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Sensors
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units Eal BRELW-BE [Gud N o
{ERA T W 1| 7T
" - i - B A REER
WO | DR - X% BN - OTEEEAR - B BRERETE -
| fE e - ey - DR BT - R - TEEERREEE -
B0 | - g B
S | N - pH MERET - RIDEE - SRR - BN -
SRR -
il |- W - TR OB - RS

CED
2

©2003



=® NKFUST
Major Applications- 1

B Medical Applications
> pH
»
» (In situ measurement)

B Environmental Protection
»

4
4

B Food Processing:
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Major Applications - 2

B Automobile Applications

» Distance, acceleration, pressure, vibration, temperature and
chemical sensors

»

B Microrobotics

» Often equipped with distance, acceleration, force, torque,
tactile, pressure and temperature sensors.

B Materials: semiconductor materials, metals, plastics,
ceramics, glasses, enzymes and antibodies (biosensors)

B Fabrication: Silicon technology, LIGA
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Pressure Sensors

B First developed and used by industry

M Silicon-based pressure sensor: low cost, high sensitivity,
and low hysteresis

W Typical pressure sensor
» Deflection Membrane structure is proportional to pressure
» Piezoresistive pressure sensor
» Capacitive pressure sensor
» Resonance pressure sensor
» Interferometer pressure sensor
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Piezor esistive Pressure Sensor

B Bulk micromachining of a (100) silicon substrate
» Etch stop to produce membrane
» Piezoresistors integrated in the membrane
» Wheatstone bridge measure the change of resistance

Bad ERBEHDHENERE R [Heb %)
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Wheatstone Bridge Connection

W p-type resistors are preferable since their piezoresistive
coefficient is a maximum in (110) direction, whereas the n-
type coefficient have a minimum in that direction.

B Schematic representation of the basic position of four
piezoresistors on a membrane.
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Piezoresistance Coefficients
B Piezoresistance Coefficients m, and r, for (100) silicon.
P-type n-type
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Schematic I llustration of Pressure Microsensor

Figure 4.3  Schematic illustration of a pressure semsor with p-lype
diffused memistor in an n-tvpe epilaxial layer, (Based on M, Malef, A=
Infrodction o0 Microekectramechanival Speen Enpingering, Astech
Huouise, Boston, 3000,

Source: Fumdamental of Microfabrication, p.203 CED@

9

=® NKFUST

Membrane Stresses

B Assumptions:

» Deflections are very small compared to the membrane
thickness.

» No deformation in the middle plane.

» Normal stresses in the direction transverse to the plate can
be neglected.

B Surface stress in the middle of the sides of the membrane:
» p: pressure )
. : a
» a: membrane su_je length (O'x)max — 0_31p_2
» h: membrane thickness h

CED@/

10

©2003



> (P+ doping silicon)

o, AR/R AR/R o« AV

CED@/ _

=® NKFUST

Capacitive Pressure Sensor

B Displaced mass changes the capacitance between two
attached metal plates.

B KOH anisotropic etching silicon substrate sandwiched
between two Pyrex glasses through anodic bonding.
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Microoptical Systems
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W Optical Parameters

» Amplitude
» Phase shift

» Spectral
distribution

» Frequency
» Time
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Reflection and Refraction
B Law of reflection
» 6',=0, ol
. Incicle Bedleced
B Law of refraction . ,.:::." e [y,
i
» n, sinb, = n, sin 0, f:
B Refraction rate Wanefrone — Air
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Total Reflection

B Total Internal reflection
» n, sinB,= n, sin 90°
» Critical angle
0, = sntl2
nl
B Typical materials
» SiO,/SION/SIO,
» n(Si0,)=1.46
» n(SION)=1.52
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Mach-Zehnder | nterferometer

B Waveguide deforms and
changes the properties of Bk

the light beam

B Use phase shift to
measure pressure

M Integrate SiON
waveguides, sensitive
silicon membranes, s
potodiodes, and CMOS 4 -
amplifier. }

B Sensitivity 14 pV/mbar Wes RHUNTFIE - RR [Fisch )

L ¥

CED@/ _

©2003



=® NKFUST

| nterference of Waves

M (a) Fully constructive interference, (b) Fully destructive
interference, and (c) intermediate interference
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| nterferometer

W Superposition of two identical waves with a phase shift.

PY (X )=y (X0 +Y,(% 1)
=y, sin(cat)+y, Sin (ke-at +¢)
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Photodiodes
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Wave Guide of Pressure Sensors

B Consist of the light guiding layer (SiON) and a lower index
of refraction (SiO,) to allow the passage of light

» A 2to 3 um thick silicon dioxide layer (index of refraction =
1.46) was applied to a (100) silicon wafer.

» Deposit a 0.5 um thick light guiding layer made of SiON
(index of refraction = 1.52).

» A 0.6 um thick silicon dioxide layer was added and
structured using a dry etching process.
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Comparisons of Pressure Sensors

B Compared to piezoresistive signal transformers, capacitive
pressure sensors have no hysteresis, a better long-term
stability and a higher sensitivity.

B Capacitive pressure sensors have higher production costs,
and the circuit design is more difficult.

B Interferometer pressure sensors have a much higher
sensitivity.
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Capacitive Force Sensor
B A movable elastic structure o e o

transforms a force into a
displacement.

B A transformation unit
consisting of the electrodes
transforms the displacement
into a measurable change of
capacitance.

W Better linearity and less cross-
sensitivity.

B Made by anisotropically

etching (110) silicon Weh HHIWENIERE - M (Desp ]
20 nm resolution, 0.01 ~ 10 N
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Force Sensing Resistor

W Resistance is inversely ]

proportional to the pressure W4T LR I ) T

B Polymer foil with planar
electrodes covered by
semiconductor polymer

B Applied force reduces the
resistance due to current flows
across the shunting polymer foil

B Dynamic range affected by
electrode pitch and sensitivity
affected by foil thickness

Waa0  CHEM PR - dE [ Wine Y2

5%deviation, 10g ~ 10Kg
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Force Sensing Resistor
|

[ | 1 MOhm( )~2 KOhm
10g~10kg

http://www.steadlands.com
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Position and Speed Microsensors

B Essential for automobiles, robots and medical instruments.

W Determine the exact position of an endeffector of a
microrobotics.

B Contact-free optical and magnetic methods are the most
significant ones:
» Magnetic sensor for angular displacement
» Inclination sensor
» Ultrasound distance sensors
» Capacitive rotational speed sensor
» Fiber optical swing angle sensor
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Magnetic Sensor for Angular Displacement

W Use Hall effect to detect angular displacement
T

L TR

» The separation of positive and
negative charges produces an
electric field E

» The force due to E and the force
due to B are in balance.

» Hall potential difference V 1. 1.
V=Ed
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Hall Effect
W Magnetic Force (Lorenz Force) 1 1
» v :the velocity of charge q - —f
» B : magnetic field
IEB =QVx B i
B Hall Effect

Larw
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Block Diagram for Magnetic Sensor

B Each Hall sensor covers

one tooth and one notch -,
A ‘ | | |
of the rotor [
B Multiplexer scans alln 4 & 0
Hall sensor creatinga /%%

step function to represent
the magnetic distribution %%

B Rotation causes phase
shift

B Accuracy of 0.028°
Heldy SN 5EE - HEl Ll
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| nclination Sensor
B Consists of an LED and a semi-spherical glass cup

mounted on a photodiode matrix array
LED
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Principle of Inclination Sensor

W Speed should keep constant

W Accurate for small angle (10°)
|
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Ultrasound Distance Sensors

W Use the pulse-echo principle.

W Ultrasound transducer made from piezoceramics emits a pulse
sequence.

W “Blind spot" appears when the detector is too close to an object .

B Two identical independent ultrasound membranes, one
transmitter and one receiver, integrated on a silicon substrate.

B Membrane is brought to resonance with integrated heating
resistors.

B Acoustic pressure response is detected by piezoresistors,
integrated in the form of a Wheatstone bridge.

CED@/ .
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Ultrasound Distance Sensors

measurement principle
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Sensitivity 3 pV/mPa, at a bridge voltage of 5V.

B EEE - 8E M E

B Schematic design of a single sensor membrane and the
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Capacitive Rotational Speed Sensor

B Compact and inexpensive angular speed sensors in
navigation and landing gear controllers

1T

Corialis 1

{EHEE I s __H@ T

Lioresz ]
(ERrEET] )

eI SERNRE N2 TERUEE - S [Hash 84 ‘,ED©
V=

©2003



=$ NKFUST

Lorenz Force ( )

W Lorenz Force ( )
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Capacitive Rotational Speed Sensor
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® Made of (110) silicon
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[Hashimoto, in Micro System Technologies, 94]
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Fiber Optical Swing Angle Sensor
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Electromagnetic Wave

W An electromagnetic wave represented with a ray and two

wavefronts.
I__ i Wie Frosnes ———_ t
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Polarization Filter
W Unpolarized light becomes polarized when it is sent
through a polarization filter.
E,~E« cosf
¥
Inciclent Tight ray
N T ;
fi-’_!" . Unpolarized light :F
| Hr_ 0
HH 'l'ul:u'l;r.i.n}; sheet
Vertcally polarized light
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Fiber Optical Swing Angle Sensor

M Light is lead into a glass fiber via a polarization filter.

W A torque applied to the mechanical measuring section
causes a torsion in the glass fiber and changes the

direction of the polarization of the light.

B Change of the light intensity is detected by the second
polarization filter and is then evaluated by a photodiode.
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Typical Model of Accelerometer

B STRUCTURE OF ACCELEROMETER
» Mass-Spring-Damper substructure
» Displacement transducer
» Amplification circuit
V/- Sensor Case

| +— Transducer

A

B SYSTEM MODEL
» Mechanical subsystem G, XMT

» Electric subsystem G, %
K
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Mechanical Subsystem

B MASS-SPRING-DAMPER SUBSTRUCTURE

MXI = MXO+BXO+KXO Sensor Case
T A Transducer
B NEWTON’'S SECOND LAW 5 7 T';l);:
%o w? K% Bl_E
2o (D) = . n ‘
X; (D)= S D? +2w,D + w? I W
B MECHANICAL TRANSFER FUNCTION
K B M
h W, =.— = =—
where n \/; é’ > ,_KM Sm K
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B DISPLACEMENT TRANSDUCER OF ACCELEROMETER

» Piezoresistive
» Capacitive
» Piezoelectric

Cantilever Principles

H’ezorg%’ftor Piezoelectric film
Ny

/ Mass Substrate, B egm Mass

Substrate,

(a) Piezoresistive Mode (c) Piezoelectric Mode

Subsra7 Beén Mass

Electrodes—%

(b) Capacitice Mode
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Cantilever Beam Spring

b Vo= PLY/(3EN)
4
. P = Ky
o P =(3EIL3)* Y,

K = (3EI) / L® = (Ebh3) / (4L?)

TransEuos
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Capacitive Microaccelerometer

» &: Permittivity, A:area, d:distance, V:voltage, Q: charge
» &: Permittivity in vacuum, ¢_: Dielectric constant
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Piezoresistive Micro-accelerometers

[ | Piezoresistive
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| ntegrated Capacitive Accelerometer

B Consists of independently fixed plates and a movable
comb-like microstructure.

Slabonary
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| ntegrated Capacitive Accelerometer

B Made from polysilicon by surface micromachining.

Stationary polysilicon fingers

Initial Mass )
Displacement
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I ntegrated Capacitive Accelerometer

B First commercialized MST device.
Used in airbag system.

B Sensor diameter about 9 mm.

W Signal pre-amplification,
temperature compensation and
system self-test purposes were
integrated

W Accelerations up to £50 g can be
measured with a sensitivity of 10
mV/g.
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Capacitive Cantilever Microsensor

B Consist of a cantilever beam over an opposite electrode
and a contact strip.

W Threshold voltage applied to offset the forces caused by
the acceleration.
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Capacitive Cantilever Microsensor

B A sawtooth voltage is applied in defined steps across the
cantilever and the electrode.

B Electrostatic force acting on the cantilever increases with
the applied voltage until contact occurs.

W For a cantilever length of 120-500 um, the microsensor
sensitivity is in a range of 0.6-100 mV/g.
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Capacitive Cantilever Microsensor

m Made of polysilicon by
the dry etching
process.

W Microstructure height
(polysilicon) = 2.2 um.

B The gap attained
between the cantilever
and the contact strip is
1.5 um.
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Piezoresistive Microsensor with Oil Damping

B Oil dampen the resonance of the suspended mass.

B The cantilever is 480 X 200 X 12 (um); the seismic mass
weighs 2 (mg).
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Multi-sensor Acceleration Measurement System

B SLIGA

2x25x35mm
Range: +3 g
Sensitivity 2.5 V/g
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