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ABSTRACT

A single-mask lateraltunneling accelerometerwith
integrated tip has been developed and characterized.
High aspect ratio single-crystallicon springsprovide
high resolution, wide operating bandwidth, and excellent
isolation from off-axis stimuli. In this paper, we
present the first suchdevice implementing the
SCREAM [1] process technology. We focus on the
advantagesthat this technologyaffords tunneling
accelerometersand present a typical high-resolution
accelerometer with 20 pg / rt Hz performance at 100 Hz
and 5.5 kHz resonant frequency.

INTRODUCTION

The ability to measureand quantify the motion of an
object is one of the most basic sensegquired in
advancedcontrol systems.Accelerometers havédoeen
used inmany recentapplications from automobiles to
airplanes to computer interfaces.Previously, high
resolution accelerometers have been lamgexpensive

fabricatedfor seismicandacoustic applicationgnano-g

or micro-g resolution) as well as automotive and
aerospac@pplications (milli-g resolution, tens of kHz
bandwidth). High aspect ratio structures typical of
SCREAM allowfor accelerometedesigns whichhave
low off-axis sensitivity and large proof masses.
Devices have beetesignedwith proof masses from 5
micrograms to 2 milligramsindspring constantfrom
0.5 - 50 N/m, allowing a maximum resolution of 70
ng/rt Hz. One samplaccelerometer is presented and
characterized here.

BASIC THEORY
In tunneling accelerometers, a metal-coatéiph is
brought to within ananometer of a spring-supported
proof mass. If a small bias voltage, typically 100 mV,
is applied tothe tip, acurrentwill tunnel across the
separation.  Appliedacceleration causes a relative
displacement ofhe spring-supported proafiass,and a
change inthe tunneling currentaccording to the
exponential dependenceshown in Equation 1. To
improve the dynamic range ofthis sensor, force

to manufacture creating a market for a new design and feedback isused to maintain a constant tunneling

manufacturing methodology, such as micromachining.
Many micromachined accelerometers haveeen
developed [2] A subset of these use thelectron
tunneling phenomenon as the high-gainsducer, an
ideafirst implemented in 1988 [3]. AlthougHbesigns
vary greatly, all employ a tunneling tip which is
proximal to a proof mass.

The most common designs for tunneliagrcelerometers
useseveralbulk micromachined wafersondedtogether
[4,5,6,7]. These accelerometease sensitive in the Z-
axis, normal to thevafer, andtheir parameters areery
susceptible to process variatiorend require high
voltages for actuation.

Other designs forcantilevered device$8] and lateral
devices[9] havealso been presented.Previouslateral
devices have been fabricated with  surface
micromachining. The limitations ondepth of
polysilicon structures result ideviceswith low proof
masses and poor off-axis isolation.

Devices fabricated using the SCREAM bulk
micromachining process daot have many of the

current, typically about 1 nA. Inthis case, an
electrostatic force isised tocontrol the position of the
proof mass. Since theelative position of the mass
must be a constant teeepthe tunnelcurrentconstant,
the sum of theelectrostaticand inertial force on the
mass must be a constanthereforevariations in the
inertial force due toacceleration can beletected by
monitoring changes in the electrostatic balancing force

|, OV, exp(—afoo) [1]

where x=separation, @=barrier height, a=tunneling
constant@=1.025 1/(AveV)), and \(=bias voltage.

DESIGN GEOMETRY
AND SPECIFICATIONS

The basic design for a lateralnneling accelerometer
fabricatedwith the SCREAMprocess contains proof
mass which issuspended byour springs asseen in
Figure 1. The tunneling junction tgeated bymoving
the proof massowards a fixedlateral tunneling tip
using an integrated electrostatic actuator. The tged

problems associated with earlier designs. The nature of in this accelerometer isactually awedgeshaped beam

the SCREAMprocess allows thelevice characteristics
to be preciselymatched tothe specific application.
Important parameterssuch as proof mass, spring
constants,and actuation force can be independently
varied. These device properties are direddfined in the
single lithography ste@nd are independent ofiost
minor processing Vvariations. Devices can be
specifically designedfor bandwidth, resolution, or a
combination of both. This freedom allowlsvices to be

formed by the standangrocess. The exponentiahture

of electron tunneling insures that tunneliagrrentwill

be dominated by the two atoms in closest proximity on
the tunneling electrodes, i.e. the tip and the proass.
Imaging with a scanning tunneling microscof M,
requires precise knowledge ofYZ position which is
accomplished byunneling with aprecisely positioned
atomically sharptip. However, to usetunneling in
acceleration sensing, only knowledge/d is required.



This allows us to use wedge-shapetbeam instead of
needing aratomically sharp tip as is typicallysed for
tunneling. A SEM image of the ‘tip’ is shown in
Figure 2.
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Fig. 1 Schematic of a lateral tunneling accelerometer.
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Fig. 2 SEM of integrated tunneling tip, showing
tip/proof mass interface. Device is at rest position.
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The actuators on the proof mem® designed to provide
sufficient force to allow device operation using
reasonable integratedircuit voltages. Thetip-proof
mass rest gap is about luPn. Actuator A, with 500
electrostatic comb fingers can close this gap with a 15V
bias voltage. Self-test actuatare includedfor in-situ
device performanceverification. Theseare seen as
actuators Band C inFigure 1.  Actuator Bwith 50
comb fingerscan providesufficient movement with
15V to simulate up to a 9 g excitation. Actuator C has
5 comb fingersand can be usedor smaller self test
excitations or fine control of proof mass movement.

measured at 5.2 micrograrand 6.2 N/m, respectively.

In the out of plane Zlirection, thecalculatedspring
constant is 140 N/m. Thishould provide excellent
isolation from off-axis excitations. From these numbers
a theoretical fundamental naturflequency can be
calculated to be 4.6 kHz, close to tmeasuredralue of
5.5 kHz.
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Fig. 3 SEM of lateral tunneling accelerometer.

FABRICATION

Lateral tunneling accelerometers have bedabricated
using the SCREAMZ1] bulk micromachiningprocess.
A silicon dioxide mask is patterned with a
photolithography step. This mask is thesed to etch
10-20pum into the single crystal silicon substrate. A
passivating PECVD silicorioxide film is deposited
over the entiravafer andthen anisotropicallyetched to
remove it from the floors of trenches. Then an isotropic
RIE silicon etch isused to under-cusmall width
features (beams) releasithem from the substrate.
Features wider than a characteristic size reraaghmored
to the substrate. Theeleased structures are then
conformally coated with an aluminum film.

Aluminum oxidizes readily and is not a suitable
material fortunneling. Typically, noble metalsuch
as gold, which do not form native oxidesgused. The
aluminum/gold system is notorious fdegradingwith
the formation of Al/Au intermetallics, commonly
known as the “purple plague.” [10] Tavoid this, the
aluminum coated devices are allowed txidize over
night forming a native alumina coatingver the
structures. A goldayer is then evaporatedover the
entire wafer,using a rotating stage at abligue angle
to the source. Thigprovides good coverage of the
electrostatic comb fingers and the tunnel junction.

Alumina is well known as a stable matergld a good
diffusion barrier. Adhesion of gold tthe alumina has

The design shown in Figure 3 has a proof mass of 7.0 been found to beadequate Devices with this metal

micrograms. The suspension sprirgge eact200 um
long, 2 um wide and 13um deep.This gives a
theoretical spring constant in the sensitive direction of 6
N/m. Proof massand spring constanthave been

systemhave been tested as operational $or months
of periodictesting. Auger analysis of the goldurface
after six months shows no signs of aluminum or
silicon having migrated to the gold surface



DEVICE CHARACTERIZATION

This accelerometer was characterized following
guidelinesdescribed byLiu, et. al. [11]. Experiments
confirmed device tunneling and mechaniaati electrical
performance consistent with expectations.
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Fig. 4  Feedbackcircuit for controlling lateral
tunneling accelerometer.

The tunneling accelerometer is controlledvith the
simple feedback circuit shown in Figure 4. The
tunnelingcurrent isfed into a transresistance amplifier
with high gain. This voltage signal is theonmpared to
a referencesignal proportional to thelesiredtunneling
current. An error signal isletermined andhen summed
with a large signal actuatorbias to control the tunnel
gap. The gap igherefore controlled to a separation
defined bythe referencesetpoint. Fluctuations in the
gap, caused byphysical excitation of the proof mass
cause an errosignal to begeneratedwhich can be
monitored to describe the physical excitation
experienced by the system.

To demonstrate that the system is in fact tunneling, two
experiments were performed. In tfiest, the system is
taken out of a feedback mode. The tunnel gaguljssted
with actuator Aandthe tunnelcurrent ismonitored. A
plot of tunnel current versus separation shows the
characteristic log dependence of EquatiorThis data is
presented in Figure 5.

A secondexperiment, firstpresented byKenny [12],
involves modulating the tunneurrentreferencesignal
with a 100 Hz sine wave. This modulatiomnill
effectively cause amodulation of the tunnekurrent
which is a mixture of the sine wawandthe exponential
dependence on tunngap. The twowaveformsare seen

in Figure 6, with sineand sine/exponential shapes.
When plotted againstachother, the resultare again
seen to follow the exponential behavior of Equation 1.
This result can be seen in Figure 7.

From these two verifications of tunneling, thffective
tunnel barrier height for the system canextracted. By
solving equation 1 for our log plot:

(2]
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Fig. 5 Plot of tunneling current (1)
separation.
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Fig. 6 Sinusoidal modulation of tunnelingurrent

reference. Bottom traceshows excitationmiddle trace
shows exponentiadependence ofurrent superimposed
on sinewave excitation. Toptraceshowserror signal
of feedback control circuit in response to modulation.

The slope of the linear plots in Figuresabd 7gives a
measuredunnel barrier height of 0.006 eV. This is
less than the typically quoted value of 0.2 eV to 0.5 eV
for gold surfaces intunneling accelerometers. One
possible source ofdiscrepancy isour inability to
accurately measurthe distance/voltage relationship of
actuator A. To determine ordinatalues in Figure 5
and 7, wehave used atheoretical valuebased on
calculations ofcapacitance ofhe fingers of the comb
motor and theoretical spring constants. Experiments
have shown that while tunneling, the proof mass
natural frequency is increased t8.6 kHz. This is a
result offorce feedback orthe systemandappears as a
stiffening of the system that reduces #féectiveness of
actuator A. This causes artificially low work functions
to be calculated. An experiment ging designed to
use laser interferometry taccurately determine the
distance/voltage relationship. It is also felt that the
barrier heights are additionally lowered by water
adsorbates on the electrode surfaces. These lerpats
intermediatetunneling statesnd aneffectively lowered
tunnel barrier [13,14]. Further experiments will be
conducted to verify this as well.
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Fig. 7 Log plot of data from  Figure 6 showirigear
dependence of current on distance.

A carefulnoise analysis of the system wasformed.
Following the analysis of Gabrielson [15], the noise
sources of the system arensideredThis accelerometer

is subject to many possible noise sources, but is
ultimately limited by thermomechanical noise from the
proof mass, asare all accelerometers. This can be
easily calculated from Equation 3.

2 2
8= x, =% S8
g g |\ wo,mQ

Given kT=25 mV, m=5.2 micrograms for thidevice,
w,=21(5.5 kHz), g = 9.8 mfsand a Qvalue of 20,
which is typical for SCREAMdevices in air [16].
glw,? is the responstactor ofthe device,8.1e-9 m/g.
Finishing the calculation results in 7.5e-6 g/rt Hz as the
acceleration noise of the device.

3]

The device resolution idefined asghe minimum signal
discernible from the noise floor of tlievice. The noise
can be measured byonitoring theerror signal of the
feedback circuit with a spectrum analyzer. A typical plot
of noise from the DSA igpresented inFigure 8. This
plot shows 1/f noise common to tunneling [Bpove

5 kHz, noise is seen to be white with a value of 10
pg/rt Hz. This is near the value predicted by the
theoretical calculation of théhermal-mechanical noise
of the proof mass.

LI LLLI LILLLLLLIL LILBLILBLALL
%10‘3
10° %

[EnN
o
Y

10_5 L L L L1l L1 1 L1}

100 1000
Frequency (Hz)

10000

Noise Spectral Density (V / rt Hz)
Noise Spectral Density (g / rt Hz)

Fig. 8 Plot of noise spectrum. White noifleor
level is 10ug/rt Hz, set by thermal mechanical noise

Device sensitivity is defined as amount of signal out of
a devicefor a given excitation. For aaccelerometer
this figure of merit should bexpressed inv/g. By
differentiating equatioiil], we get thedisplacement to
current sensitivity:

dl,

vl (—a\Fp)Vb exp(—ax\ﬁ(p) = It(—a\;“‘(p) [4]
Given that we use a 3.5 nA tunnelingrrent setpoint
and typical values ofgp= 0.2 eV, a=1.025 1/(A

VeV), the displacement to curresgnsitivity is 5 A/m.
The responsdactor was previouslycalculated to be
8.1x10-9 m/g. With a gain of 2.8e7 V/A in the first
stage of the feedback circuit, the accelerometer
sensitivity is then calculated to be 1.2 V/g. By applying
a 10 mg excitation, at 1.5 kHz, with a shake table, the
sensitivity is measured to b&.23 V/g, as seen in
Figure 9.
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Fig. 9 Frequency spectrum during 1.5 kHz excitation
of accelerometer.

CONCLUSION

A lateral tunnelingaccelerometehas beerabricated in
single crystal silicon. Utilizing favorableharacteristics
of the SCREAM process, a new design with high-
aspect-ratio beamsind a self-aligned tip has been
developed andested. Tunneling with the sensor has
been verified. Signal to noise ratios havéeen
measuredconsistent with other theory.  Excellent
performancefrom this preliminary design points to a
bright future for new group of ultra high resolution
micromechanical accelerometers utilizing the benefits of
the SCREAM process.
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