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Abstract : Highly sendtive dlicon micromachined tunneling sensors with small sze and light mass have been
widely explored in the last 15 years. Many typesof tunneling senors have been developed. Thispaper pre-
sentsa review of dlicon micromachined tunneling snsors. Four types of tunneling sensors including ac-
celerometers, gyrosoopes, infrared snrs, and magnetic 2nors are reviewed. Various desgns, fabrica
tion procedures, performance, control systems, and noise constraints of slicon tunneling sensors are de-
<cribed and discussed. Novel polymer-based tunneling accelerometersfabricated by PMMA and hot emboss
ing technique are introduced. The structure, fabrication process and characterization of the polymer-based
*nor are prexented. We can expect that the polymer tunneling sensor has the potentia to become the bass
for the next generation of highly sendtive M EM S based snsrsin many areas.
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1 Introduction

The theoretical transmisson probability of
eectrons through one-dimengond barrier has been
studied in quantum mechanics for more than 60
years. However , dnce the condition to establish
the tunneling current is hard to obtain, it takes
many years to develop the rea agpplications of the
tunneling mechanism. Quantum electron tunneling
efect through vacuum or air barrier was originaly
developed for microscope applications. Binning and
Rohrer developed thefirst Scanning Tunnding Mi-
croscope (STM) by utilizing the tunneling mecha
nism, and they were awarded the Nobel Prize in
1986!*!. Quantum electron tunneling efect has
then been widdly studied and developed in many
applications ater the invention of STM. By utiliz-
ing the tunndling current , a variety of highly sens-
tive microsensors can be fabricated, such as ac
celerometers®*! | gyrosoopes!®! | uncooled infrared
®nors'® | magnetic sensors 8! | etc.

Due to the exponential relationship between
the tunneling gap and the tunnding current , the
sub-changes of the tunneling gap induce measurable
changesin the tunneling current. This high sens-
tivity isindependent of the lateral Szeof the device
due to the extremely small sze of the sendng (tip)
area. This high sndtivity and miniature sze make
it posshle to fabricate micromachined tunneling
*nors with high performance, smal sze, light
mass, and low cost. The highly sensitive tunneling
*nors are in great demand in many applications
such as ssismology , havigation, remote tempera
ture sndng, intruson detection, and magnetic
s£ndng.

This paper has two parts. First, it presents a
brief review of the slicon micromachined tunneling
*nors, including accelerometer , gyroscope, un-
cooled infrared sensor , and magnetic sensor. Vari-
ous desgns, operations, fabrication procedures,
performance of the slicon tunnding sensors are re-

viewed. Thefeedback control circuits and the noise
ocongraintsof the sensors are a0 briefly described
and discussed. After the review , a nove polymer-
based tunneling accelerometer isintroduced and re-
viewed. Instead of dlicon, an inexpensve polymer
materia , polymethylmethacrylate (PMMA) , was
chosen as the structural materia. The dlicon mold
inserts were fabricated by conventiona dlicorr
based micromachining techniques such as UV
lithography, wet etching, and dry etching. Hot
embosd ng technique was used to produce the poly-
mer structure. Mass production is readily achieved
by hot embosing and polymer materias. With
dmple feedback control circuit , wide bandwidth ,
high-sendtivity and high-reolution snors were
success ully developed and characterized. Polymer-
based tunneling sensrs therefore exhibit great
promise as an inexpendve, highly senstive sndng
platform for biosens ng applications.

2 Slicon-based tunnding sensors

2.1 Tunneling acceler ometer

Among al the MEMS devices, accelerometers
have the second largest volume ater pressure sen-
ors®). The detection of acceleration relies on the
classca Newton’ s mechanics. In other words,
when the device is accelerated, the proof massis
digplaced due to the inertia force. The tunneling
current through the eectrodes varies exponentially
with the change of the tunneling gap. The acceler-
ation can be recorded by reading out the deflection
voltage in the feedback control circuit. Compared
with other common and well developed accelerome-
ters such as cgpacitive, piezoredgtive, and piezo-
electric accelerometers, the tunneling accelerometer
can achieve higher sengtivity and higher reslution
with smaler sze and lighter mass. The main dis
advantage of the tunneling accelerometer isthe rel-
atively complicated fabrication process.

The tunneling accderometer was firgt intro-
duced by S.B. Watman and W.J. Kaiser at Jet
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Propulson Laboratory and Caifornia Ingitute of
Technology!*°!.
developed different types of tunneling accelerome-
ters. In genera , there are two kindsof accelerom-

Snce then, severa groups have

eters: vertical accelerometers and lateral acceleromr-
eters. Vertica tunneling accelerometer is sengtive
to Zaxis accderation which is norma to the wafer
surface. Latera tunnding accelerometer is sendtive
to X- or Y-axis accderation which isparale to the
wder surface. Badcaly , the verticd tunneling ac-
celerometer can be divided into two groups: mem-
brane based!™! and cantilever-based accelerome-
ters, as shown in Fig. 1/
fabricated by standard glicon bulk- or surface-mi-

. These devices are

cromachining techniques such as UV lithography ,
wet etching, uttering, low pressure chemical va
por deposition (L PCVD) , lift-off , etc, [F41[1314]
The tunneling tips can be fabricated by KOH etch-
ing!?) and focused ion beam milling"®!
advantages of the cantilever structure are larger li -

. The man

Proof Mass electrode Hinge

Tunneling tip Deflection clectrode
Nitride contilever  Squeezed-film daroping holes

(a) Developed at Starford University!?

- / I||1f)gl..\hmn N A
ip [ Electrode(Fixed) ) . e

il Splcan
l'Li‘(I

Oxide Busifing

Bottom Defection |
tlectrode / | | Glirss Substrate

Ty |I|sLI|n; Vol V

( Elect
P * IReadoiit C 1ILLI.IH'\-I

(b) Developed at University of Michigan!*?!
Cross section of cantilever-based tunnding ac-

Fig. 1
cderometers

nearrange and higher senstivity. The main advanr
tage of the membrane structure is easy to be fabri-
cated and assembled.

C.H. Liuand T. W. Kenny at Stanford Univers-
ty reported a high-precidon, wide bandwidth gli-
con bulk-micromachined tunneling accelerometer
(as shownin Fig. 1a) with a high resolution of 20
ng Hz (1g=9.8m/ <) , sendtivity of 0.44 V/
mg, and a bandwidth of 5 H~1.5 kHz!?!. High
deflection voltage is required for these devicesto set
the operation point. From another report, the
mean operation voltage is about 41 V and the stan-
dard deviation is 2 V3.
voltage exceeded 300 V in severad hand-assembled
devices Chingwen Yeh and Khalil Najai at Uni-
verdty of Michigan developed a low-voltage Slicon

However , the operation

bulk-micromachined tunneling accelerometer (as
shown in Fig. 1b) with CMOS interface circu-
ity!*]. Only one power supply of 10 V is required
for device operation, and the tota power disspa
tionisaslow as2.5 mW. This device has a sns-
tivity of 125 mV/ g, bandwidth of 2.5 kHz, reo-
lution range from 4 mg/ JHz (at 0.5 Hz) t0 0.1
mg/ JHz (at 2.5 kHz) , and dynamic acceleration
measurement rangeof 30 g (- 20gto 10g). R
L. Kubena and his coworkers at Hughes Research
L aboratory fabricated a tunneling accelerometer us
ing surface micromachining techniques®!!*®!. The
tunneling tip is defined by Focused lon Beams
(FIB) lithography and ion milling. The accelerom-
eter has a noise level relution of 8.5 x 10 ° g/

JHz at 500 Hz and its dynamic acceleration mea
surement range isover 10* g.

In genera , bonding techniques are required in
the dedgn of dlicon bulk-micromachined vertica
tunneling accelerometers. Several micromachined
wders are bonded together to construct the whole
device. Due to the variation from the fabrication
and bonding process, the parameters of the ac
celerometer vary from device to device. To over-
come this disadvantage, latera tunneling ac
celerometers were developed as welll* 8], The
variation of the tunneling gap and the tunneling
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current is caused by the lateral acceleration. The
device characterigtics can be precisgly controlled by
smple micromachining techniques to match the
ecific gpplications. Devices can be pecificaly de-
sgned to meet the requirementsof resolution, sen-
gtivity , and bandwidth. P. G. Hartwel at Cornell
Univerdty reported a sngle mask lateral tunneling
accelerometer with a high resdlution of 20U g/ Hz
at 100 Hz, high snstivity of 0.23 V/g, and a
wide bandwidth of 55 kHz. As shown in Fg.
20181 the proof mass is supported by severa
beams, and highragpect-ratio comb-drive structures
are used as the eectrogtatic actuators. The comb-
drive actuators are desgned to provide sufficient
dectrogtatic force to set the operation point , and
provide sif-test acceleration excitations with differ-
ent ranges.
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Fig.2 (a) Shematic of alatera tunneling accelerometer

Fig. 2 (b) SEM image of integrated tip and proof

mass 1!

2.2 Tunneling gyroscope

Micromachined tunneling gyroscopes for iner-
tia rotation rate measurements were desgned and
fabricated by R.L. Kubena and his coworkers at
Hughes Research Laboratoriesd®’. The tunneling
gyroscope is based on the Coriolis Bfect described
esewhere!®. A top view image of the tunneling
The structures
are fabricated by dglicon surfacemicromachining
techniques. A Ni cantilever beam, located above a
tunneling tip , is driven at its reonant frequency in
the horizontal direction which isparalle to the sur-
face of the substrate. The tunneling current be-
tween the tip and the cantilever beam is sendtive to
the Coriolis force in the vertical direction which is
normal to the substrate. Due to the high sengtivity
of the tunneling mechanism, precise mechanicd

gyrosoope is shown in Fig. 311,

tuning of the driveis not required.
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Fig.3 Top view image of tunnding gyroscope!*°!

Asshownin Fig. 3, the dimendon of the Ni
cantilever is 24 m thick , 1004 m long in the wide
portion and 200 U m in the narrow portion. The
wide portion of the cantilever beam islocated above
a Hf-test eectrode, a tunneling tip which is used
to detect the vertical movement of the beam, and a
control eectrode which is used to st the tunnding
operation podtion. Latera control electrodes are
employed to provide the driving force to osillate
the cantilever beam horizontaly. A pair of triangu-
lar cgpacitance sendng eectrodes, which is under-
lying the far-end of the cantilever beam, is used to
detect the horizonta movement of the cantilever
beam. The interface circuit to control the horizon-
ta and the verticd movement of the cantilever
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beam was designed'®’ .
servo control loops, which are used for horizontal
and vertical sensng and maintenance , respectively.

The circuit condsts of two

The horizonta servo senses the capacitance through
the electrodes and maintains the beam oscillating at
its reonant frequency. The vertica srvo snses
the tunndling current and maintains the tunnding
operation postion. The fina analog rate sgnd can
be measured by recording the output of the vertica
srvo. A 27°/ h/
by a tunneling gyroscope with a 3004 mrlong can-
tilever beam.

2.3 Tunneling uncooled infrared sensor

Hz noise floor was demonstrated

Uncooled infrared sensors have been widely
used in low-cost applications such as remote tem-
perature sendng, intruson detection, night opera
tion, etc. 22! |n genera , uncooled infrared sen
rs are based on therma detection principles.
Therma detectors are employed in the infrared
®ndng systems. At room temperature, Golay Cell-
based infrared detector offers the highest sengtivi-
ty , compared with other infrared detectors such as
Pyroelectrichased and ther-
mopile-based infrared detectord?!.

bolometer-based ,
As originaly
dedgned, the Glay Cel had a fragile membrane
and agascel. The gasin the Golay Cdl is heated
due to the absorption of theinfrared radiation. The
gas expands thermally and forces the membrane to
deflect outwards. Optical beams and capacitive dis
placement transducers are normally used techniques
to detect the deflection of the membrane!®!. Tun-
neling-based transducers can a9 be used to detect
the deflection of the membrane. The extremey
high sengtivity of the tunneling transducer enables
the development of miniature, robust, and high
performance infrared senors.

Researchers at Stanford Univerdty developed
the dlicon bulk-micromachined tunneling infrared
enori??! Asshownin Fig. 4%%) | the cross sec-
tion of the tunneing infrared sensor is smilar to

the vertical accelerometer. The difference is that

the infrared sensor has another (top) wafer mount-
ed on the middie wafer. Golay Cel is constructed
by bonding the top two wafers. A pinhole in the
top membrane!® or a lateral leak channel on the
bonding ring'**! can be formed to minimize the DC
reponse of the snor. A thin layer of platinum
(about 40 A) is deposited on top of the slicon ni-
tride membrane as the infrared absorber. The ad-
vantages of the platinum over other metas such as
aluminum and gold are that platinum has relatively
high conductivity , and that it is controllable and
very stable during the evaporation. Both the top
two wafers and the tunneling tip structure are fab-
ricated by KOH wet etching technique. Corruga
tions can be fabricated in the lower sensng mem-
brane to extend the linear range of the membrane
deflection. Gold is used as the electrode materid in
the membrane electrode, deflection electrode, and
Tunneling infrared

£nors with the different membrane structures

the tunnding tip eectrode.

were developed at Stanford Universty. The mea

sured infrared sendtivity, dgna-noise ratio
(SNR) , and the noise equivadent power (NEP) of
the membrane-based tunnding infrared snwor are
125 kV/ W, 27/ JHz, and 3x 10" ° W/ JHz (at
47 Hz) , repectively!® | which show the best per-
formance among all the uncooled infrared sensors

with smilar dimensong?!,

i T
i RATTHRIN,

Fig.4 Structureof tunnding infrared sensor!®!
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S. S. Lee and his coworkers in Japan devd-
oped a bimetalic cantilever-based uncooled infrared
senor usng the tunneling transducer!?”). A 600
nmrthick NiCr (80:20) layer is coated on the can-
tilever beam by suttering. When aborbing in-
frared radiation, the NiCr layer causes the can-
tilever beam to bend due to the thermal bimetallic
dfect. The digplacement of the cantilever beam is
detected by a tunneling disglacement transducer.
The measured noise level is354V/ Hzat 10 Hz,
the calculated Sgnal-noise ratio (SNR) is 14. 3 x
10% JHz at 10 Hz , and the noise equivaent power
(NEP) is given as35x 10" W/ Hz at 10 Hz
and 24.410" W/ Hz at 30 Hz.

2.4 Magnetic tunneling sensor

Magnetic tunneling magnetic senors, or mag-
netometers, have al been developed based on
electron tunneling mechanism. The first tunneling
magnetic senor was reported by J. H. Wandass et
al. in 198981 A tunneling transducer was used to
measure dimendonal changes of an amorphous Fe-
B-S magnetostrictive ribbon when it is exposed to
an external DCor AC magnetic field. The reported
reolution of this magnetometer is 2000 nT at 1
Hz. A reslutionof 6 nT/ JHz at 1 Hz and further
discusson of the magnetic sensor were reported in
their later papers?®3. Fig. 5 showsthe schemat-
ic diagram of the tunneling magnetic sensor includ-
ing four main parts: the tunnding tip, the feed-
back dectronics, the slenoid ooil , and the magne-
tostrictive ribbon.

Magnetic tunneling magnetic senrs with dif-
ferent structures have been developed. L. M.
Miller et a. at Jet Propulson Laboratory (JPL)
reported a U -magnetometer based on the vertica
tunneling senor structure®!. A wire coil loop is
fabricated on the membrane. The membrane can
detect the change of the Lorentz Force produced by
the interaction between the magnetic field and the
current through the coil loop. The measured noise

resolution is about 6 4 T/ JHz. By changing the
parameters of the magnetometer , a noi s reslution
of 4 nT/ JHz is achievable. D. DiLelaet d. de
veloped a slicon bul k-micromachined magnetic tun-
neling sensor with a torson dement!”’. A torson
arm snses the magnetic field and rotates around its
pivot points. Neodymiunriron-boron is coated on
the tordgon arm as the magnet. The dze of the
rectangular shaped magnet is about 9 x 4 x 0. 5
mm? and the massis about 150 mg. The calculated
noise relutionis0.002 nT/ Hz at 1 Hz and the
measured noie relution is0.3 nT/ JHz at 1 Hz.
As summarized by D. DiLdla, the comparion of
tunneling magnetic sensor with other related sen-
rs shows that the tunneling-based senor has rda
tively small sze (10 cm®) and low power dissipa
tion (1 mw) "1,
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Fg.5 Sd{\g)rpatic diagram of the tunnding magnetome-
ter

2.5 Feedback contral circuitry

To improve the performance and enlarge the
dynamic measurement range, tunneling sensors
usualy are operated in a closeloop mode. Severa
mathematical models were developed to describe
the tunnding mechanism and the feedback cir-
clit!™ ¥ Asshownin Fig. 6™, the block diar
gram of the closed-loop sensr-circuit sysem con-
tains four blocks: a suspended proof mass, a tun-
neling-based mechanism block , a current-to-voltage
amplifier , and an dectrostatic feedback actuator.

Compared with the interface circuits of other
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Fig.6 Block diagram of closed-loop tunnding sensor-cir-
cuit sysem!™®

accelerometers such as cgpacitive and piezored give
accelerometers, the feedback control circuit of the
tunneling accelerometers is much smpler. Circuits
with discrete components such as resstors, capaci-
tors, and amplifiers have been widely used in the
tunneling sensor systems, as shownin Fig. 7%

The integrated control circuits are preferred
for most MEMS devices. Monolithic or hybrid in-
tegration can efectively reduce the cost of the
whole syssem, lower the power disdpation, and
improve the device resstance to externa environ-
ments. Complementary metal-oxide-semiconductor
(CMOYS) based feedback circuits have a0 been de-
sgned and fabricated in different research institu-
tions. Chingwen Yeh and Khail Naj&i reported a
hybrid sensor-circuit integration method by usng
three CMOS interface circuitry for tunneling ac
celerometers. Only one power supply of 10 V isre
quired for device operation, the total disspation

reaches 2. 5 mw!4

. The exponentia relationship
between the tunneling current and the tunneling
gap islinearized by a PN-junction diode. Thus, the
output voltage is linearly proportiona to the exter-
nal acceleration. Aaron Partridge and his coworkers
developed an integrated controller for tunneling
s*nrs which provides al necessary control func
tions®®).  The tunneling current/ gap exponential
relationship islinearized by a diode-connected tran-
dgtor. Two power supplies (- 5V and - 40 V)
are required for device operation, and the tota

power disspation isabout 0.9 mW.
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Fg.7 Tunnding accderometer system with smple feed-

back control circuit composed of severa discrete
components !

2.6 Noise congraints

One disadvantage of the tunneling senors is
their high low-frequency noise level (2] 141 1341 The
main noise urces of the tunneling senors include
thermo-mechanical noise caused by therma agiter
tion and energy disspation, 1/f mechanica noise
caused by package relaxation and therma creep,
bimorph effect caused by therma expanson mis
match between different materids, drift in the
work function of the electrode materia , and 1/f
tunneling noise observed in tunneling senors. 1/ f
tunneling noise, though has not been well under-
stood , was proved to be the dominant noise ource
at most frequencies. The posdble factors that may
contribute to 1/f noise include migration of atoms,
interactive atomic force, and mobile adrbed conr
tamination. The total noise level of the device can
be reduced by modifying the desgn of the struc

tures.

3 Polymer-based
celerometer

tunnding ac

For most MEMS devices, egecialy precison
M EM S and devices need integrated eectronics, dl-
icon is the dominant material. However , Snce the
gpplication areas have been broadened, polymers
are becoming more and more important as low-cost
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alternatives to slicon or glass. Hot embossng tech-
nique provides an inexpensve and high-volume
polymer microfabrication method on a variety of
materia s to produce micro to nano-scale structures.
Due to the inherent advantages of the hot emboss
ing and the asociated polymer materias, they can
be used for a variety of gpplications, such asoptical
devices, BIOMEMS, microfluidics, high-agect-ra
nano-scae

tio sructures, ress patterning,

etc. [3537]

I Metal
Proof Mass

Electrode

Fg.8 Cross sction of membrane-based tunnding ac-

cderometert®®

To explore the tunneling sensor technology
polymers, and polymer fabrication techniques, al
polymer-based vertical tunneling accelerometers
were fabricated and characterized in our lab®%!,
A typicd tunnding accelerometer condsts of me-
chanica components and three electrodes. Snce
membrane structures are eader to be fabricated and
asembled, and it is more suitable for hot emboss
ing technique , we choose membrane as the sendng
mechanical component. The cross <section of a
membrane-based vertical tunneling accelerometer is
illustrated in Fig. 8. The mechanical components
comprise a substrate with a tunneling tip and a
membrane with a proof mass. The electrodes in-
clude a tunneling tip electrode, a counter electrode
on the backsde of the membrane, and a deflection
dectrode. Gold is chosen as the dectrode material
due to its inert chemica characterigics as well as
its relatively high work function.

All the mechanical structures of the PMMA
tunneling accelerometer were fabricated by hot em-
bosdng technique. Slicon molds are the key factors
to reproduce the structures by hot embosing. The

reaoon isthat if we can strictly control the fabricar
tion condition, there is amost no feature Sze loss
during the pattern replication. By usng well-devel-
oped dlicon molds with sharp angles and smooth
surfaces, the sensor structures can be eadly repli-
cated within 20 minutes. In order to meet the re-
quirementsfor different components of the sensor ,
a combination method of KOH (potass um hydrox-
ide) etching and plasma ion etching was used to
congtruct the dlicon mold insert.

i o R iy
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Fig.9 Fabrication process for dlicon mold by hot em-
bossng lithography

Double polished (100) orientation dlicon
wdfers coated with 20 m therma oxide layer were
slected for the mold inserts. A layer of podtive
photoresst (PR1813) was sin coated on the sli-
con waer and patterned by UV lithography. The
S0, layer was etched by BHF (buffered hydrofluo-
ricacid) (Fig. 9a). The photoresst was removed
by acetone and the whole wafer was submerged in-
to a45wt % KOH etchant. The etchant was heat-
edat 80 with a girrer rotating at 200 rounds per
minute (rpm) . The etching time is about 60 min-
utes with an etching rate of 0. 8y m/ min (Fig.
9b) . Following that , another BHF etching was
performed ater a second lithography (Fig. 9c).
The pyramid pit was then protected thoroughly. A
modified Induct Coupled Plasma (ICP) dry etching
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process was used, in which SFs, O, and C4Fg are
used dmultaneoudy to acquire the podtive sdewdl
profiles and a smooth surface. The depth of the
ddewall isabout 554 m (Fig. 9d). After the firgt
ICP, the wafer was cleaned and another lithograr
phy and BHF etching were carried out (Fig. 9e).
The thicknessof PR1813 is relatively thicker snce
the second ICP etched height isabout 80 to 100U m
(Fig. 9f). Subsequently, the therma oxide was
removed and the dlicon mold insert was thoroughly
cleaned (Fig. 9g) , which thereby was boned to
the Pyrex glass by anodic bonding. The hot em-
bosdng lithography was executed and the struc
tures were trangerred into PMMA (Fig. 9h). The
PMMA was then diced into two parts, patterned
with electrodes sparately and assembled together
theredfter.

SEM pictures of the fabricated structures are
shownin Fig. 10. Fig.10(a) showsa SEM image
of a dlicon pit on the moldinsert. The sdewallsof
the pyramid pit are smooth and the four edges are
sharp. Fig.10(b) shows a replicated PMMA pyra
mid tip with smooth surfaces, sharp tip point , and
steep edges, which can compete with any tunneling
tipsfabricated by micromachining on dlicon.

Smilar to traditiona slicon-based eectrode
fabrication techniques, meta layersof Ti/ Au (300

A/ 1000 A) are sputtered on PMMA structures and
patterned by I,/ KI slution (to pattern Au) and
BHF etching (to pattern Ti). The optica photo-
graph of patterned electrodes on tunneling tip part

Fig.10 (a) SEM image of apyramid pit on slicon mold

Fig.10 (b) PMMA pyramid tip

Fig.11 () Opticd photograph of patterned dectrodeson

PMMA structure

Fg.11 (b) Assembed PMMA tunnding accderometers

is shown in Fig. 11 (a). Ingead of typica wire
bonding method , conductive dlver epoxy is used to
The epoxy
bonding shows good resultson both mechanica and

bond the wire onto the eectrodes.

dectrica performances. After the two partsof PM-
MA structures glued together , it is mounted onto
an 18-pin IC socket , as shown in Fig. 11(b) .

The tunneling efect was verified when tun-
neling accelerometer operated at openrloop status.
As an ac voltage gpplied on the deflection elec
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T T ——— T ymerbased tunneling accelerometer devel-oped in
z 13r = ] our group is d shown in the tablel*!. Most par
£ Sample: PMMA1215 ] .
S ok fit: I-Aexp(x/t) ] rameters of the polymer-based tunneling sensor are
g ] better than or at the same order in magnitude as
&g o5} 4 the slicon-based tunnding senors.
g 0.0+ . 600 - Sample #2 ]
0 0 20 30 40 8 Voe 150V
Deflection Voltage Vi, /mV g a0l Vu:i6V |
Fg.12 Measured tunnding current vs deflection voltage é
E 200F 1
trode , an ac current |; was induced on tunneling =
tip. Asshownin Fg. 12, the curve demonstrates 05 50 100 150 200
the exponentia relationship between the deflection Frequency / Hz
voltage and the tunneling current. The open-loop (a) Operrloop system
frequency regpone of a PMMA tunnding ac 35 — —
celerometer is shown in Fig.13(a) . 1
The peak refers to the natura frequency of fo ? 20 |
=128 Hz. The closedtloop bandwidth was mea E 15L‘ 7
sured asB =6.3 kHz, as shown in Fig. 13b. The % 10+ i
frequency range was greatly broadened by the feed- E 5.- ]
back control circuit.
Table 1 shows a comparion of four slicon R T ¥ R T 1,7
based tunneling accelerometers developed by differ- Frequency /Hz
ent research groups. The performance of a pol- (b) osed-loop system
Fig. 13  Frequency regponses of PMMA tunnding ac-

Tab.1 Comparison of different tunneling accelerometer

celerometer

§2-3] ,[12] ,[18] ,[40]

. Sanford Universty of Hughes Corndl Univerg-
Properties Our Gowp Universty Michigan Research L ab ty
Senor_type Vertical Vertica Vertica Vertical L atera
Sructure Membrane Cantilever Cantilever Cantilever Comb drive

P _ Slicon bulk- Slicon bulk- Slicon surface  Slicon  surface

Fabrication Folymer- based micromaching micromaching micromaching micromaching
Natura
frequency 133 Hz 100 Hz 640 Hz 71 kHz 4.6 kHz
fupnel - barmer o 1685 ev 0.212 eV 0.368 eV 0.05-0.2eV  0.006 eV
Resl ution 0.25ug JHz 0.4ug JHz  O0.1mg JHz  8sug JHz 20ug JHz

. -1.5mgto
Dynamic range 1.5 mq 9 0-1mg -20t010g over 10* g N/ A
Sendtivity 26 V/g 44\ g 133 mV/g 7.9 mV/g 0.23 mV/g
Bandwidth 6.3 kHz 1.5 kHz 2 kHz 500 Hz 4.6 kHz
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4 Concluson

Senors based on quantum electron tunneding
effect have been investigated and developed in the
past 15 years. Due to the exponentid relationship
between the tunneling current and the tunneling
gap , tunneling senors are eader to achieve higher
sendtivity , compared with other types of sensors.
The highly sendgtive slicon micromachined tunnel-
ing sensors with smal sze, light mass, and low
cost are in great demand in many gpplications such
as sismology, navigation,
f£ndng, and intruson detection.

remote temperature

Four types of tunnding snsrs: accelerome
ter , gyrosoope, infrared sensor , and magnetic sen-
r are reviewed in thispaper. For each type, this
paper describes the badc structure, operation prin-
ciple, fabrication method, and performance. Tun-
neling snors are recommended to operate in
closedrloop systems, which can improve the perfor-
mance and enlarge the dynamic measurement
range. A mathematicd modd of the system is
shown in the paper. Circuits with discrete compo-
nents can amplify the desgn of the feedback con-
trol syssem. Monolithic or hybrid integrated con-
trol circuit can efectively reduce the cost of the
whole syssem, lower the power disspation, and
improve the device resstance to externa environ-
ments. For tunneling snsrs, the low frequency

noise isaproblem. Though the tunneling transduc-
er noise has not been well understood, the total
noise level can be reduced by modifying the struc
ture of the device.

Novel polymer-based vertica tunneling ac
celerometers were desgned , fabricated, and mea
sured. Hot embossng technique was used to pro-
duce inexpendve, high-volume PMMA sructures.
The slicon mold inserts were fabricated usng con-
ventional UV lithography , wet etching, and ICP
dry etching techniques.
smooth surfaces and steep angles are shown in the
paper. The tunndling effect , the exponentia rela
tionship between tip current and applied deflection
voltage, was proved. The natura frequency of the
tunneling accelerometer is 128 Hz. The bandwidth
of the closed-loop system is up to 6.3 kHz.

Slicon sructures with

Tunneling senwors have a wide range of appli-
cations. However , they have the constraintsof the
tunneling noise, egecialy in the low freguency
range. One possble method to overcome the low
frequency noiseisto apply a high frequency vibrat-
ing Sgnd on the snor sructure (cantilever or
membrane) . Therefore, the low frequency signd
(such as gas sensing, DNA snsng sgnd , etc.)
can be modulated to high frequency range. After
reducing the low frequency tunneing noise, more
devices can be redlized , such asgas £nrs, chemi-
ca enors, biosenvrs, etc.
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