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Abstract

We present a testing procedure and the resultcapacitive triaxial accelerometer intended
for health and safety applications. Static and gsiasic tests were performed to gain insight
into the overall functionality of devices and tH&eetiveness of the silicon on glass (SOG)
microfabrication process performed at the Lurie dfabrication Facility of the University of
Michigan, Ann Arbor. SOG was incorporated into tiesign to reduce parasitic capacitances
because they can impede accuracy and sensitivitiyetdtanding how this form of wafer
bonding impacts the design is key to understantfiagapabilities of the accelerometers.
Capacitance reading yields showed ranges withidigted limits and deviations caused by
the fabrication process. The highest change inaitgpece was 94.1% during quasi-static
tests, while the lowest change was 7.6%. Out oDId¥vices tested on a 4" wafer, 34 of
them passed, yielding a 2.7% success. Our simplEeps elimination method lets
accelerometer tests less time consuming and mhkgedcess optimization viable.

Introduction

The field of MEMS (microelectromechanical systeteghnological research continuously
expands. Applications can be found in numerousn@lcigies such as smartphones, laptop
computers, inkjet printers, microphones, and mgxale lasers [1-7]. Factors that make
MEMS devices so attractive include their relatigbability, low cost, and ability to be mass-
fabricated [8]. In particular, MEMS-based acceleetens appear to have many possible
applications [9-16]. In civil engineering, capae#iaccelerometers have shown promise for
gauging strain placed upon bridges through intégrahto sensing and transmission systems
[15]. Companies such as BP and Shell have foundottage accelerometers offer benefits of
lower-power consumption, reduced signal noise,vaidér device dispersion for exploring
oil and gas deposits [9]. Medical institutions @xplpossible applications for these sensors
in areas such as monitoring heart bypass patiedtsallecting data relating to gait and
balance in the elderly [16, 17]. For individualsadtigher risk of falling, like the elderly and
disabled, low-G (up to 4 G) motion sensors havepthtential to increase personal safety
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through monitoring phsical activity [16 17]. Emergency response pemsdrcan be notified
immediately when the motion sensors register anfaktvent and signal to quickly brir
assistance.
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Figure 1. Examples of an accelerome: A) from the top and B) from the side -away
view. C) Ar example of a simple comb-drive

Capacitive accelerometers measure capacitance ehéegween a mobile electrode (
proof-mass in this case) and bottomctrode (Figure 1a and 1b) [6, 11{]. Capacitive
accelerometers often depend on actuators suchakeear beams, spring structures
folded flexures to support a central pr-mass and allow it move as depictelFigure 1a [6,
10, 17, 28]. Capacitance ) values can be calculatec

— 1)

representthe area of the capacitance plates denotes the permittivity of the dielect
material (between the plates). Las symbolizes the distance between the capacit
plates. A change in capacitance corresponds tageisan displacement of the premass [6,
10, 1720]. The distance beeen the plates and the resulting capacitance vahesar
inverse relationship. Another accelerometer desigarporates a con-drive consisting o
interdigitated electrodes that form parée-capacitance plates as showrfFigure 1c [6, 11,
17]. The type of accelerometer incorporated into a sensingsys determined by the nee
of system designers. The capacitive signals gezebiat such sensors are relayed throu
digital converter and sent to a computer or a idiogrdevice so that data car analyzed [4,
15, 17, 21].

The accelerometer design discussed in this papeateisded for health and safe
monitoring. It incorporates both cor-drives and a mobile proafrass/bottom electroc
mechanism in the same device (Figure 2a). The comb-de measures capacitance alt
the x-, and yplanes as illustrated Figure 2b [11, 17]. Tilt and directional readings al
accommodated by the proofass and bottom electrode. The flexible springctiines (se:
Figure 2c) actuate the proofass and allow not only dimensional range of motion, b
alsoa high sensitivity [11].This type of motion sensould eventualhintegrate
piezoelectric materials that could help make theergy efficieit as well as more accite
[22, 23].

Proceedings of The 2014 IAJC-ISAM International Conference

ISBN 978-1-60643-379-9



Central proof-
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Figure 2. A) Comldrive accelerometer designed to function alongk-, y-, and z- planes.
B) Proofmass with interdigitated, parallel capacitancegsdaC) The flexible sprin
structure that enables the mobility of this desigme entire package is 2 mm x 2 rx 100
pum. The red regions are immobile and the grey regaye mobile

The sensitivity of the device depends stronglytenproper fabrication and mater
selection procedures. It was decided that silicuhg@lass wafers together would perfc
best in this case. SO&hodic bonding was used to bond silicon and gladsn together b
applying an electric potential across both wa[24 & 25]. A major benefit of SOG is th.
the glass’ norconductive nature helps uce parasitic capacitances thatid reduce the
accuracy and overall effectiveness of the ser[17].

Testing can be static, quastatic, and dynamic in nature. Static tests requirenovement ¢
any mobile structures. An example of a staticttest we conducted involved checking
resistance along a stationary electrode to vetsfiunction. Qua-static examination
allowed the electrical and mechanical performariGdevice to be checked in a sin
direction at a time. For example, we moved the f-mass to the left (the gative x-
direction in this case) to measure the changepa@tance. Static and qu-static
evaluations were initially performed because thayega direct and fast result of a devic
functionality. Devices that passed these testgaoe candidatefor later dynamic testing
Dynamic tests allow the full range of an accelertarie motion and sensitivity to k
observed by a method like a shaker or Electron I8pdtattern Interferometi[1, 6, 10, 26-
28]. They are a means to evaluate a sensor’s |mance in an environment that me
closely simulates redife conditions. But before this can happen, thsigie and fabricatio
processes need to be evaluated. We want to undeéita reliability of the SOG proce:
Therefore, we tried different desicto see the yield. Yield analysis and percent evelnos,
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based upon the gathered data offered a clear piofurow the devices actually performec
terms of consistency and reliability. We will dissuwour fabrication process, static te
conducteddifferent design variations, and failed devicesn&mwic tests were not perform
and will be discussed in a later pa

Design and Fabrication

The development of the particular designs discubseel incorporated computer drafting ¢
finite element angkis simulations via COMSOL MultiphysicFabrication occurred at th
University of Michigan’s Lurie Nanofabrication Faty and the specific details
fabrication are explained in a previous w[17]. Fabrication of the devices includ
standard MEMS techniques such as photolithograpieyal deposition, hydrofluoric ac
etching of the glass substrate, anodic bonding®btass and silicon wafers, and dry etct
for shapingand releasing each dev's mobile structures [17]The silicon wafers are 0.1m
thick and the glass wafer is 0.5mm thick produ@rgpmbined wafer of 0.6 mm in thickne
[17]. Temperature is controlled during the fabricatioogass in each step so as notto a
high diffusiontemperature time to degrade the device performiThe finished product ¢
fabrication is a wafer containing nearly 1,200 desi The devices are organized int 5
geometric groups called dies. A die consists ofl@&ices of differing dimensions
directions of functionality that is illustrated Figure 3.
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Figure 3.A) On the left is a wafer full of devices. B) Showdie full of devices
of various designs

Proceedings of The 2014 IAJC-ISAM International Conference
ISBN 978-1-60643-379-9



Table 1. Devices by range and spring structure

Sensing
Design Type Range Spring Type
ADF LK P 3-D Serpentine
B,E,G,J, LQ 3-D Spiral
C,H M N OR 3-D Semi-serpentine
S T,XY 1-D Straight
u,VvV,Ww 2-D Serpentine

Figure 3a shows the fabricated wafer. A full di26fdifferent designs that were fabricated
and tested can be seen in Figure 3b. A few reptatdes close-look pictures are in Figure 3c.
Table 1 lists devices organized by type, sensjtiaitd the spring actuator they employ.
Accelerometers A-R function three dimensionallyviges U-W were designed for sensing
motion along the x- and z- planes. Designs S, Tarn€l Y are meant to take readings in the z-
direction only. The wafer contains approximatelycésnplete dies of devices.

Device Structures

Anchor-fin
Region

Proof-mass

] Region
Bottom Electrode Region

Figure 4. The various regions tested for resistamcecapacitance.

Figure 4 is intended to serve as guide while dififéaspects of the testing process are
explained. Specific regions of devices—static ammdbibe—are labeled clearly. Only the
proof-mass is mobile. The bottom electrode and antths are static. The following
descriptions for both short and capacitance testivail refer to Figure 4.

The effectiveness of a device is examined throegtirtg. Through proper evaluations,
desired characteristics such as correct releaswbile structures, functional ability to take
readings and accuracy of those readings can bigedegjd, 3, 6, 17]. Devices that pass all
phases of testing are considered to be succeasielims of yield.
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Testing Procedures

The testing was carried out in a -walled cleanroom via the Cascaderomest M-150
probe station as shown iigure 5a. The set-up included a Ddksktop computer, Keithle
179-A TrueRMS digital multimeterFigure5b) and a GLK Instruments 3000 capacita
meter (Figure 5c). GrabBe#deo software is used for image capturing. Theliregs taker
from the capacitance and digital multimetwere stored on Microsoft Excdata sheets that
corresponded to each stage of testing. Each metecennected to the probe station (
probes for each meter) for performing electric arethanical teing of the devices. Th
data were then stored inigefon the Dropbowebsite to facilitate communication betwe
members of the research te¢

————

Figure 5.A) The probe and computer station where staticcara-static tests have bee
performed, B) The digital multimeter, C) The capaace mete D) Probe tips placed on tf
wafer during a short test

Testing is done in a particular order. The basasoaing is that if a device demonstrats
failure mode at a particular point of testing, thlea tester can record the results and mov
to anothedevice. By process of elimination, successfivices careventuallybe found in
an efficient manner. Any negative capacitance readr reading higher than the theoret
value indicates a device failure. Before static gnds-static tests are perfoed, several
quick inspections are done to determine if devigagant the time required for full testir
The first thing done is a basic visual examinafmmany obvious damage, deb
contaminants, or structural defects. If the dewajppears to beee of structural defects a
debris contamination, the static capacitance betwlee proo-mass and the bottom electrc
is briefly observed. The last test employs the prigis to observe how well the premass
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moves and returns to its original posn. Any stiction indicates a failure. Devices thatg
can proceed to regular evaluatic

Short Tests

Short testing was the first step in this processbse it verified the release of mol
structures in the device. “Released” refers topituper ething of particular structures ¢
that they can move as intended. It also meangdbktihg reveals no shorts between reg
that are not supposed to be in contact. It shoelddied that shorts can also be cause
debris such as dust contaminatincevice [9] Resistance evaluations employed a di
multimeter to check for shorting between variougickeregions

When performing short tests, the only regions sihatuld give any readings for resistance
the top electrode and the bottom elect (see Figurél). Both portions of the device &
designed to have four contact points each. Addiignthe top and bottom electroeach
act as separatdosed circuits. By evaluating the resistances betwtheir respective conte
pads, it shows theuhctionality of each region. All other regions shtbshow open circuit
because they are separate from one another, otigeting device fails testing. The expec
readings for the proafiass and the bottom electrode average and 1 k , respectively

The first two regions inspected are the p-mass and bottom electrode. The probe tip:s
placed at the 4 contact pads for each region ddnooFigure4. The goal is to verify that,
least, three paths are functional along each podistinctly. To check this, one probe
remains stationary at a contact , while the other is moved between two ot
corresponding pads. This provides two readthat are averaged and documented. If |
parts pass, then the remaining regions of the desaa be examined. Resistance test:
then performed between the pr-mass and each anchiom-section, between the bottc
electrode and anchdins, and betwen the anchofin regions themselves, and then
proof-mass and bottom electrode. Successful devices meaymhove on to capacitan
inspections.

2] »
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Figure 6.Resistance readings for (A) the pr-mass and (Bthe bottom electrode. Tt
highest, lowest andverage values are included in theends. A totabf 129devices were
tested.
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The resistance readings gathered from the fmass and bottom electrodes are show
Figure 6. The values fd®na, Rmin, andRayg are very close for both regiorf&qax represents
the highest resistancRqui, represents the lowest value, ¢Ra.qis the average readin
Figure6a demonstrates that the pr-mass had a high number of readings ranging bet
3.5-4.5 k —fairly close to its expected value. It also shovtrend of fewer occurrences
multiple readings within a similar range occurragythey increase in magnitulFigure 6b
shows the variations of data gathered from theobotlectrode. The data suggests tha
occurrence of multiple resistances wita similar range was slightly more consistent higt
will be noted that all the resistances for the dootelectrode measured higher thar
expected value of 1 k In both cases, the data shows that the resistdacéoth respectiv
regions were outfdheir projected ranges due to fabrication proe@sgtions

Static Testing

Static capacitance testing followed a similar flasvresistance tests. Capacitances bet
the same regions were evaluated. Anything out@ftiteptable range was consider:
failure mode. Capacitance checks followed this oot mass to anchefins, proof-mass
to bottom electrode, and then the an-fin regions directly across from one another. S.
as for short tests, the readings were averagedesmodded appropriatelFigure 8 helps
demonstrate the sequence of this phase of evahs:

N
o

15 oo = 0.47pF Cmax = 6.7pF
Cnin = 0.17pF Cmin = 0.06pF
10 Cavg = 0.28pF Cavg = 1.2pF

10
5
0 0
0 0.2 0.4 0 2 4 6
Capacitance (pF) ( ) Capacitance (pF)
ke Cmax = 0.33pF = Cinax = 0.15pF
Cinin = 0.03pF Cinin = 0.02pF
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Figure7: Capacitance readings f(A) proof-mass to anchor-fins, (B) proeofass to bottom
electrode, (C) anchdims horizontally across from one another aD) ancho-fins vertically
across from one another.

Results varied between the different reg testing took placéCmax Cmin, andCayg represent
the highest, lowest and average capacitance readiegpectively, for each graph in Fic
Figure7a demonstrates the varied data gathered whilagdsie devices along the and y-
planes. The most consistent grouping of capacitareraained close to 0.23 pF. It can ¢
be seen that readingskigure 7a were dispersed in a relatively even fashstarting with
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the minimum value of 0.17 pF. The static perforngabetween top electrode and bott
electrode can be seenhigure 7b. It was the largest range between 0 pF and 7 pF
lowest reading was 0.06 pF and the highest wapl.Df all tte locations on the devic
readings here tended to rank the highest in randdraquency of approximate occurren
This was due to the relatively large surface abetween the bottom electrode and p-
mass while they functioned as capacitance . The most consistently recurring readil
were approximately 1 pF. The most similar seteaflings were between the anc-fins
themselves. Figuréc and 7d show the readings for the horizontaheantical readings. Th
peaks on both graphs illustrihe similar behavior in both regions. This is ngosise as al
four regions are of the same basic design, ybertis a small difference worth mentioni
Figure9d has a higher average ttFigure7c, yet during actual testing it was observed
the average capacitance was generally 0.01 pF hightre static capacitance plates aci
from one another horizontally, than for those &ty across from one anoth

Quasi-Static Testing

Figure 8.0ptical microscopy snapshots during the c-staic capacitance measuremer
(A) Comb-drive is in stationary position. ) Proof-mass is moved to +girection and thq
capacitance reading is recorc

A delicate touch was needed during g-static tests. At the micrseale, structures i
MEMS devices can be easily damaged with a careesement. With a small amount
practice, this method can be mastered without naiffilsulty. Figure8 offers an illustratiol
of anchor fins correctly being manipted. It should be noticed that the fins are brot
together as closely together to make note of amgdulit not close enough to short then
damage the fins. Four probe —two stationary for measuring changes in capacitanct
two to move the proof-masswere required for this series of tests. Measureswrte takel
for the x- and y- directiondwo sets readings each anc-fin region (left, right, up, an
down). The zdirection only provided one reading -down). Any readings out of range
any diction indicated a device has failed test The forceexerted by the probe tijwere
not measured. Howevat,shouldbe noted that forces in the x- anddyrectionsare same
thanks tahe symmetric design of tistructure. On the other harttie force in the-
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direction would besignificantlyless than the x-y plane forces becabhsethicknesfor the
proof-mass and springs asaly 0.1 mn whereas the y-plane thickness is multiplied by t
number and width of the bea.

Figure 9. Capcitance changreadings for the (A) x-direction, (B) giection,(c) z-direction

The changes in capacitance can be seFigure 9ae. These charts show the percentag
capacitance change for each area of testing. DatlfthreeFigures werglotted to shov
the percentages of capacitance change in relatitretapproximate number of times ti
came up. Also included wil Cyax Cmin, and Caygare the largest variations took ple
during zdirectional examinations. The qu-static performance for the and y- directional
examinations revealed similar performances, butally¢he performance for the- plane
seemed to be higher than the readings of - axis—an average variation of 3.2% differer
in performance. The performance in x-plane revealed a slightly more consistent tend
towards repeated instances of higher percentageghie - plane. The oveall device
performance in the direction the most varied. It demonstrated highrdeg of consistenc
in terms of percentage change in capacitar-ranging between recurrences of 3 to 5 til
for readings between 25 to 60 % approximately; ¢bigld be related to the varied types
devices that were designed fi-plane function.

Device Failures ad Yield Analysis

Stiction andncomplete etchinmost commonly caused for device failurEgure 10
provides visual examples of some of these sourcemtiunction. Both factors seemed
cause devices to fail short, capacitance, or myghéists. Examples of these types
structural failures included anct-fins being fused together by or to the substratghasvn
in Figurel0 e and f. In some instances, the p-mass was rendered completely immo
due to this type of fusion (sFigure 10e). A common stictiarelated problm occurred
when either the proof-masguld no return to its original position or a higher capaoite
reading would be shown after being flexed and retdrto its static position. In sor
instances, capacitance would actually decrease wéygeicitancelates were brougt
together. Most commonly, this seemed to happer- directional devices.
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Figure 10Various devices failures for 1) structural damage and debris contaminatiB)
incomgete etching causing a short,) adhesion and debris, (D) steuction during
fabrication, (B stiction, andF) adhesions from incomplete removal of the photist:

Table 2.Devices anpercent yields from tests

Visual Quasi-Static
Fabricated Exam Short Tests | Static Tests Tests
# Devices 125¢ 819 129 98 34
Yield(%) Not Applicable 65 10.2 7.8 2.7

The percentages of successful devices that passad@us stages of the testing can be
in Table 2. The top row shows the number of deweils respect to each stage
evaluation. Below row contains the percentage wicés that passed in relen to the total
number at that particular stage of evaluation. retie of devices from the visu
examination stage to passing all tests is 65 %/2.i.e., 241. This type of basic progressi
is natural for the process of elimination relate@valuating devices. The serpentine
spiral spring structures are more complex and hgire@ater chance of being fused to the g
substrate or other region of a ice. The serpentine actuators yielded over twice thecés
when compared to those employing spiral actua8-D accelerometers containing the s-
spiral actuators oyterformed the devices employing a spiral struchyr@.9 percent. Se
Table 1 for he various designs incorporation specific actua
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Conclusion

We have described a simple and low-cost testingga®for evaluating capacitive
accelerometers. The results gathered helped usfiddre most reliable designs for future
fabrication and testing. This is particularly imfaont when considering the time and costs
related to later wire-bonding and dynamic testdutare fabrications, reliable models could
even integrate a piezoelectric material to serveodis a built-in power supply and an on/off
switch that responds to changes in motion. Combmé&dthe comb-drive, the resulting
device could offer the benefits of being very sienjl function, highly sensitive, compact in
size, and power efficient. This would be idealiealth and safety monitoring.

The differences in capacitance readings betweeartbleor-fin regions along the x- and y-
planes revealed very small differences in capacgaaadings, yet were still relatively
consistent in overall performance. The x-directla@acitances offered a larger number of
consistently recurring readings in several difféggercentages while the y-directional
performance yielded the highest percentage fonglesreading range—approximately 60 %.
The readings for they z-plane were the most vatieglto the different designs tested that
ranged from 1D to 3D areas of sensitivity; a larg@face area between the top and bottom
electrodes are another likely reason the higheredegf variation in readings between these
regions. The 3-D functioning devices that passsting showed relatively reliable
performance during these tests. Of these, the sementine actuators appeared to perform
the best during the most recent phase of testinth &\teassessment of the fabrication and
testing procedures, the yield should be signifigamgher in future evaluations. The z-
directional devices provided the highest degresuctess in testing, in part due to their
simpler function and less testing needed for tHeaspite the yield results, the basic testing
procedure, itself, is reliable and provide an afédre option to researchers that currently
lack funding for complex, automated wafer testitagiens. It serves well for evaluating
capacitive accelerometers up to the quasi-statel lith accurate results.
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