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FERROELECTRICITY
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» Ferroelectric materials with permanent dipoles cannot be used for microwave
dielectric materials.
» Ferroelectric: Spontaneous polarization can be reversed by an electric field.
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FIELD INDUCED STRAIN

» Electric Field Induced Strain; Deformation caused in insulating materials
by applcation of electric field

Electrostriction Converse Piezoelectric Effect

Secondary electromechanicalicoupling  Primary electromechanical coupling
effect, effect

X= MPEA? Y= 0

ELECTRO-OPTIC EFFECT

» Electric fild of ight electronicaly polaized, thus €=n"2

» When an extemal electric field i applied to the crystal, ion displacement is
Induced, deforming the shape of the electron cloud, and consequently the refractive
index is changed, This Is called Electro-optic effect.

GRAIN SIZE DEPENDENCE OF FERROELECTRICITY:

» Below crtical particlef grain size, the material ceases to be ferroelectric (1.
hecomes paraelectric.
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APPLICATIONS OF FERROELECTRICS
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MATERIAL DESIGNING :

» Criical Factors in Materi Designing .
 Composition Selection

 Dopant Effects on Farroelectricty
v High Power Characteristics

Doping Effects on Ferroelectricity in PZT:
Acceptor: Domain Pinning -> " hard " piezoelectricity
Donor: P deficiency compensation-> " soft* piezoelectricty

» Fabrication of Ceramic Powders ;
1] Preparation of Ceramic Powders
» Solid State Reaction

 Coprecipitation
t Alkoxide Rydrolysis
v Oxide-mixing technique

2] Sintering Process
3] Single Crystal Growth W S

Fig. 312 Schemic diagram of sintering process,
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DEVICE DESIGNING -

{]Single Disks
2] Multlayers

Cut & bond metnod - Tape-casting metnod
3] Bimorphs/ Moonies

4] Flexble composites
9] Thinf Thick fims
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DEVICE DESIGNING (contd.):

Melting Method Rolling Method

Melting polymer Ferroslectric powder Polymer Ferroelectric powder

| | | |
| |
(Rall m:Iun:) {(Rolling)
I
(Film canting) (Calendering)
| |
Composite film Composite sheet
[ |

i
Electroding
|

Poling
|
Plezosloctric component

Fig. 3.23  Fabrication process for PZT: polymer composites.

Techniques for fabrication of oxide thin films;

a) Physical Processes: ) Chemical Processes:
- Electron beam evaporation - Sokgel method
- RF sputtering, DC sputtering - Chemical vapour deposition
- |on beam sputtering -MOCVD
- |on plating - Liquid phase eprtaxy
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CERAMIC CAPACITORS :

Satellite

Commun, / 1 Micro

Automobile /.:: m Chip

Commun, Capacitor

Kemis
Ty Canductor

VHFETV Ceramic ﬁultilayar [Capacitor

FM Radio Capacitor ramic
Capacitor
AM Radio
Q|| ||®]| ©

Fig. 4.1 Various capacitor types classified according to their sizes and operating
frequency ranges,

Basic specifications required for capacitors:

0 Small size, large capacitance ; Materials with a [arge dielectric constant
are desired.

1 High frequency characteristics : Ferroelectrics with a high dielectric
constant are sometimes associated with dielectric dispersion, which must be
taken into account for practical applications.

J Temperature characteristics ; Material should stabiize temperature
characteristics.
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CHIP CAPACITORS :

» High-frequency applications
» Formed using mult-layer structures

C=ne,eS/ (Lin)

Where, n-> number of [ayers

RELAXOR FERROELECTRICS :

» Application : Compact chip capacitors.

» Properties :
1 High Permittivity
1 Diffuse Phase Transition (temperature-insensitive characteristics)
J Dielectric Relaxation (frequency dependence of permittivity)
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FERROELECTRIC MEMORY DEVICES :

FERROELECTRIC DRAM :

» Volatile memory
» Requires Refreshing

> Minimum memory capactance: 07 [NSARCSS

Gy BitLine

Fig. 5.1 Fundamenia siructure of 8 DRAM, composed of a MOSFET and
capacitor

» General Requirements for DRAM Capacitor:
1 high dielectric constant in a thin fim configuration
0 low leakage current
1 micro-machinabilty
0 low diffusion into semiconductor substrate
0 Low contamination during the fabrication process

» 236 Mbit level prototype DRAMs have been manufactured.
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NON-VOLATILE FERROELECTRIC MEMORY :

FRAM (Inversion Current Type)

» Ferroelectric thin film with a [arge polanzation-electric field hysteresis used as @
memory capacitor.

» The observed current amount for a posttive pulse Indicates initial polarization state.
» Reading Process is destructive.

» Fatigue ; Large voltage applied on a ferroelectric film at every reading process,
degrades polarization hysteresis characterisiic.

- PET (Ti=60%)
P = 2420

! i Fg. &10 Cm:w i of ik -
Plaiztionvess eetric ield curve for ferroelectic film, b i o) n 7 i 1 ﬂ:;r:? mﬂ.l Sz




FERRO-ELECTRIC MATERIALS IN MICROELECTRONICS

MFSFET (Metal-Ferroelectric-Semiconductor FET)

» Ferroelectric fim replaces Gate oxide.

» Advantages:
1 No fatique.
1 Non-destructive Reading.
. Small polarization density required to control the Si surface potential.

r §
Femodlectic

Smp+

e Sl
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Stmetre of gn MFSggy

» 64 kbt level non-volatile memory devices have been used.
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PYROELECTRIC DEVICES :

» Pyroelectric Effect ; Temperature dependence of the spontaneous
polarization of a polar material,

» Merits of Pyrosensors :
v ide range of response frequency
1 (Jse at room temperature
" (lick response in comparison with other temperature sensors
v high quality (optical grade homogeneity,tc.) materials for the
DYTOSENSOrS are Unnecessary.
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PYROELECTRIC DEVICES (contd.):

» Fiqures of Merit for Pyroelectric Materials

Table 6.1 Figures of merit for pyroelectric materials.

Figure of Merit Application

plep low impedance amplifier
p/(upej high impedance amplifier
Pllepte) thermal imaging device (vidicon)

172
Pleple tind) high impedance amplifier when the pyroelectric
element is the main nojse source

P pyroelectric coefficient: Cp' 8pecific heat; g: relative permittivity
& thermal diffusivity

» Applications ;
 Temperature/ Infrared Light Sensors
* |nfrared Image Sensors

Fig. 66 A polymerbaied (PYDF) pyrocleciic Infrared sensor.
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PIEZOELECTRIC DEVICES :

» Piezoelectric Effect ; Electric charges produced on the surface on application
of mechanical stress.
» All Piezoelectric materials have geometric strain proportional to an applied
electric field: Converse Piezoelectric Effect

» PIEZOELECTRIC MATERIALS:

SINGLE CRYSTALS

1 Applications: frequency stabilized oscillators, surface acoustic devices.
L Single-crystal piezoelectric materials: quartz, ithium niobte (LiNbQ,).
1 Anisotropic materials

POLYCRYSTALLINE MATERIALS

L BaT0. . dielectric & piezoelectric propertes affected by its own stoichiometry
microstructure, and dopants entering onto A or B site in solid solution.

1 Po(TIZr)O, (PZT) : Zr content etermines crystaline symmetry. With increase
InZr content structure changes from Tetragonal to Rhombohedral Symmetry.
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PIEZOELECTRIC MATERIALS:

RELAXOR FERROELECTRICS:

 Polycrystaline or single crystals

J Properties: broad phase fransition from paraelectric to ferroelectric, strong dielectric
relaxation, weak remanent polarization,

. Show induced piezoglectric efiect, Large electromechanical coupling effect.

J Example: PMN-PT, PZN-PT.

POLYMERS:
 Characteristics of Piezoelectric polymers:

) small piezoelectric d constants (for actuators)
and large g constants (for sensors),

b light weight and soft efasticity, good acoustic
impedance matching wilh water or the human
body.

¢) low mechanical quaity factor Q, , allowing for
a broad resonance banawidth.

 Example: Polyvinylidene difuoride (PVDF), PVDF-TIFE.

i 5 St e o 10
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PIEZOELECTRIC MATERIALS:

COMPOSITES:

J Piezoelectric ceramic + Polymer phase

J 1-3 piezocomposite, &.9. PZT-rodt / polymer composite widely used.

1 Acoustic match to tissue or water of piezoceramic improved by forming a
composte structure.

J Applications: underwater sonar, medical diagnostic ufrasonic transducer

applications.

THIN-FILMS

1 2n0 and AIN used for thin film depostting,

0 Applications: bulk acoustic and surface acoustic wave devices, micro-
transducers and actuators.
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PIEZOELECTRIC DEVICES :

A Pressure Sensors / Accelerometers / Gyroscopes :
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PIEZOELECTRIC DEVICES :

Piezoelectric Vibrators
» Size & shape of device important (both vibrational mode & ceramic material)
» Hard piezoelectric ceramies preferred (high mechanical qualty factor)

Flg, 7.0 Piozoclociric buzzer,

Ultrasonic Transducers

» Employs piezoceramics as well as magnetostrictive materials
» Hard piezoceramics with high Q. preferred

» Liquid medium used for sound energy transfer

Resonators/ Filters

» At resonant frequency, piezoelectric body absorbs more energy than at other
frequencies resulting in a dramatic decrease in impedance.

» bandwidth of fiter = k¢, k-coupling coefficient

» Sharpness of passband depends on Q,
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PIEZOELECTRIC DEVICES :

C] Surface Acoustic Wave Devices:

» Materials used for Saw devices:
ithium niobate & lithium tantalate.

Fig. 120 Fundamental strcture of # swrface acoustc wave device,

» Advantages:
{) The wave can be electro acoustically accessed and tapped at the substrate

surface and ts velocity is approximately 10000 times slower than em wave.

2) The SAW wavelength is on the same order of magntude as line
dmensions produced by photolithography and the lengths for both shor
and long delays are achievable on reasonably Sized substrates.

Ly

D] Piezoelectric Transformers:

» Input/Output terminals fabricated
0N piezo-device.

» Input/Output voltage is changed  MCRERERES TR
through vioration energy transfer.
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PIEZOELECTRIC DEVICES :

D] Piezoelectric Actuators:
» Classification of ceramic actuators:

Drive Technique | Actuator Category

Rigid Seryo, cisplacement; | Servo diéplacement | Electrostrictar
displacement, | rensauker ransdce

- On/Offdrive | Pulse drive motor” | Soft piezoelectric
Resonant AC drive Ulirasoric motor | Hardpiezoelectric
(lsplacement

Sarvo
Displacemant
Transduosr

Elagtrostrictive

MAntanrial
{Hyntoronis-fros)

Pulss Drive
Maotor
Bah Fli!ﬁﬁhiﬂhlﬂ

Mt
{lovww parmittivity)
Ultrasonilc

AESONANT ___ AC Motor
STAAIN Dirive y"*\ r‘ Hard Plazoois stric
| 1
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Fig. 7.22 Clazsification of plezoclectric/electroatrictive aciuntors,
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PIEZOELECTRIC DEVICES :

E| Ultrasonic Motors:

Stator

Piaszoslooirioc  Elaatio Vibiator
Plsoa

Elactrical
Input

l___:} Output

High Fresquancy
Powar Supply

Friction  Elastio Siiding
Cont Piaos

Slider/Rotor

Fig. 742 undamental constructiion of an ultrasonic motor,

Merits :

{ Low speed & high forque

2.Quick respanse, wide velocity range, hard brake and no backlash.
3.High power/ weight ratio & high efficiency

4 Compact size & lightweight

5.Simple structure and easy production process

6.Neqligible efect from external magnetic or radioactive fields
Demerits:

1 Necessity for high frequency power supply

2.Less durabity due fo frictional drve

3.Drooping torque vs spead characteristics,
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ELECTROOPTIC DEVICES :

» Electrooptic effect : Change in refractive index with an external applied
electric field

» Applications: lignt valves, beam deflectors, optical displays for optical
communications, solid state aser chips, optical floers,

» Ceramic electrooptic components possess aavantages over LCDs in terms of
their response speed (micro-sec), fallng time, contrast ratio (100), gray scale
(16 scales), abilty to withstand high intensity lumination.

» Demerit: high drive voltage (1 kV) and production cost (§100).

TRANSPARENT ELECTROOPTIC CERAMICS:

» Polycrystalline microstructure of ferroelectric ceramics sintered to  pore-free
State.
» Relaxor ferroelectric- non-linear optic applications.
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TRANSPARENT ELECTROOPTIC CERAMICS:

» Examples;

1] (PbLa)(2r, Tijo, PLET
good transparency in & wavelength range extending from visile to infrared
-opical anisotropy with an applied electric voltage
-volfage required for electrooptic shutler is much less

2] Po(Zn, b, 0, -PIN
«Telaxor ferroelectric

-single crystal form
-Al fransition temperature, can be depoled without any remanent polarization.

3] Pb{Mg, b, -)O, PoTi0, -PN-PT
-Clrie {emperature increases gradually with PhTIO, content crossing room
temperature at x=0.12

» Desired Properties in a new ceramic electrooptic material;

a) ceramic fransparency requires almost zero hirefringence in zero-field state
(1. & pseudo-cubic structure) to Supress light scattering,

b) large fracture toughness may he obtained in a sufficiently dense structure,
¢) large electroaptic effect is manifested by relavor ferroelectrics.
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BULK ELECTROOPTIC DEVICES .

1] Ferpic ( Ferroelectric Picture Memory Device ) :
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Fig. Principle of Ferpic (a) initial DC Poling, (1) wrting process using a photoconduct-
Ve film, © reading process using a pair of parallel polanizers.
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BULK ELECTROOPTIC DEVICES :

2] Eye Protection Application ;
- PLZT gogales for the U.S, Air Force to provide thermal & flashblindness
protection

3] Stereo TV Application :

- |enses consist of pair of optically isclrapic
PLZTdiscs sandwiched between two
crossed polarzers.

- At 2er0 voltage hetween electrodes, light
not transmitted.

-{ransmitted light intensty increases with
applied voltage, maximum at phase
diference of 180deg. between PLZT dis.

2N

UL

=
=

Mudtiayae PLIT

4] Two-dimensional displays :

il

Extarrinl alochoding PLZT samile

2 +0 Display Atmosphaca powdet

Flg B1) Fabrication process far the twi-dimennional PLZT optical fisplay.
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ELECTROOPTIC DEVICES :

WAVEGUIDE MODULATORS :

» Fabrication; depostion of a high refractive index fayer on a substrate

» No difused LINbO, single crystal commonly used.

» Transmitted ight intensity is easlly modulated by applying a relatively low
votage. (e.g. 0.3V -> modulation by 1 rad)

g, B.20 I":Ii:q.'lrtmpm: waveguwdea; (a) planar-type and (b) ridge-iype. 12}
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PTC MATERIALS -

PTC PHENOMENON (Positive temperature coefficient of resistivity effect) :
Drastic increase in resistivity with increasing temperature around Curie point,

» The PTC dopants have higher ionic valence than
-Ba (replaced by La, Sm, Ce or Gd fons)
- T (replaced by Nb, Ta or6i jons)

1] PTC THERMISTORS :

¥ Temperature change detection, Active current controllers
» When self-heated, exhibit a decrease in the curent owing fo alarge increase
In resistivity.
» Applications: over- current/voltage protectors, starting switches for motors, automatic
demagnetization circuits for color TV,
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¥ capactors made of semiconductive BaTi0,
ceramics with highly resistive grain houndares.
» exhiits excellent freqency characterisclics
» Used as a wide handpass filtr,
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2] GRAIN BOUNDARY LAYER CAPACITORS : %
|

Fig, 99 Model of the gruin boundary layer capacitr
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COMPOSITE MATERIALS .

» Connectivity

» Composite Effects :
- Sum effect
- Combination effect
- Product effect

Pl 101 Clsslcton f 1w s compones wih v 0 comgan

Tilia 10,01 Compoaiie eflech) diisi, comblaation md product of fect

(v} Sum Effaet
P 1 | X—= ¥y
Phase 2 : X —= Y3 ] j

(b} Combiration Ll

Phasg 1 | ¥ —= Y72
Phasn 7 K —= Yaigy | ¥ (YY"

T
‘_-\\ .

Pagg | Phiss 2

[0} Product EHict

Phhisia 1% = ¥
Phuige 21 ¥ =2 2
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PZT-POLYMER COMPOSITES :

» Polymer PVDF used for sensor applications.

»PVDF not used for avtuators or high power transducers due to small
piezoelectric d constants and small elastic stiffness

» Advantages of PVDF-PZT composites: high coupling factors, low acoustic
Impedance, good matching to water! human tissue.mechanical flexibity, broad
bandwicth.

PZT COMPOSITE DAMPERS :

y Principle ;

{]vibration transmitted to piezoelectric material

2] vibrational energy converted into electrical energy through piezoelectric effect
3] Ifa proper resistor Is connected, the energy converted into electricty is

consumed as Joule heat by the resistor.

4] The energy converted hack into mechanical enerqy is reduced, so that
vibration can be rapidly damped.

9] Damping takes place most rapidly when the series resistor is selected such

that the impedance matching condtion R=1/2"pI"f*C , is satisfied.
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SUMMARY :

Applications of Ferroelectrics :

-High permitivity dielectrics -Electrooptic devices
-Ferroelectric memories -PTC materials
-Composite materials -Pyroelectric devices
-Piezoelectric devices

Present market shares of ferroelectric devices :
Capactors, Piezoelectric devices, Thermistors.

Promising areas :

-Electromechanical devices (piezoelectric actuators, ulrasonic motors)
-Thin film hybrid sensors

-Electrooptic devices

Reliability issues of ferroelectric devices :
-Reliabilty of ceramics

-Reliability of devices

-Drive techniques







