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Nanomechanics of materials and systems

Lecture 13
MEMS and NEMS sensors
MOMC n HOMC agaTtyuku



OunzanH MOMC n HOMC Design of MEMS&NEMS

* [lpnHumnn padoTol
 Habop anemMeHTOB CUCTEMbI

Operation principles
Set of system elements

— rnaccuBHbIE — passive
—  JaTyuKK — Sensors
— akTyaTopbl (MpuBoabl) — actuators
* AHanus, pacyet, MogenMpoBaHue * Analysis, calculation, modeling
— npegenbHO OOCTMXKUMbIE — Achievable parameters
napameTpbl — Precision and noise
— MNorpewHocTn 1 Wymbl — Operation parameters and limitations
— npegesibHble 3KCryiyataunMoHHbIe . Development of technology

napameTpbl
» PaspaboTka TexHonorum

— nocregoBartesibHOCTb 3TanoB
TEXHOINOIMNMH

— obopynoBaHue 1 matepuansl
— cebecToMMOCTb Npou3BoacTBa
P A processes

» PaspaboTka oTaenbHbIX 3Tanos _ Consistency of different

— ONpeferieéHne pexnmos technological stages
TEXHONOrM4yeckmx npoLeccos

— COBMECTUMOCTb pPa3iinyHbIX 3TAroB

— Sequence of technological stages
— Equipment and materials
— Production cost

Development of individual stages
— conditions of technological



[Oatyumkn B pa3nuyHbix yctponcteax MOMC/HOMC
MEMS&NEMS sensor applications

» TpaHcnopT Transportation
» ABTOMOOUIIbHaa 6e30nNacHOCTb, CUCTEMbI TOPMOXEHUST N OCTAaHOBKU
Safety and braking systems
* YnpaBrneHvne gsuratensamm n CUnoBbiMuU yCTaHOBKaMU
Engine control
» PacnpeneneHHbie gatynkm KoHTpons Distributed monitoring
» Cuctembl HaBuraumm Navigation systems
* buonorna n meguumHa Biology and medicine
* MyUHMaTIOpHbIE BUOXMMUYECKNE aHANNTUYECKME NHCTPYMEHTDI
Analytical instruments
» Kapanonorunyeckne ynpasnstoLuime CUCTEMbI
Cardiologic control systems
» CcTeMbl 4OCTaBKU NIEKAPCTB (MHCYMNWH, aHanbreTnkn)
Drug delivery (insulin, analgesics)
* Henpoctumynatopbl Neurostimulators
* KOMMNOHEHTbLI ONTUYECKNX CUCTEM, B TOM YUCSI€ BOSTOKOHHO-OMTUYECKOM
cBa3n Components of optical systems, including communications
* Pagno n 6becnpoBoaHas anekTpoHmka Radio and wireless electronics
* BoeHHble 1 cneuunanbHble cuctembl Military and special systems



TepMoaneKkTpuvyeckun gartymk
Thermoelectric sensor

AV = (a, —a (T, ;= T

KoadhbduumeHTsbl 3eebeka No OTHOLLEHUIO
K nnaTuHe Ansi HEKOTOPbIX METAsoB U
nonukpemMHus. Seebeck coefficients.

Hot

_

u VIK uV/K
Bi ~-73.4 Ag 7.4
Ni —-14.8 Cu 7.6
Pa =5.7 /n 7.6
Pt 0 Au 7.8
Ta i) W 1 2
Al 4.2 Mo 14.5
Sn 4.2 n-poly (30 Q/J) -100
Mg 4.4 n-poly (2600 Q/1) -450
Ir 6.5 p-poly (400 /) 270

Note: The sheet resistance is given for the 0.38-um-thick polysilicon films.



[1aTynk Ha OcCHOBEe pn-repexoaa
P-N junction temperature sensor

BonbT-amnepHas xapaktepucTuka nonynpoBOAHMKOBOro Amoaa
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TepmMope3ncTmBHbIN aaTtymk Thermistor

bonbLion TepmMopesncTmMBHbIN KOIPPULMEHT
(0.2-0.3 %/K)
Large temperature coefficient of resistance

Manas TennoemMKocTb Q
Small thermal capacitance c =
Huskun wym mAT

(limit is thermal and 7/f noise)
Low thermal noise

Manasa MnHepuUMOHHOCTb
Small thermal inertia

Marnas TennonpoBO4HOCTb
(the theoretical lowest limit is 10° W/K due to radiative heat loss)
Small thermal conductivity



dunsnyeckme cBONUCTBA HEKOTOPbLIX MaTtepmanos HOMC
Physical properties of some NEMS materials

Property” Si 8i0, Si,N, Quartz SiC Diamond GaAs AIN A;% Polyimide PMMA
Relative 11.7 3.9 48 375 9.7 5.7 131 85 9 — —
permittvity (g,)

Dielectric 0.3 5-10 5-10 2540 4 10 038 13 11.6 1.5-3 0.17
strength

(Viem x].OG)

Electron 1,500 — — - 1,000 2,200 8,800 — —_  — -
mobility

(cm*/V-s)

Hole mobility 400 — — — 40 1,600 400 — —_ - —
(cm’/V-s)

Bandgap (eV) 1.12 8-9 — — 2.3-3.2 5.5 1.42 — - — —
Young’s 160 73 323 107 450 1,035 7.4:) 340 275 2.5 3
modulus (GPa)

Yicld/fracture 7 8.4 14 9 21 >1.2 3 16 15.4 0.23 0.06
strength (GPa)

Poisson’s ratio 0.22 0.17 0.25 0.16é 0.14 0.10 0.31 0.31 0.34 —
Density (glem’) 2.4 22 3.1 265 3.2 3.5 5.3 3.26 362 142 1.3
Coefficient of 26 055 28 055 42 1.0 59 40 6.57 20 70
thermal

expansion

(107°/°C)

Thermal 157 1.4 500 990-2,000 0.46 160 36 0.12 0.2
conductivity

at 300K

(W/m:-K)

Specific heat 0.7 0.787 0.8 0.6 0.35 0.71 0.8 1.09 15
(J/g-K)

Melting 1,415 1,700 1,800 1,610 1,800" 3,652" 1,237 2,470 1,800 380° 90°

temperature ("C)



IHpakpacHble gaTyMKku U MacCuBbl JaTUYMKOB
Infrared sensors and their arrays

Matepunanbl: La, A MnO, A = Ca, Sr, Ba, or Pb, VO,, V,O,, and V,O,

Resistive element (TCR ~ —0.2% per °C)

Suspended silicon
nitride plate

Address
column

Address

l row
R

o—|_|—M—— Substrate

Metal interconnect
Thin reflecting

metal layer

lllustration of a single sense element in the infrared imaging array from Honeywell. Incoming infrared
radiation heats a sensitive resistive element suspended on a thin silicon nitride plate. Electronic circuits
measure the change in resistance and infer the radiation intensity. Typical array is 240 x 336 pixels. The
estimated change in temperature for an incident radiation power of 1078 W is only 0.1°C. The corresponding
resistance change is a measurable —10Q for a 50-kQ resistor. The thermal capacity of a pixel is 107 J/K. The

thermal response time is less than 10 ms.



[laTymnk razosoro notoka Gas flow sensor

Gas flow rates are in the range of 0 to 1,000 sccm. The full-scale output is approximately 75 mV,
and the response time is less than 3 ms. The device consumes less than 30 m\W.

Heating

‘ {] 1 ']} plane Heaters
resistors

Downstream Upstream
resistor rerytor

/Silicon nitride

Silicon substrate

$ N\

<110> <100>

Etched pit /

Silicon nitride
membrane

Upstream resistor

Downstream resistor j

lllustration of a micromachined mass flow sensor. Gas flow cools the upstream heater and heats the
downstream heater. Temperature-sensitive resistors are used to measure the temperature of each
heater and consequently infer the flow rate. The etched pit underneath the heater provides
exceptional thermal isolation to the silicon support frame. (After: technical sheets on the AWM
series of mass airflow sensors, Honeywell, Inc., Minneapolis, Minnesota, USA.)



[Natymnk CO - Carbon monoxide sensor

Package opening

Charcoal filter / IR
;——,—-! :
¢ ™
[.‘F-‘l.‘\

Tin oxide
Metal

contact

Polysilicon heater

Silicon dioxide

Insulating
layer

/ Y~ P-type silicon
/ Anisotropically \t“" Silicon

etched silicon
membrane

Mesh

«—— ourface tin oxide

sk ¥~ Bulk tin oxide

lllustration of a carbon monoxide sensor, its equivalent circuit model, and the final
packaged part. The surface resistance of tin-oxide changes in response to carbon
monoxide. A polysilicon heater maintains the sensor at a temperature between 100°
and 450°C in order to reduce the adverse effects of humidity.



[Tbe3ope3ncTuBHbIN gaTtymnk Piezoresistors

AKTUBHbIN 3NNIEMEHT —
Si nnn nonn-Si

4 Parallel direction

‘ A |~ Sense element
Alignment P,

marks [Tbe3oconpoTmBrieHme:
Backing fil .
SR B Aplp=m,0, +7, 0,
a—| = —>
DL > Gribzaandl KoaddpULMEeHTbI Nbe30CoNpoTUBNEHNS

direction ansa Si npy KOHUEHTpauum HOCUTENEN
< 10" cm™. Piezoresistance of Si

Sold/e'r T & TL A1 2
tah ' (107" m/N) (107" m™/N)
‘ p-type 7 —1 In <100> direction
72 —66 In <110> direction
n-type -102 53 In <100> direction
=31 -18 In <110> direction

A typical thin metal foil strain gauge mounted on a backing film.
Stretching of the sense element causes a change in its resistance.



[1be30pe3nCTUBHbLIN AaT4YMK OaBeHUS
Piezoresistive pressure sensor
Bondpad

{100} Si
diaphragm

P-type diffused

piezoresistor Metal conductors

N-type
epitaxial
layer

P-type
substrate
and frame

o

LET
)
.........
"Eaa
"ay

Vbridge

\

Anodically
bonded

Etched cavity Pyrex substrate

Backside port

The calibration and compensation functions are provided by specially designed application-specific
integrated circuits (ASICs). The active circuits amplify the voltage output of the piezoresistive bridge
to standard CMOS voltage levels (0—-5V). They also correct for temperature errors and
nonlinearities. Error coefficients particular to individual sensors are permanently stored in on-board
electrically programmable memory.



[TocnenoBaTeribHOCTb NPOU3BOACTBA AaTyMKa AaBleHUs
Technological stages of pressure sensor

Insulator \
N-type epitaxial Iayer/

P-type substrate il
———"—_—'

Deposit insulator

Silicon nitride

NoHHasa nmnnanTaumsa B

P-type diffusions Diffuse piezoresistors

HanbineHve Metal /

n TpasneHue Al

Deposit and
pattern metal

Electrochemical The first high-volume produgtion
etch of backside of a pressure sensor began in
cavity 1974 at National Semiconductor

Corp. of Santa Clara, California.
Pressure sensing has since
Anodic bond grown to a large market with an
of glass estimated 60 million silicon
micromachined pressure
sensors manufactured in 2001.

Glass \




MuHMaTIOpHbLIN abCONOTHLIN NbE30PE3UCTUBHBLIN
OaTtyuk gasneHuda. Absolute pressure sensor.

Metallization

N-type layer

¢
Pz

Fusion | W) @ =T
bond line

Diffused piezoresistor

Inward sloping
{111} planes

P-type substrate

A miniature silicon-fusion-bonded absolute pressure sensor. (Courtesy of: GE
NovaSensor of Fremont, California.) The sensor is 400 ym wide, 800 um long,
and 150 um thick, and it fits inside the tip of a catheter.



[atymnk pasneHunsa Pressure sensor

Photograph of the NovaSensor
NPP-301, a premolded plastic,
surface mount (SOIC-type) and
absolute pressure sensor.
(Courtesy of: GE NovaSensor
of Fremont, California.)

Encapsulation gel
/ Adhesive/epoxy

Premolded plastic body
Pressure sensing die

Premolded plastic cap

. Bond wire
lllustration of a premolded

plastic package. Adapting it to
pressure sensors involves Metal lead frame —7]
incorporating fluid ports in the

premolded plastic housing and
the cap. Adhesive die attach



[aTtynk kpoBaHOro gasneHuns Blood pressure sensor

TOHKOMSIEHOYHbIN
pes3ncTop

NnnacTuk
~

N KepamMuka

Photograph of a disposable blood pressure sensor for arterial-line measurement in
intensive care units. The die (not visible) sits on a ceramic substrate and is covered
with a plastic cap that includes an access opening for pressure. A special black gel
dispensed inside the opening protects the silicon device while permitting the
transmission of pressure. (Courtesy of: GE NovaSensor, Fremont, California .)



BbicokoTemMnepaTypHbIN gaTymK gaBreHnd
High-temperature pressure sensor

2. Etch stop on p* silicon

P* silicon
P+ silicon >

a
®_silicon Metallization (Au) l

dioxide

1. Silicon fusion bonding

Metallization

P* piezoresistor ‘

4. Back-side etch to form cavity

Silicon
dioxide

Photograph of an SOI-based pressure sensor rated for extended temperature
operation up to 300°C (Courtesy of: GE NovaSensor of Fremont, California.) and its
fabrication process.



[Tbe3031eKTPNYECKNN ANIEMEHT (JaT4YMK Unn NpmnBeoa)
Piezoelectric element (sensor or actuator)

3 (Direction of polarization)

Active element

1 AKTUBHbIN 3NEMEHT:
; S22  ZnO, LiNbO,, BaTiO,,
',.of”'" ® PbZrO, or quartz
E.-.-::..-::::.-.-.-.-::.-.'::.-:..-:_f:’ —
AL=d, -V -Ljt
Thickness (t) I ) ‘ |
R — AW — d'}] 5 Va .W/t
Electrodes '
At=d; -V,
An illustration of the piezoelectric effect on a § V,=d, -F/(¢W)
crystalline plate. An applied voltage
across the electrodes results in dimensional changes — VvV =4, -F/(e-L)
in all three axes (if d,, and d,, are nonzero).
Conversely, an applied force in any of three directions V,=d,,-F-t/(e-L-W)

~——

gives rise to a measurable voltage across the
electrodes.



[1be3oaneKkTpuyeckne KoapmUUUEHTbI PasnnUYHbIX
MmaTepuanoB Piezoelectric coefficients

Material Piezoelectric Relative Density Young’s Acoustic
Constant (d,) Permittivity  (glent’) Modulus Impedance
(10~ C/N) (e,) (GPa) (10° kg/ni’-s)

Quartz dy; = 2.31 4.5 2.65 107 15

Polyvinylidene-fluoride dy =23 12 1,78 3 2.7

(PVDF) i, = —33

LiNbO, dy=—4,dy; =23 28 4.6 245 34

BaTiO3 dy; =78,d;;, =190 1,700 3id 30

PZT (PbZrO,) dy = —171 dy;= 370 1,700 7.7 53 30

zinc oxide (ZnO) dy =35.2,d,;, =246 1,400 e ez '




[Oatyunkn yckopeHusa Acceleration sensor

Measurement Application

Acceleration Front and side airbag crash sensing
Electrically controlled car suspension
Safety belt pretensioning
Vehicle and traction control systems
[nertial measurement, object positioning, and navigation
Human activity for pacemaker control
Vibration Engine management
Condition-based maintenance of engines and machinery
Security devices
Shock and impact monitoring
Monitoring of seismic activity

Angles of inclination Inclinometers and tilt sensing
Vehicle stability and roll
Headlight leveling
Computer peripherals (e.g., joystick, head mounted displays)
Handwriting recognition (e.g., SmartQuill from British Telecom plc)
Bridges, ramps, and construction



TpeboBaHMA K gaTymkam YCKOPEHUS

Requirements to acceleration sensors

» Accelerometers for airbag crash sensing are rated for a full range of £50G
and a bandwidth of about one kilohertz.

» Devices for measuring engine knock or vibration have a range of about 1G,
but must resolve small accelerations (<100 uyG) over a large bandwidth (>10
kHZz).

» Modern cardiac pacemakers monitor the level of human activity, and
correspondingly adjust the stimulation frequency. The ratings on such
sensors are +2G and a bandwidth of less than 50 Hz, but they require
extremely low power consumption.

» Accelerometers for military applications can exceed a rating of 1,000G.
» Cross-axis rejection ratios in excess of 40 dB are always desirable.

» Shock immunity is defined in terms of a peculiar but more practical test
involving dropping the device from a height of one meter over concrete - a
dynamic peak of 10,000G with excitation of various resonant modes that
may cause catastrophic failure.

The overall market for silicon microaccelerometers reached $319 million in
2000 and has continuously been growing. Cost of such devices has constantly
been decreasing, for instance, from estimated $10 per unit in the early 1990s to
less than $2 per unit in 2002.



ba3oBaga CTpyKTypa OaTtymka yCKOpPeHUs
Base structure of acceleration sensor

Resonant frequency:

1 k

f it fim

27 M

Spring (k) <
(stiffness) . . .
Noise equivalent acceleration:

~7A 5 8aKgTf.B
0 = F/k e B r ;
Inertial ----‘----.--} noise \/ QM ; B
mass (M)
Kg = Boltzmann constant
i : T = Temperature
ooyt B = Bandwidth
F=M-a Q = Quality factor

The basic structure of an accelerometer, consisting of an inertial mass
suspended from a spring. The resonant frequency and the noise-equivalent
acceleration (due to Brownian noise) are given.



[ Ib€30PEe3NCTUBHbIN JaTYMNK YCKOPEHUS
Piezoresistive acceleration sensor

Acceleration

/ Quter frame

g Mass

Hinge

Base

\ N
Bondpads

{110} plane f

Boron doped
piezoresistor
lllustration of a piezoresistive accelerometer from Endevco Corp., fabricated using anisotropic

etching in a {110} wafer. The middle core contains the inertial mass suspended from a hinge.
Two piezoresistive sense elements measure the deflection of the mass. The axis of sensitivity is
in the plane of the middle core. The outer frame acts as a stop mechanism to prevent excessive
accelerations from damaging the part. f =28 kHz. The piezoresistors are 0.6 ym thick and 4.2 ym
long, aligned along <111> direction for maximum performance. The output in response to an
acceleration of 1G is 25mV for a Wheatstone bridge excitation of 10V.

g

Lid




EmkocTHOM gatumk Capacitor sensor

[NonepeyHas koHdUrypauus

7 : [MpogonbHaa KOHGUrypauma

moving digits

Moving digits

fixed digits

N o
T U=0/C,AU=—-QAC/C*=-UAC/C Ay
I
aC = %€ Ax 1
Ox E—
oc__ ek C=e(l, + A, /x
X ax_(xO—Ax)z (y y)z 0

AU = Q¢ 1./ Ax AC =¢eAyl_/ x,
AU = —UAx /(x, — Ax) AU =-UAy I(I,, + Ay)

Fixed digits



EmMKocTHOM gaT4ymnk yckopeHus. Capacitive accelerometer.

e Siilicon

Glass

Metal contact to

Air damping vias 5

Inertial mass

top wafer

<

N

— Sjlicon

Metal contact to

>

middle wafer

Metal electrode Zg

N[\

Contact to

\

substrate

Metal contact to

lower wafer

lllustration of a bulk micromachined capacitive accelerometer. The inertial mass in the middle wafer
forms the moveable electrode of a variable differential capacitive circuit. Electronic circuits sense
changes in capacitance, then convert them into an output voltage between 0 and 5V. The rated
bandwidth is up to 400 Hz for the £12G accelerometer, the cross-axis sensitivity is less than 5% of
output, and the shock immunity is 20,000G. Measuring range is from £0.5G to +12G. (VTI

Technologies of Vantaa, Finland.)



EMKOCTHOWM gaTymMK yCKOPEHUA — nocneagoBaTenbHOCTL NPON3BOACTBA
Production of capacitive accelerometer

—
Silicon
J N
1. Etch recess cavities in silicon 2. Deposit and pattern three masking
layers; anisotropic etch silicon
Mass
Hinge
3. Remove first masking layer; 4. Remove second masking layer;

anisotropic etch silicon anisotropic etch silicon



EmMKocTHOM gaT4ymnk yckopeHus. Capacitive accelerometer.

Stationary polysilicon fingers

Acceleration rating

is from 1G to 100 G,
excitation frequency is
1 MHz, C = 10%F
bandwidth is 1-6 kHz,
mass is 0.3 - 100 ug,
Brownian mechanical
noise for 0.3 ug is 225
UG Hz"2

Inertial mass

Anchor to
substrate

lllustration of the basic structure of the ADXL family of surface micromachined
accelerometers. A comb-like structure suspended from springs forms the inertial mass.
Displacements of the mass are measured capacitively with respect to two sets of stationary
finger-like electrodes. (Analog Devices, Inc., Norwood, Massachusetts, USA.)



EMKOCTHOWM JaT4nK YCKOPEHUA, NPpOn3BeaeHHbIN C
nomowbto DRIE. Capacitive accelerometer using DRIE.

TS - v ]

'L Trench

sense plates isolation

Capacitive

Scanning-electron micrograph of a DRIE accelerometer using 60-um-thick comb
structures. (Courtesy of: GE NovaSensor of Fremont, California.) Using structures
50 to 100 pym deep, the sensor gains an inertial mass, up to 100 pg, and a
capacitance, up to 5 pF. The relatively large mass reduces mechanical Brownian
noise and increases resolution. The high aspect ratio of the spring practically
eliminates the sensitivity to z-axis accelerations.



CpaBHeHME NbeE30PEINCTUBHOIO, EMKOCTHOIO U
9JIEKTPOMArHMTHOro METO0B N3MEPEHUS
Comparison of different sensing

Piezoresistive

Capacitive

Electromagnetic

Simple fabrication

Low cost

Voltage or current drive

Simple measurement circuits
Low-output impedance
High-temperature dependence
Small sensitivity

Insensitive to parasitic resistance
Open loop

Medium power consumption

Simple mechanical structure
Low cost

Voltage drive

Requires electronic circuits
Susceptible to EMI
Low-temperature dependence
Large dynamic range

Sensitive to parasitic capacitance
Open or closed loop

Low power consumption

Structural complexity varies
Complex packaging

Current drive

Simple control circuits
Susceptible to EMI

Low temperature dependence
Sensitivity « magnetic field
Insensitive to parasitic inductance
Open or closed loop

Medium power consumption



To be continued



[lomaluHee 3agaHune



