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A Batch-Fabricated Silicon Accelerometer

LYNN MICHELLE ROYLANCE, MEMBER, IEEE, AND JAMES B. ANGELL, FELLOW, IEEE

Abstract—An extremely small batch-fabricatable accelerometer has
been developed using silicon 1C technology. The device, 3 mm long and
weighing 0.02 g, is a simple cantilevered beam and mass structure sealed
into a silicon and glass package. The fabrication of the accelerometer is
described, and the theory behind its operation developed. Experimental
results on sensitivity, frequency response, and linearity are presented
and found to agree with theory. The accelerometer is capable of mea-
suring accelerations from 0.001 to 50 g over a 100-Hz bandwidth, while
readily implemented geometry changes allow these performance char-
acteristics to be varied over a wide range to meet the needs of differing
applications.

I. INTRODUCTION
NTEGRATED-CIRCUIT (IC) fabrication technology has
permitted the development of an accelerometer weighing
less than 0,02 g, in a 2 X 3 X 0.6-mm package. The accelerom-
eter will detect accelerations down to 0.01 g over a 100-Hz
bandwidth, with an upper acceleration limit of 50 g. These
characteristics make the accelerometer ideal for applications
requiring a very small and light transducer. Further, the versa-
tile design allows the range to be varied readily over several
orders of magnitude. The given limits meet the requirements
of the biomedical applications such as measurement of heart
wall motion for which the accelerometer was initially developed.

The goal of this work was to develop a transducer which
meets the following specifications: 1) small size and mass;
2) sensitivity to accelerations as low as one-hundredth of the
acceleration of gravity; 3) a bandwidth of 100 Hz; 4) an out-
put stable over the limited range of temperatures encountered
in biological environments; 5) an inert package; 6) an accuracy
of around 1 percent; and 7) an output which is lincar with
acceleration. The device should be sensitive to only one com-
ponent of acceleration,

II. ACCELEROMETER STRUCTURE

The accelerometer is a glass-silicon-glass sandwich; the de-
tails of this three-layer composition are shown in Fig. 1. The
center layer is the heart of the device, a very thin silicon canti-
levered beam surrounded by a 200-um-thick rim. This rim
provides a rigid support for one end of the beam, a region for
contact pads, and mounting surfaces parallel to the plane of
the beam. The beam widens at its free end into a rectangular
paddle which supports a mass, either of some dense substance
such as gold or of silicon. Fig. 2, a scanning-electron micro-
graph of the bottom side of the silicon element, clearly shows
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Fig. 1. Top and cross-section views of the accelerometer. (a) Top view.
(b) Centerline cross section.

Fig. 2. SEM of backsnde of the accelerometer with a silicon mass after
KOH etch.

the supporting rim, thin silicon beam, and integral silicon
mass. A resistive half-bridge composed of two p-type resistors,
one centered on the top surface of the beam and the other
placed in an unstressed region of the rim, and three large
p" contact regions complete the silicon portion of the acceler-
ometer. The beam resistor changes its value with acceleration
due to the stress induced in the beam, while the second resistor
is used for temperature compensation.

The top and bottom layers, both of glass, take the place of
the TO-5 can or dual-in-line package used for standard IC’s. A
well etched into each glass cover allows the beam to deflect
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freely up to a given distance—and hence acceleration—set by
the depth of the wells. The glass covers are hermetically sealed
to the thick silicon rim using anodic bonding [1], protecting
the diffusions and, by creating a sealed cavity enclosing the
fragile beam and mass, the cantilever. Three narrow {ingers
extending from metal pads on the top glass make contact to
the resistors through p* diffusions. A cable leading to an
amplifier and recorder can be attached to these pads where the
top glass overhangs the silicon. With a nonconductive epoxy
filling the region between the two glass covers and around the
leads, the pad region is sealed and lead bond strength improved.

II1. FABRICATION

Fabrication of the accelerometer is a batch process utilizing
standard IC photolithographic and diffusion techniques in
addition to the special etching techniques required to shape
~ the silicon and glass. The silicon element and the top and
bottom glass covers are fabricated separately in wafer form and
then bonded together. The final steps are die separation and
lead attachment.

The starting material is n-type (100) silicon, chosen because
the preferred {110} direction for p-type piezoresistors coin-
cides with the pattern orientation of anisotropic etchants such
as KOH in silicon. Precise dimensional control can be obtained
even with a large etch depth since the {111} planes are etched
two orders of magnitude more slowly than {100} and {110}
surfaces. The first step is to etch half a dozen widely spaced
alignment holes completely through the wafer to obtain proper
registration of patterns on the top and bottom surfaces. A
1.5.um thermal oxide is grown and two photolithographies
and diffusions done to form the 10 /o p* contacts and the
100 ©/o p resistors. The front oxide is stripped before drive-in
to minimize surface steps, while the back oxide is preserved as
the final etch mask. The remaining processing steps all con-
cern the shaping of the beam, silicon mass (if present), scribe
lines, and the window where the glass overhangs the silicon,

Using a thick densified layer of deposited silicon dioxide to
protect the front, windows are opened in the backside oxide
and the silicon is etched away around the beam and mass and
in the region where the beam is to be thinned. The etch is
stopped when the beam region is twice the desired final thick-
ness. The sequence of operations is sketched in Fig. 3. A
photolithography on the top surface of the partially etched
wafer defines the air gap around the beam and the window
opening. The final KOH etch, which etches the beam from
the bottom and the air-gap regions from both top and bottom,
is quenched the moment the silicon disappears from the large
window openings. This visual endpoint gives very good control
of the beam thickness provided the front and back surfaces of
the wafer are parallel, Observed uniformity has been very
good. The final step is stripping the remaining oxide.

The glass cover plates are also prepared in wafer form, from
200-um-thick pieces of #7740 Pyrex glass, polished optically
flat on one side. The type of glass is dictated by the silicon-
glass bonding process which requires a glass which is slightly
conductive at the bonding temperature and whose thermal ex-
pansion coefficient matches that of silicon. Unfortunately,
this glass is not nearly as easy to etch as is silicon. Wells are
etched in the top and bottom glass covers with a 30-percent
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Fig. 3. Diagram of final otch steps.
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Fig. 4. SEM of top glass cover.

HNOj, 70-percent HF mixture at 48°C and a chrome-gold
etch mask. This procedure was found to give smooth, con-
sistent results with minimal undercutting (Fig. 4). Once the
masking layer is stripped, aluminum is deposited on the top
glass and the metal bonding pads defined.

Final assembly of the accelerometer sandwich involves at-
taching gold masses if needed, and aligning and bonding the
glass covers to the silicon. Only after completion of the bond-
ing process are the individual accelerometers broken apart and
handled one by one through the final phases—attaching a cable
suited to the proposed application and applying insulation or
some other protective coating. The heart of the assembly pro-
cedure is the anodic bonding technique which produces a
hermetic and irreversible seal between silicon and glass. The
glass and silicon are aligned, the temperature raised to about
400°C, and 600 V applied between the silicon and the glass.
An advantage of this technique, in addition to its simplicity
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Fig. 5. Cantilevered beam and mass, with diagram of equivalent loads.

and lack of filler or “‘glue,” is the visual inspection possible for
a successful bond. Bonded areas appear dark gray, while un-
bonded regions are much lighter in color and show interference
fringing. With the top and then bottom covers bonded, a
dicing saw is used to separate the individual devices and leads
are attached.

IV. ANALYSIS
Static Response

A detailed analysis [2] (see Appendix) of the accelerometer
structure shown in Fig. 5 gives the fractional resistance change
of the accelerometer due to an acceleration ¢,,

ok

1 1
R ={[E (Iyy + 105 +T144) - (Snz ‘*5344)]
L+b\c~h
' [M ( T) 5_]} 95 Solty

where L and & are the beam length and thickness, 4, the mo-
ment of inertia of the beam cross section about the z axis, ¢
the distance from the centroid of the cross section to the
bottom of the beam, M the mass loading the beam with its
center of gravity at (L +¢,, ¢;,¢3), and Il;; and s;; the piezo-
resistive and elastic compliance coefficients referred to the
cubic axes of silicon. The resistor extends from x=0 to
x=1-b. The accelerometer’s sensitivity shows the desired
linearity; further, the magnitude of the response can readily
be controlled by varying the geometry.

Ideally (1) is the only term present for any acceleration 4.
The structure’s effectiveness as a uniaxial accelerometer can
be assessed by comparing the magnitudes of the responses to
a, and a; with the desired sensitivity Sg. The only nonzero
terms are due to the axial force F,, and the moment M, pro-
duced by a,,

AR/-Rla s h
ARR|,, {

o

2¢,
12 (2¢; + L + b) 2es+L+h

} = (2

The approximation assumes s << w, where w is the width of
the beam. Clearly, an effort must be made to place the mass
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symmetrically (¢, << 2¢; +L +b) and to ensure that the
beam thickness is small compared to its overall length if axial
accelerations are to be ignored.

In deriving the foregoing results, a massless beam and perfect
alignment centering the resistor and orienting it along a 110
direction were assumed. However, for the alignment tolerances
and beam dimensions of interest the combined error involved
is less than 1 percent worst case [3]. In addition, the added
bending of a deflected beam due fo an axial load can produce
another undesired output term. However, calculations of the
combined effects of such axial and lateral loads show that the
error term is less than 0.4 percent for an axial load equal to
1 percent of the Euler load. For a thin beam and heavy mass
(worst case), this loading is roughly equal to the safe operating
range of the device,

In summary, the conditions necessary to minimize the un-
desirable responses to e, and ¢, are

hye, <<2e1+L+b |z, |<<Z|h-cl

h<<w y, << 1rad Q3)

where a,, and z, are the angular and linear misalignments of
the resistor. Similarly, the criterion for a large response to
a, can be expressed as

IMQ2c, + L +B)>> wht. (@)

Since this condition is compatible with the constraints (3), the
accelerometer design meets the criteria for a sensitive, uniaxial
device whose response to a given acceleration can be both
closely controlled and tailored to a particular task.

Dynamic Behavior

The primary purpose of this accelerometer is to measure
time-varying accelerations, requiring an understanding of the
variation in its behavior with the frequency of the excitation.
For very low frequencies, the beam can follow the excitation
without appreciable delay, so the discussion of the acceler-
ometer’s static response is directly applicable. At higher fre-
quencies, however, the dynamic characteristics of the system
produce phase delays and amplitude variations, depending on
the natural frequencies of the device. A high-Q resonance (in
an undamped accelerometer) corresponding to the first mode
of lateral vibration of the beam dominates the behavior of the
accelerometer. The other vibrational modes of the beam occur
at much higher frequencies. Hence, the motion of the canti-
levered beam and mass can he modeled as a simple two-pole
spring and mass system. '

The deflection of the beam is very nearly the deflection of a
massless beam with a rigid distributed mass M at its end. Fora
static load £, acting on the centroid of M, the deflection can
be written as [4]

P (L-fn,) 0<x<L
JeE, O3
Y F,12 (g“q) [FyL Feil ]( B ©
265, \3 2E9, | ES,
L<x<L+2¢

where F is Young’s Modulus. Note that the restoring force

Aartharized licancad nica limitad ta- | Iniuarcitu af Mandand Callans Dark Noauminadad an Oetobhar 07 90792 at 21-N0-18 1ITC fram IEEE ¥nlora  Daoctrictinne anniu

DOCKET

_ ARM

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

1914

(Fy) on the mass M is proportional to its displacement, giving
simple harmonic motion. Applying the Rayleigh principle [5]
to this deflection curve, a very good approximation to the res-
onant frequency cwy is obtained (for M uniformly distributed)

El, 2+ 6f+f*

ML} 2 21
3 4f 2

(6)

Wy =

12+ 1413 + 8f*

.where the second factor under the radical varies from three to
-one-tenth as f=c, /L varies between zero and two. Note that
‘the key parameters affecting ¢, also play a large role in de-
termining the sensitivity. This interrelationship limits the
‘bandwidth which can be obtained for a given sensitivity. For
typical accelerometer designs, w, is between 500 Hz and
5 kHz; the analysis of the preceding section is, therefore, valid
over the 100-Hz bandwidth of interest,

Optimization

We now have the tools to explore the capabilities and limita-
tions of this miniature accelerometer. Expressions for the
dependence of the sensitivity, resonant frequency, and deflec-
tion of the accelerometer on its geometric and materials pa-
rameters have been developed which apply, in fact, to any
accelerometer design consisting of a uniform cantilevered
beam, a mass, and a stress-sensitive element to detect the stress
-in the beam. Therefore, much of the following discussion
applies rather generally to small accelerometers using the canti-
levered structure.

Three materials parameters, the magnitude of the piezo-
resistive coefficients in silicon, the density of the mass, and
the fracture stress of silicon, set fundamental limits on the per-
formance. In particular the relationship between the maxi-
mum stress in the beam and the applied acceleration places an
upper limit on the sensitivity

s, Il ess 2ci+L+h
0 ‘max- 4, Ofracture 2(L*e)

9
Tl 35X 10 29.1_2_ )
a, -a,
where a, is the range in acceleration, Ggactyre the fracture
stress, Ilp¢ the effective piezoresistive coefficient, and where
2¢; P> L+b.

The geometry of the accelerometer also has a profound ef-
fect on its performance. The most significant parameter is the
beam thickness #, whose impact on sensitivity, resonant fre-
quency, and beam deflection is plotted in Fig. 6 for typical
values of 4. The optimal choice for & is the smallest value con-
sistent with the bandwidth and deflection constraints (set by
the glass wells) in the design, since this choice gives both a
large gain-bandwidth product and minimal transverse axis re-

“sponse. The minimum beam thickness, from fabrication and
: deflection considerations, is 5 um. Although w and M also in-
* fluence the performance, the beamwidth is set primarily by
structural considerations, while the mass is a convenient way
of setting the sensitivity. By selecting & and M a wide variety
of accelerometers of differing ranges, sensitivities, and useful
bandwidths can be built from the same basic structure. The
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Fig. 6. Sensitivity S, resonant frequency f,,, and deflection D versus
beam thickness k. Accelerometer dimensions: w = 0.02 cm, ¢; =
0.06 cm, b = 0.01 cm, M = 4.5 X 10~* g (scale for S must be multi-
plied by Igss to obtain AR/R).
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current package size allows 2 dynamic range of 10* and ranges
of 1to 10° g

V. EXPERIMENTAL RESULTS

The static responses of accelerometers of varying beam di-
mensions and masses were measured using the acceleration of
gravity as a reference. By varying the orientation of the beam
with respect to gravity, and comparing the outputs, the con-
tributions of each of the three components of acceleration -
were determined. The observed outputs were linear in @), and
a,, while no dependence on a, was detected, as predicted by
(1) and (2). The measured fractional resistance change due to
ay is graphed for several accelerometers in Fig. 7 against the
prediction in (1), omitting the term in the piezoresistive co-
efficients. The points fall beautifully on a straight line through
the origin with a slope of 3.5 X 1071 ¢cm?/dyne, very close to
the 4.5 X 107! calculated for Heer, using published values for
the piezoresistive and elastic compliance coefficients.

Turning to the most significant transverse or off-axis re-
sponses, which are plotted in Fig. 8, two of the terms, e, and
e3, representing the effects of axial stress and of a beam of
nonzero mass, respectively, are found to be extremely small
even under worst case conditions, The third, and critical, com-
ponent, e,, arises from the moment M, due to an acceleration
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a,. For a large mass mounted on one side of the paddle, this
component is a substantial fraction of the y-axis sensitivity
So, although it decreases to zero for a symmetrically mounted
mass. Data from several accelerometers are plotted in Fig. 8
and show the trend predicted, although the rather large un-
certainty in the magnitude of ¢, prevents assessment of the
accuracy of the theory to better than about 20 percent.

To compare the two-pole model with the actual behavior of
the accelerometer, the impulse responses of several accelerom-
eters were determined experimentally.! Oscillograms of a
typical impulse response can be found in Fig. 9. The damped
sinusoidal behavior and the clean characteristics of the first
few cycles indicate that the two-pole model is indeed a good
choice. Values of the resonant frequency were found to agree
very well with (6). Despite a factor of eighteen variation in
sensitivity for the accelerometers tested, all had similar values
for the damping factor {, Q, and the damping force Fy, corre-
sponding to air damping of the beam plus any internal damp-
ing in the silicon. The exponential decay shown corresponds
to { = 0.0046, Q = 109, and F; = 0.065 dy/dt (dynes).

Damping the beam resonance by adding a suitable fluid to
the accelerometer cavity is a very attractive approach to
minimize the impact of the resonance and increase the useful
bandwidth. Four common laboratory fluids of roughly equal
densities, acetone, methanol, deionized water, and isopropyl
alcohol, were used to investigate the dependence of the ac-
celerometer damping factor on fluid viscosity. The damping
factor was found to vary linearly with fluid viscosity, as shown
for one device in Fig. 10, while the viscosity needed to give 0.7
critical damping was found, by extrapolating the data points,
to vary between 3 and 4 centipoise depending on the device.
Some of the silicone oils have viscosities of this magnitude, and
may well prove attractive to damp the accelerometer,

Damping the accelerometer will make it less susceptible to
small fluctuations in ambient temperature, due to the increase
in thermal mass, and may also help maintain the two resistors
at the same temperature, both desirable effects. However, the

IThe accelerometer was mounted on one face of a short piece of drill
rod used as the weight for one pendulum of a dual-pendulum arrange-
ment. A steel sphere weighting the other pendulum was released from
a measured distance to swing into the opposite face of the rod; the re-
sulting impact is an impulse on the time scale of the accelerometer.

1915

(b)

Fig. 9. Accelerometer impulse response. (a) 1 V/vert. div., 5 ms/horiz.
div. (b) Same device, 1 V/vert. div., 0.5 ms/horiz. div.
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Fig. 10. Damping factor versus damping fluid viscosity.

beam and mass are totally immersed in the damping fluid, so
that the buoyant force on the mass must be considered in
determining the sensitivity of the damped accelerometer. In
effect, the mass appearing in (1) is reduced by the mass of an
equal volume of fluid. Although this change has little effect
for a device with a gold mass, it can be important for a silicon
mass device, particularly if the fluid density approaches the
density of silicon.

Performance Limitations

Perceived accelerometer performance is affected by two in-
escapable properties of real systems, noise and temperature
sensitivity. Thermal noise ultimately determines the useful

Authorizad licancad nea limitad tn- | Iniuarcihs nf Mandand Callane Dark Nosninadad an Nctohor N7 3092 2t 21-NG-18 1LITE frnm IEEE ¥nlore  Dactrictinne annbs

DOCKET

_ ARM

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

Nsights

Real-Time Litigation Alerts

g Keep your litigation team up-to-date with real-time
alerts and advanced team management tools built for
the enterprise, all while greatly reducing PACER spend.

Our comprehensive service means we can handle Federal,
State, and Administrative courts across the country.

Advanced Docket Research

With over 230 million records, Docket Alarm’s cloud-native
O docket research platform finds what other services can't.
‘ Coverage includes Federal, State, plus PTAB, TTAB, ITC
and NLRB decisions, all in one place.

Identify arguments that have been successful in the past
with full text, pinpoint searching. Link to case law cited
within any court document via Fastcase.

Analytics At Your Fingertips

° Learn what happened the last time a particular judge,

/ . o
Py ,0‘ opposing counsel or company faced cases similar to yours.

o ®
Advanced out-of-the-box PTAB and TTAB analytics are
always at your fingertips.

-xplore Litigation

Docket Alarm provides insights to develop a more
informed litigation strategy and the peace of mind of

knowing you're on top of things.

API

Docket Alarm offers a powerful API
(application programming inter-
face) to developers that want to
integrate case filings into their apps.

LAW FIRMS

Build custom dashboards for your
attorneys and clients with live data
direct from the court.

Automate many repetitive legal
tasks like conflict checks, document
management, and marketing.

FINANCIAL INSTITUTIONS
Litigation and bankruptcy checks
for companies and debtors.

E-DISCOVERY AND

LEGAL VENDORS

Sync your system to PACER to
automate legal marketing.

WHAT WILL YOU BUILD? @ sales@docketalarm.com 1-866-77-FASTCASE




