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MAGNETIC TRANSDUCERS

 Magnetic field sensors
e Current sensors
 Angle sensors

« Magnetometers

« Magentic read/write heads
e Micromachined inductors
 Magnetic actuators

e Others...




EXAMPLE MAGNETIC FLUX DENSITIES (B)

Calculated magnetic flux at the surface of a neutron star. 100 MT

Magnetic flux produced by the strongest superconducting electromagnets. 40t060 T

Magnetic flux produced by the strongest conventional electromagnets. 4t06T

Magnetic flux near asmall bar magnet. 10 mT

Magnetic storage media. »1lmT

Earth's magnetic flux at near equatoria latitude. » 100 uT

Limit in magnetic flux below which superconducting quantum
interference detector (SQUID) or specialized flux-gate magnetometers 10to 100 nT
aretypically required.

Magnetic flux produced by electrical currentsin the human heart. 10nT

Magnetic flux in interstellar space. 100 pT

Magnetic flux produced by our galaxy. 1pT

L owest magnetic flux achievablein carefully shielded room.
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RELATIVE PERMEABILITIES

Material

Relative Permeability

('99)

Mercury

0.999968

Silver

0.9999736

Copper

0.9999906

Water

0.9999912

Air

1.00000037

Tungsten

1.00008

Platinum

1.0003

Nickel-Zinc Ferrite

650

Manganese-Zinc Ferrite

1,200

Permalloy (78.5% Ni, 21.5% Fe)

70,000

Iron (99.96% pure)

280,000

“Supermalloy” (79% Ni, 15% Fe, 5% Mo, 0.5% Mn)

1,000,000

Reference: Bate, G., “Magnetism,” in Chapter 34, “Magnetism and M agnetic Fields,”

in “TheElectrical Engineering Handbook,” Dorf, R. C. [ed.], CRC Press, Inc., Boca

Raton, FL, 1993, pp. 811 - 826.

« Magnetic flux density (or magnetic
induction), B, isexpressed in teslas (T =
(Nes)/(Cem), N/(Aem), or 1 Weber/m?
[Wb/m2]). The gauss, anon-Sl unit that
Is still commonly used, issimply 104 T.

» Magnetic field strength (or magnetic
field intensity), H, has unitsof A/m. An
older unit is the Oersted (Oe) where one
A/m=1.257 ¥ 102 Oe.

* The relative permeability, p,, of a
material is essentially a measure of how
conductive it isto magnetic fields. It
relates B and H together by,

B

m=mym, = =
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THE HALL EFFECT

o Hall effect: chargecarrierstravellingin a magnetic field are subject to a
deflection by the Lorentz Force. If thecarriersareflowing in a slab of metal
or semiconductor, they are deflected preferentially to one side of the dab.

Hall Voltage
Contact

Reference: Middelhoek, S. and Audet, S. A., “ Silicon Sensors,” Academic
Press, London, U.K., 1989.
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HALL EFFECT DETAILS

Asshown in the previous diagram, electrons are deflected in the negativey
direction (holesin the +y direction in a semiconductor), building up charge
near the Hall plates.

The built-up €electric charge balancesthe Lorentz for ce (electronstravel
straight through) in = 104 seconds.

The Hall voltageisdirectly proportional to the current flowing through the
slab and inver sely proportional to the thickness of the slab.

The material-dependent Hall constant, R, isbetween 4 and 5 or der s of
magnitude larger for silicon than most metals.

The Hall constant isinversely proportional tothe carrier density,
explaining why semiconductors make good Hall sensors.

r
RH(eIectronsT_)' -

g0} incm3C In cm3/C
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HALL EFFECT BOTTOM LINES

TheHall voltage is proportional to the drive current, but if you want
high sensitivity without high power, one needsto optimize other
parameters.

The Hall voltage is very linearly related to the magnetic flux density,
B, (typically < 1% nonlinearity).

TheHall voltage isinversealy proportional to the plate thickness-> try
to makeit asthin aspossible, e.g. a doped well.

The Hall voltage isinversely proportional to the carrier density — that
Iswhy the Hall Effect isgreater in semiconductorsthan in metals.

Thereisavalueof p-type doping at which R, becomes zero, so
regions of silicon can be made insensitive to magnetic field.
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PHYSICAL MAGNETORESISTIVE EFFECT

Carriershavedifferent drift
velocitiesand hence are
deflected varying amounts by
the Lorentz for ce.

Paths other than straight have
higher effective resistances.

Thiseffect isnegligiblein
silicon, but not in INSb
(K,,=80,000 cm?/V+s) and GaAs.

Thin-film devices can be
constructed that usethis effect
to obtain nanosecond

r esponses.

Reference: Middelhoek, S. and Audet, S. A., “ Silicon Sensors,” Academic
Press, London, U.K., 1989.
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GEOMETRICAL MAGNETORESISTIVE
EFFECT

For short (small L) Hall plates, the current input contacts tend to short out
the Hall voltage (as shown).

This effect shows up as an effective resistance that isnonlinearly related to
the magnetic field.

Theideaisto deliberately short-circuit as much of the Hall voltage as
possible.

One can stack multiplethin Hall plates (L<<W) for mor e sensitivity.

Reference: Middelhoek, S. and Audet, S. A., “ Silicon Sensors,” Academic
Press, London, U.K., 1989. G. K ovacs © 2000




HALL PLATE DESIGNS

Reference: Middelhoek, S. and Audet, S. A., “ Silicon Sensors,”
Academic Press, London, U.K., 1989. ﬁ

Hall
Plate

=

in Silicon Circuits,” in “The Hall Effect and its Applications, Switching |ntearator C Outputs
Chien, C. L. and Westgate, C. R., Eds, Plenum Press, New Network eg e
York, NY, 1980, pp. 421 - 445,

Reference: Maupin, J. T. and Geske, M. L., “The Hall Effect
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OFFSET NULLING VIA
ROTATING ELECTRODES

pilnll.lot

Sources: Munter, P.J. A, “A Low-Offset Spinning Current Hall Plate,” Sensorsand Actuators, vol. A22, nos. 1 - 3, Mar. 1990, pp. 743 - 746,
and Munter, P. J. A., “Electronic Circuitry for a Smart Spinning-Current Hall Plate with L ow Offset,” Sensorsand Actuators, vol. A27, nos. 1 -
3, May 1991, pp. 747 - 751.

G. Kovacs © 2000




HALL PLATESIN SEMICONDUCTOR
PROCESSES

« Hall platesand magnetically sensitive active devices are available
“Inherently” in active circuit processes.

* In bipolar processes, the lower-doped n-type collector regions ar e often
used as Hall plates sincethe lower carrier concentration and higher
mobilitiesincrease the sensitivity.

Hall
Current Contact Current
Contact Contact

Reference: Middelhoek, S. and Audet, S. A., “ Silicon Sensors,”
Academic Press, London, U.K., 1989.
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EXAMPLE HALL DEVICE IN
SILICON

Cross section

vl

Source: Zhang, M., and Misra, D., “A Novel 3-D Magnetic Field Sensor in
Standard CM OS Technology,” Proceedings of Transducers’91, the 1991
International Conference on Solid-State Sensors and Actuators, San
Francicso, CA, June 24 - 27, 1991, pp. 1085 - 1088.
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MOSHALL PLATES

« HeretheHall plateisthe
Inversion region in the
activeregion of the
MOSFET and henceits
thickness (and sensitivity)
can be electrically
modulated.

Two contacts ar e added

along the sides of the active

region. Polysilicon
D

SO,

Inversion
Region

Reference: Middelhoek, S. and Audet, S. A., “ Silicon Sensors,”
Academic Press, London, U.K., 1989.
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MAGNETOTRANSISTORS

These devices ar e essentially s e 8

Hall platesdirectly merged with R VEVEVE

bipolar or MOS transistors. . — 1
n-epi Layer

Multiple collectorsor drainsare

used, and currentsto each are

determined by how carriersare

deflected by the L orentz for ce. Vertical NPN magnetotransistor.

Bipolar devices can be lateral or
vertical, and MOS devicesare
generally lateral.

B
. C1 E1 E (053 SOz
A Hall plate can be merged with = - :
the bases of a differential pair, /5Tl regon 572,

providing built-in gain.

n - Substrate

Differential PNP magnetotransistor pair.

Reference: Middelhoek, S. and Audet, S. A., “ Silicon Sensors,”
Academic Press, London, U.K., 1989.
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COMMERCIAL HALL DEVICES

Voltage
Regulator

N
~

Differential
Amplifier

Reference: Allegro Microsystems data book, Allegro Microsystems, Wor cester, MA.
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Hall effect devices courtesy of Sprague, Inc. (thisdivision isnow Allegro).
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FLUX-GATE MAGNETOMETERS

e Theinductance of a solenoid is
related to its magnetic per meability,
which isin turn nonlinearly
dependent upon the applied magnetic M agnetic
field. Flux

|f the solenoid is biased into a high- Density SRR
slope (high ) region of the B-H
curve, itsinductance will be

extremely sensitiveto external
magnetic fields.

= MMN*A
) | Magnetic Field Strength  H

H, = magnetic per meability of free space = 4 X 10" Tsm/A

M, = relative magnetic permeability of the solenoid core
N = number of turnsof conductor in solenoid
A = cross-sectional area of solenoid

| = length of solenoid over which conductor turnsare arranged
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FLUX-GATE MAGNETOMETER
OPERATION

Can measur e the inductance of a solenoid Excitation Sense
directly (e.g. tuned circuit). Current (AC)  Voltage

A solenoid transformer can be fabricated,
and the coupling (or harmonic gener ation
duetothe nonlinearity).

Thetransformer approach is most
commonly used.

Dueto the frequency dependence of core

per meability, higher frequency operation . | |
can often improve sensitivity (although o el Nakamura T MO8 el Elemnte
parasitic capacitances and increased power  With ThreeDimensional Microstructure”

a . Proceedings of Transducers ‘93, the 7th
dissi patlon can bea pr obl em) I nter national Conference on Solid-State

Sensors and Actuators, Yokohama, Japan,
June7 - 10, 1993, Institute of Electrical
Engineers, Japan, pp. 892 - 895.
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MICROMACHINED
SOLENOIDS

N
P G A o oo

500 ym
=

Aluminum

Polyimide |
Silicon Dioxide / Electroplated

Permalloy

Reference: Kawahito, S., Choi, S. O, Ishida, M., and Nakamura, T., “MOS Hall Elementswith Three-Dimensional Microstructure,” Proceedings of
Transducers ‘93, the 7th International Conference on Solid-State Sensors and Actuators, Yokohama, Japan, June 7 - 10, 1993, | nstitute of Electrical
Engineers, Japan, pp. 892 - 895.
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MICROMACHINED SOLENOIDSIN CMOS

Lower-Leve

CVD Top-Level TaClad Lower-Level Aluminum

Silicon Aluminum NiFe Core Aluminum
Dioxide  \ \ \

Top-Level
Aluminum Ta-Clad
NiFe Core

Top View

Gottfried-Gottfried, R., Budde, W., Jéhne, R., Klick, H., Sauer, B., Ulbricht, S., and Wende, U., “A Miniaturized Magnetic Field Sensor System
Consisting of a Planar Fluxgate Sensor and a CM OS Readout Circuitry,” Digest of Technical Papers, Transducers 95, Stockholm, Sweden, June 25 -
29, 1995, vol. 2, pp. 229 - 232.
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MAGNETIC ACTUATION

« Magneticfield actuatorsrely
on attraction or repulsion of
magnetic fields (generated by
currentsor permanent
magnets).

Such devicesare used
extensively in micromachined
actuatorsand arerelatively
simpleto implement.

M agnetostrictive actuators
(little used in micromachined
devices at present) rely on
shortening of materials such as
Ref : Halliday, D., Resnick, R., and Walker, J.,
TerfenOI (TbFeZ) can generate “ Fuﬁgg;eentals:Jf?hysics,'?sgcl)ﬁrth Ejir;ion,?oher: Wiley and

peak strainson the order of sons, Inc., New York, NY, 1993,
0.2%.

(Field pointing out.)
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Reference: Ahn, C. H., and Allen,
M. G., “A Fully Integrated
Micromagnetic Actuator with a
Multilevel Meander M agnetic
Core,” Technical Digest of the 1992
Solid-State Sensor and Actuator
Workshop, Hilton Head Island, SC,
June 22 - 25, 1992, pp. 14 - 18.

M eander
Conductor

Ti Plating _— Plated
SeedLayer ~ Polyimide  permgljoy

Polvimid Sputtered or
yimide Plated Conductor

A

ELECTROPLATED

COILS

Plated Permalloy

4

Polyimide Plated Permalloy
'/ in Etched Vias

— W — l —
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-y e

=

2 Bottom conductor F&

Source: Ahn,C.H.,Kim, Y. J.,and Allen, M. G., “A
Fully-Integrated Micromachined Toroidal Inductor with a
Nickel-1ron Magnetic Core (The Switched DC/DC Boost
Converter Application),” Proceedings of Transducers ‘93,
the 7th I nter national Conference on Solid-State Sensors
and Actuators, Yokohama, Japan, June 7 - 10, 1993,
Institute of Electrical Engineers, Japan, pp. 70 - 73.
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ACTUATORSUSING EXTERNAL FIELDS

Original Orientation
of Actuator

P He N\
| M

Electroplated
Permalloy

Polysilicon :
\ Cantilever

Spring

Plane of
Substrate

Polysilicon
Torsiona
Spring——>

Polysilicon
2 Sl S\

Origina
Orientation
of Actuator

N\

<—— Plane of Substrate ——

References: Judy, J. W., Muller, R. S., and Zappe, H. H., “Magnetic Microactuation of Polysilicon Flexure Structures,” Technical Digest of the
1994 Solid-State Sensor and Actuator Workshop, Hilton Head Island, SC, June 13 -16, 1994, pp. 43 - 48.

Judy, J., and Muller, R. S., “Magnetic Microactuation of Torsional Polysilicon Str
Stockholm, Sweden, June 25 - 29, 1995, vol. 1, pp. 332 - 335.

uctures,” Digest of Technical Papers, Transducers 95,
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Reference: Judy, J. W.,
Muller, R. S., and Zappe, H.
H., “Magnetic Microactuation
of Polysilicon Flexure
Structures,” Technical Digest
of the 1994 Solid-State Sensor
and Actuator Workshop,
Hilton Head Island, SC, June
13-16, 1994, pp. 43 - 48.

Poly 2
Poly 1

Electroplating Seed Layer

Silicon
Nitride

Diffused
Ground Plane

— Silicon
Silicon Substrate Dioxide

Electroplated
Permalloy

Photoresist

Photoresist

Site of Blown
Polysilicon Fuse

Side View

Polysilicon
Cantilev?r Spring

Fuse Region
(Not Yet Blown)

l
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Magnetic Material

H = ~4000 A/m

i
o I‘ L -

"EQ‘“.‘:'.;'«.‘."'. i

L

o caal g L

T e i l""vt.'

(B A

400 ym

Reference: Judy, J. W., Muller, R. S., and Zappe, H. H., “Magnetic Microactuation of Polysilicon Flexure Structures,” Technical Digest of the 1994
Solid-State Sensor and Actuator Workshop, Hilton Head Island, SC, June 13 -16, 1994, pp. 43 - 48.

Courtesy Prof. J. Judy, U.C.L.A. G. Kovacs © 2000
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MAGNETIC MICROMOTORS

Separately Separately
Fabricated Fabricated
Wire Bonds

Silicon Dioxide
Thermal
Silicon Dioxide

\Ni Metallization

Photodiode Junctio

Silicon Substrate

Reference: Guckel, H., Christenson, T. R., Skrobis, K. J., Jung, T. S,, Klein, J., Hartojo, K. V., and Widjaja, |., “A First Functional Current
Excited PLanar Rotational M agnetic Micromotor,” Proceedings of the IEEE Micro Electro M echanical Systems Conference, MEMS ‘93, Fort
Lauderdale, FL, Feb. 1993, pp. 7 - 11.
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MAGNETIC MOTOR

Courtesy Prof. H. Guckel, University of Wisconsin. See Mechanical Transducers Section for more
infor mation regar ding magnetic micromotors.

Reference: Guckel, H., Christenson, T. R., Skrobis, K. J., Jung, T. S., Klein, J., Hartojo, K. V., and Widjaja, | ., “ A First Functional Current
Excited PLanar Rotational Magnetic Micromotor,” Proceedings of the |IEEE Micro Electro Mechanical Systems Conference, MEM S ‘93, Fort

Lauderdale, FL, Feb. 1993, pp. 7 - 11. G. Kovacs © 2000




ELECTROPLATED COILS

Bottom conduco_r e

¥ : - . i ¥ - g
= P Stis i e e a‘?“hﬁ%ﬂ

Source: Ahn, C.H., Kim, Y. J., and Allen, M. G., “A Fully-Integrated Micromachined Toroidal Inductor with a Nickel-Iron Magnetic Core
(The Switched DC/DC Boost Converter Application),” Proceedings of Transducers’93, the 7th I nternational Conference on Solid-State Sensors
and Actuators, Yokohama, Japan, June7 - 10, 1993, I nstitute of Electrical Engineers, Japan, pp. 70 - 73.
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Movable "Keeper"

Contact _'
Block

Coil <
Core—|

-= Anchored to Substrate

Reference: Rogge, B., Schulz, J., Mohr, J.,
Thommes, A., and Menz, W., “ Fully Batch
Fabricated Magnetic Microactuators Using a
Two Layer LIGA Process,” Digest of Technical
Papers, Transducers 95, Stockholm, Sweden,
June 25 - 29, 1995, val. 1, pp. 320 - 323.

Substrate

Sputtered Cr/Au
Bond/I nterconnect
Layer

AlO,
——Substrate

Sputtered and
Patterned Ti
Sacrificial Layer

Electroplated
Core (PMMA
Removed)

MAGNETIC
MICRORELAYS

Patterned

—Cr/Au Seed

Layer

Second PMMA
Layer

Plated Cu Caoils
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Source: Rogge, B., Schulz, J., Mohr, J., Thommes, A., and Menz, W., “ Fully Batch Fabricated
Magnetic Microactuators Using a Two Layer LIGA Process,” Digest of Technical Papers,
Transducer s 95, Stockholm, Sweden, June 25 - 29, 1995, vol. 1, pp. 320 - 323. G. Kovacs © 2000




CONVENTIONAL
MICRORELAY
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PLATED MAGNETIC PRINT HEADS

T
[ |
",

(=

Source: Cardot, F., Gobet, J., Bogdanski, M., and Rudolf, F., “Microfabrication of High-Density Arrays of Microelectromagnets with On-Chip
Electronics,” Proceedings of Transducers’93, the 7th Inter national Conference on Solid-State Sensors and Actuators, Yokohama, Japan, June 7
- 10, 1993, I nstitute of Electrical Engineers, Japan, pp. 32 - 35.
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RF APPLICATIONS

« Asfreguenciesgo higher in consumer
telecommunications equipment and as cost
pressur es increase, micromachined RF
components are becoming an important
I esear ch area.

Potential applicationsinclude RF switching,
resonator gfilters, oscillators, impedance
matching, phase shifters, variable
capacitors, etc.
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ROTARY RF SWITCH

26K Moo 10vn WD34

Source: Hackett, R.H., Larson, L. E., and Melendes, M. A., “The Integration of Micro-M achine Fabrication with Electronic Device Fabrication
on I11-V Semiconductor Materials,” Proceedings of Transducers’91, the 1991 I nternational Conference on Solid-State Sensors and Actuators, San
Francicso, CA, June 24 - 27, 1991, pp. 51 - 54.
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VARIABLE CAPACITOR WITH
INTEGRATED CIRCUITRY

m QOptical
— Circuit

S
&
O
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=
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©
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Output (Volts) !

O B N W » 00 O N 00 ©

-
0
Input (Volts)

Courtesy K. Honer, Stanford Univer sity. G. Kovacs © 2000



PROTOTYPE CAPACITIVE SWITCH
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Courtesy K. Honer, Stanford Univer sity. G. Kovacs © 2000




TI DRUMHEAD RF SWITCH

Drumhead Membrane 400um Up Position SW|tCh U p

N lol Dielectric layer

\J
Input I Output

Via

Switch Down

LA\ i =

J
Input L

Drumhead Membrane 400um Down Position

Dielectric layer eliminates sticking of membrane and
need for recessed electrodes

Replaces resistive contact with capacitive contact

Greater than 100:1 capacitance ratios available

Courtesy Dr. C. Goldsmith, Texas I nstruments, Inc.




"HRL HRL METAL CONTACT RF MEMSSWITCH

Side View

Y 7

Courtesy Dr. R. Loo, HRL. Reference: “Surface-Micromachined RF MEM S Switches on GaAs substrates.” International Journal of RF
Microwave and Computer Aided Engineering, 9:348-361,1999, published by John Wiley & Sons, Inc.
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"HRL HRL METAL CONTACT RFMEMSSWITCH

RF Performance

Mechanical Performance

SW246 CLOSED

PEEMEEDDED DATA Mean Actuation Voltage 30V
Resonant Frequency 20 kHz
Response Time (0-90%) 40 nrsec
Contact Force (per contact) 250-300 mN
Mean Total Resistance (bonded) 1.0W
Mechanical Actuation Lifetime 10°
Electrical Actuation Lifetime (1 kHz) 106

)
i)
Z
<
)
Z
o
7
2
=
%
Z
<
o
I—

10 20 30
FREQUENCY (GHz)

SW246 OPEN
‘WITH ADAPTERS

TRANSMISSION GAIN (dB)

Courtesy Dr. R. Loo, HRL. Reference: “Surface-Micromachined RF
MEMS Switches on GaAs substrates.” International Journal of RF
10 20 30 Microwave and Computer Aided Engineering, 9:348-361,1999,
FREQUENCY (GHz) published by John Wiley & Sons, Inc.
G. Kovacs © 2000




r HRL ' 12& 20 GHz DUAL FREQUENCY BAND, APERTURE
FEED ANTENNA USING MEM SWITCHES

HIGH BAND
(OPEN GAP)
LOW BAND
(CLOSED GAP)

HIGH BAND

GROUND

<

//
‘ Courtesy Dr. R. Loo, HRL. Reference: “Surface-
Micromachined RF MEM S Switches on GaAs substrates.”
Inter national Journal of RF Microwave and Computer Aided
Engineering, 9:348-361,1999, published by John Wiley & Sons,

Inc.
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HRL TUNABLEFILTERUSING RFMEMSSWITCHES

RF MEMS Switches

Courtesy Dr. R. Loo, HRL. Reference: “Surface-Micromachined RF MEM S Switches on GaAs substrates.” International Journal of RF
Microwave and Computer Aided Engineering, 9:348-361,1999, published by John Wiley & Sons, Inc.
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THERMALLY
DRIVEN
VARIABLE
CAPACITOR

e 100 um Tall

e 20 um Wide Beams

Courtesy L ucas NovaSensor.
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RF MEMSRESONATORS

Antenna

i LNA Mixer LNA Mixer Receiver
Baseband
% x - Electronics [B):g;:,( am

vCco

IF Filter

Transisto
Electronics

RF Filter ' 2
- I- I = 1
(cc-irgmlc) A S?:l:-?n:;g - Resonators
- £

) Single-Chip
Board-Level Implementation Version

Courtesy Prof. C. Nguyen, University of Michigan. G. Kovacs © 2000




HF SPRING-COUPLED
MICROMECHANICAL FILTER

Electrode

7.81 MHz

Coupling Resonators J

o
=,
c
B
w
L
£
@
c
©
j —
l—

ol 1 1 1]
7.76 7.80 7.84 7.88

Electrodes Frequency [MHz]

2-Resonator HF Performance

{3th Cirder) f,=7.81MHz, BW=15kHz
[Bannon, Clark,

Nguyen 1996] Rej.=35dB, I.L.<2dB

Courtesy Prof. C. Nguyen, University of Michigan.
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92 MHZ FREE-FREE BEAM PRESONATOR

 Free-free beam nmechanical resonator with non-intrusive supports =
reduce anchor dissipation » higher Q

Support Flexural-Mode

Driv
& Beams Beam

13.1um

Electrode \ 1um Anchor

Ground Plane and
Sense Electrode

Design/Performance:
L=13.1um, W,=6um
h=2um, d=1000A - e e A
Vp=28-76V, W,=2.8um erence: K. Wang, Y. Yu, A.-C. Wong,
dC.T.-C.N " VHF freef
f,~92.25MHz an e ree-free

beam high-Q micromechanical
Q~7,450 @ 10mTorr resonators,” Technical Digest, 12th

Wanad. Yu. Nauven 1998 International IEEE Micro Electro
L g, , Nguy ] M echanical Systems Conference, Orlando,

Florida, Jan. 17-21, 1999, pp. 453-458.

92.25 MHz
0 =7,450

Transmission [dB]

92.24 92.26 92.28 92.30

Courtesy Prof. C. Nguyen, University of Michigan. FrAguancy [MHZ K ovacs © 2000




(@) Dri;re HESONAtor Sense Resonator

(b) Comb-Transducer
Anchor 201m 1 :
Coupling Beamy

L |
L;~95um

f=340kHz
BW=402Hz
%BW=0.00%

Stop. A.=64 dB - Folding Truss
[L.<0GdB

Transmission [dB]

Reference: K. Wang and C. T.-C. Nguyen, " High-
order medium frequency micromechanical

o electronicfilters,” |EEE J. Microelectromech. Syst.,
337 338 330 340 341 342 343 vol. 8, no. 4, pp. 534-557, Dec. 1999.
Fraquancy [kHz]

Courtesy Prof. C. Nguyen, University of Michigan. G. K ovacs © 2000




INTEGRATED CMOS
RESONATOR/OSCILLATOR

e

i{lrmrtl_-‘al.:T
?amh-Tra tﬁﬂﬂﬁbr

Bl ek R
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Reference: C. T.-C. Nguyen and R. T. Howe, " An integrated CM OS micromechanical resonator high-Q oscillator,” |EEE J. Solid-State
Circuits, vol. 34, no. 4, pp. 440-445, April 1999.

Courtesy Prof. C. Nguyen, University of Michigan. G. Kovacs © 2000




BIOLOGICAL MAGNETIC TRANSDUCERS

In 1975, it was discover ed by Blakemore and Frankel that certain
bacteria (Aquaspirillium magnetotacticum) contained chains of =
50 nm particles of permanently magnetized magnetite,
synthesized by the bacteria themselves.

Theentireorganism is passively rotated to orient tothe Earth’s
magnetic field to help these anaerobic bacteria swim down (away
from oxygen).

Northern hemisphere bacteria swim toward north magnetic
poles, and southern hemispher e bacteria move toward south
poles.

M agnetite has also been found in bees, sea turtles, trout, sailmon
and pigeons. Evidenceto date suggests magnetic-to-neural
transduction istaking place in these or ganisms.

G. Kovacs © 2000




Movie courtesy Prof. H. C. Heller, Stanford University.

Source: Purves, Orians, Heller, and Sadava, “Life: The
Science of Biology,” Sinauer Associates/W.H. Freeman
& Co., New York, 1999.

Reference: Blakemore, R. P., and Frankel, R. B., “Magnetic Navigation in
Bacteria,” Scientific American, Dec. 1981, pp. 58 - 65. G. Kovacs © 2000




