dampirig?2]. An acceleration larger than the threshold acceleration can
The two types of damping are then summed to get the total be applied without triggering the threshold accelerometer,
damping coefficient. Since the damping coefficient depends provided that the applied acceleration is sufficiently short.
greatly on the geometry, analytical expressions for damping Eq. (3) which is used to solve for the transit time test, can
are often not very accurate. If the device dimensions and also be solved to determine whether an acceleration applied
Young's modulus are known, and the density of the mate- for a very short time will cause the threshold accelerometer
rial is known, then a measured damping coefficient may be to be triggered. This is performed by inserting the applied
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Fig. 5. Outline of the processing steps used to fabricate the threshold accelerometer.
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force profile of interest in place of the applied test force developed. The mask contains an opening for the proof mass
Fiest For example, the 10g threshold accelerometer will (Fig. 5d. The exposed titanium is etched in dilute HF and
not be triggered by an acceleration of 20 g that only lasts the sacrificial copper layer is time etched to free the proof

0.1ms. mass Fig. 58. The photoresist and titanium are then stripped
from the sample and the copper is again time etched to
2.2. Capacitive sense mode remove the copper under the cantilever springs.(5f).

The sample is selectively electroplated with gold and the
Although the sense structure was designed for discreteremaining titanium is removed to electrically isolate all the

measurements in an array, they can also provide an analogcomponentsKig. 5¢9.
output. This output is provided by the capacitance between In order to create good electrical contacts, gold is electro-
the test electrode and the proof mass. As the proof massplated over the nickel and copper structures. The titanium
deflects toward the test electrode, the capacitance betweetayer is left on the substrate during this step to electrically
the electrodes increasdsq. 3). The measurement range of connect all the components to be electroplated. Because the
the capacitive sense mode accelerometer is from zero to adifferent components must be electrically isolated in final
maximum equal to the threshold acceleration, which occurs form, the titanium must not be coated with gold so that it
when the tip of the proof mass contacts the pick-off electrode may be removed. This is accomplished by performing the
at this acceleration. Assuming that the proof mass moveselectroplating at a low electropotential. The gold is selec-
parallel to the test electrode, the total change in capacitancetively electroplated on the nickel and copper, but not on the

is given by titanium. This procedure works to apply thin layers of gold
1 1 on the nickel and copper. The plating time (and hence thick-
AC = golitm (d_ — d_> (6) ness) must be monitored because, if the titanium layer gets
g t coated with a layer of gold, the plating rate over the titanium
The sensitivity of the device is defined as will be the same as that over the nickel and copper, and the
AC procedure will fail.
S=— @)
at

where g is given in Eq. (1) Fig. 4 shows the expected
sensitivity for all 15 different sense elements. The maximum
sensitivity is 2.6 fF/g using a 10 g threshold accelerometer.

3. Fabrication

The threshold accelerometer array was fabricated using a
two mask modified sacrificial LIGA process. The first mask
simultaneously defines every structure, and the second mask#i
helps during etch of the sacrificial layer. The structure is
made out of electroplated nickel and coated with gold for a |
good electrical contact.

An outline of the fabrication process is shownHig. 5.

The starting material is an insulating substrate, such as sili-
con with a thermally grown oxide or a glass substrate. The
metal structures are formed using a typical LIGA process
as follows[9]. A 200 A layer of titanium, a 4.5m thick
sacrificial layer of copper, and a 200 A layer of titanium are
sputtered on top of the substrate. A sheet of PMMA is then
solvent bonded on top of the substrate and milled to the de-
sired thickness (100-3Qm) using a fly-cutter Kig. 53.
The sample is exposed to x-rays from a synchrotron source
through an X-ray mask and develop&d. 5b). The exposed
titanium is etched in an RIE reactor and nickel is electro-
plated into the PMMA moldFKig. 59. Finally, the PMMA is
dissolved, leaving nickel structures attached to the substrate.
.The sglectlve release of the movablg nickel structures 'S Fig. 6. SEM of the threshold accelerometer array showing all 19 sense
aided with the use of a second masking step. Photoresistelements (15 different elements plus two redundant 20g elements and
is spun on the wafer, exposed on a UV mask aligner, and two redundant 100g elements).
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Fig. 7. Close-up SEMs of (a) large proof mass and (b) small proof mass
threshold accelerometer.

Fig. 8. Packaged threshold accelerometer with a transparent plastic lid
compared to a US 5 cent piece.

Fig. 6shows an SEM of the entire die before the last layer greater than that between the proof mass and the bumpers.
of titanium is removedFig. 7 shows close-up SEMs of two  This prevents the proof mass from ever touching the test
sense element§ig. 7ashows a sense element with a large electrodeFig. 8 shows a packaged device. Wirebonds are
proof mass andFig. 7bshows a sense element with a small made between the package lead-frame and the anchors. In
proof mass. There are several significant features that mayFig. 8 a plastic lid is used so that the die may be seen inside
be seen inFig. 7. First, the test electrodes are segmented the package.
in order to increase the yield (by reducing the lengths of
narrow segments of the PMMA mold) and reduce the effects
of squeeze-film damping. The test electrode area of the small4. Experimental results
proof mass is much larger than that for the large proof mass.

There are bumpers at the left side of the figure and pick-off ~ The operation of the threshold accelerometer may be ob-
electrodes at the right side of the figure. The separation served inFig. 9. In Fig. 93 the threshold accelerometer is
between the proof mass and the test electrodes is greatein the open state with no applied accelerationFig. 9h

than that between the proof mass and pick-off electrodes andan electrostatic force was applied to the proof mass, causing

- Proof
Mass

3N

(a) ' (b)

Fig. 9. Threshold accelerometer with (a) open contact and (b) closed contact.
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Fig. 11. Measured results obtained from the centrifuge test.VRheatio
is the measured results towards thie- pick-off electrode and thé&/—
ratio is the measured results towards ¥he pick-off electrode.

) ] ) direction. There are various sources of error in this mea-
Fig. 10. Schematic of the setup used to per_form the‘centnfuge test. The urement, including the accuracy of the measurement of the
packaged threshold accelerometer array is inserted in a battery operate . .
circuit with an LED that lights when the threshold accelerometer is radius from the center of the disk to the sense element un-
triggered. The circuit is mounted on a rotating disk. der test, the measurement of the speed of the rotation, any

induced forces due to any rattling or non-uniform rotation,
and how level the rotating disk is. A reduction in the can-
the proof mass tip to deflect as if an acceleration were ap-tilever beam width of approximately Oplm is sufficient to
plied and touch the pick-off electrode. Notice that there is cause the difference between the measured and expected ac-
still a gap between the proof mass and the test electrode. celeration thresholds.
The threshold accelerations were confirmed using a cen- The built-in test feature of the threshold accelerometers
trifuge test.Fig. 10 shows a schematic of this setup used. was also used to verify the performané&géy. 12 shows the
A packaged device was inserted in a battery operated cir-results of the pull-in voltage test. The average pull-in volt-
cuit that turns on an LED when the proof mass contacts a age is 77% of the theoretical estimate. A measured pull-in
pick-off electrode. The circuit was then attached to a hori- voltage that is smaller than was calculated is consistent with
zontal rotating disk with the device under test positioned a the results obtained from the centrifuge tésg. 13shows
known distancey;, from the center of the disk. A known ac- the results of the transit time test. The measurement results
celeration is applied to the device under test by rotating the confirm that the threshold accelerometer can be self-tested
disk at a specific angular speedl, The applied acceleration using either the pull-in voltage test or the transit time test.
is a = w?r. Fig. 11 shows the results from the centrifuge The transit time test has a larger variation than the pull-in
test. The measurements show that the actual threshold acvoltage test, but this is expected because the transit time test
celeration is 80% of the predicted estimate in the positive is sensitive to more parameters. The accelerometer was also
direction and 90% of the predicted estimate in the negative tested using the capacitance sense mode. Accelerations from

Pull-In Voltage Ratio (measured/theoretical)

20 100
Sense Element Threshold Acceleration (g)

Fig. 12. Measured results from the pull-in voltage test.
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250 Ul first,_the struc_ture is designed to minimize t_he strain in the
4 l — Theory cantilever spring when over-range accelerations are applied;
200 m Measured Results || second, the proof mass is designed so that it never contacts
- i i l any electrodes that are at a high voltage during self-test;
% 150 3 3 third, the use of LIGA permits very thick structures that
€ [ | S minimize out-of-plane deformation.
% 100 4 The threshold accelerometer was tested with a centrifuge
g " test, a pull-in voltage test, and a transit time test. The cen-
F 50 trifuge test shows that the actual threshold acceleration is
100 V Step Voltage 80% of the designed value in the positive direction and
0 —— 90% of the designed value in the negative direction. The

10 20 30 40 50 60 70 80 90 100110 120 130140 150
Sense Element Threshold Acceleration (g)

Fig. 13. Measured results from the transit time test.

average measured pull-in voltage is 77% of the calculated
pull-in voltage. The average transit time measurements are
within 10% of the theoretical values. The transit time test is

a new built-in test technique that performs a more thorough

19.2 I I test than the conventional pull-in voltage test. Finally, the
m ig-é! -+ 'ﬁ/'eastusfed DataF_t: devices were used in a capacitance sense mode, whereby
S s ~—~—— = o e the capacitance between the test electrode and the proof
§ 18.8 SN mass was measured. Measured results show a sensitivity of
= 18.7 RN ;

S 186 — 670aF/g for a 509 threshold accelerometer, which agrees
S 185 3 within 20% of theory.
O Jq AN
18.4 L
18.3
0.0 0.2 0.4 0.6 08 10
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