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What are Ferroelectrics?

Piezoelectricity:
APaul and Jacques Curie ~1880
Ageneration of electricity as a
result of mechanical pressure
and vice versa.

Pyroelectricity:
A Ancient Greeks in tourmaline
ASir David Brewster 1824
Aspontaneous polarization
whose amplitude changes under
the influence of a temperature
gradient.

Ferroelectricity:
Adoseph  Valasek 1920 in
Rochelle Salt®
Adirection of polarisation can be
reoriented by application of an
electric field.
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() Rochelle Salt, or is @lo | y ¢ h dedved feoi the greek "~ e g6 ) da Uas G
invented by Elie Seignette as a mild purgative in 1665 in La Rochelle, France.
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The Discovery of Ferroelectricity: Joseph Valasek
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The first published hysteresis curve as a dielectric and steel as a
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/ / Phys. Rev. 15, 537 (1920):

y } € fpermanent polarisation _is _the
\ natural statedof Rochelle salt. (Master
1 Thesis)

ALy

— W - Phys. Rev. 19, 478-491 (1922); fPiezo-electric activity of Rochelle
W W e 6 1 % o salt under various conditionso(Ph.D Thesis).

PIELOELECTIC TRSPONSE w TETIPTRATURE ATemperature dependence of piezoelectric response
Piezoelectric activity of Rochelle salt vs. Anarrow temperature range of high piezoelectric activity

temperature indicates the existence oftwo  Aindicating the existence of phase transitions (Curie Point)
phase transitions
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BaT|O3 - the first man-made ferroelectric perovskite , 1942
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NI ] L Spontaneous Polarisation:
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G \ rhombohedral orthorhombic tetragonal cubic
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BaTiG; crystal structure
above (a) and below (b)
the phase transition \ |
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antiferroelectric” ferroelectric paraelectric

“In an antiferroelectric, unlike a ferroelectric, the total, macroscopic spontaneous polarisation is zero, since the adjacent dipoles cancel each otherout g
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(Ba,Sr)TiO3 | the Shift of the Curie Temperature, 1946

‘l ABy substituting the the A-site atom (Ba-

i atom) with Sr the Curie temperature, T, can
| be shifted down from 130°C to around room

| temperature .

AThe linear drop of T, is ca. 3.4°C per mol%.

Curie femperafure °K

L
1 _ AJ . .
‘Y w w @ w w Realisation of the
SrTily mole % I]IJI:> paraelectric state at and
Temperature of phase transition in solid below room temperature.

solution of (Ba, Sr)TiO3 vs. composition
(Rushman and Strivens, 1946)

Attractive candidate for voltage tunable devices like varactors, phase shifters, DRAMs
etc., where the ferroelectric crystal or thin film should be in the paraelectric state viz.
the operating temperature should be above T,
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Landau-Theory

The Theory of the non-linear Response of Ferroelectrics

a b F: Helmholtz free energy
F=— P2 + P4 + g P6 - EP P: macroscopic polarization
2 4 6 E: macroscopic electric field

U: Temp. dep. material constant
b, 2: Material constant

%:0=> E=aP+bP*+P° T =
L

E=a,(T- T,)P+b6P°+g°

Lew Dawidowitsch

Landau
With E=V/d, P=Q/A: V = MQ + @ 3
A A’
A: Area
For a Zero Bias Field: '_ ' D: Distance
' | Q: Charge
dQ A eO(T)A V: Applied Voltage

RV, oo = a(T)d d

WithUo( T)=1/U(T) the temperature dependent

8
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Tunability

The Theory of the non-linear Response of Ferroelectrics i non-zero bias field

n = C ax or N(%6) = Crax = Crin 00
Cmin max
400
It can be shown that the voltage dependent
Capacitance can be expressed as: g 3907
17
S 300 -
CV) = C e 3
- \ o ~ o
€2 . a2v (@ 5 250 1
coshg_sinh 1% Q-1
a3 ¢V A 200 A
150 . l .
Where V, is the applied Voltage -20 0 0 10 20

Bias Voltage [V]
where C(V)=C,,.,/2 .

Theoretical curve of the dielectric response (blue)
compared to measured values of PST 50/50
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There are different kind of loss mechanisms:

A) Extrinsic loss
General in Films:
A Defects and particles in the film

Due to Measurement (and High Frequencies)
A Electrode loss due to the skin depth

A Fringing fields and parasitic capacitances
A Substrate loss

B) Intrinsic Loss (Solid State Physics)

AThree-Quantum Mechanism (1): the energy
quantum of the electromagnetic field ,k¥ , is absorbed
during the collision with two thermal phonons
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AN s b,: Damping ~ 100 GHz
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: : frequency
[ |
[ !

al[ L O '

5 7|
| |
Fo QU @

Electrodes

Low frequency:

tand = i,w-
WCR

PST film

O,tand- w©

High frequency:

AFour-Quantum Mechanism (2): k¥ is absorbed Skin depth: d= 1
during the collision with three phonons AL10 GHz: pms
Al: 814 nm

AQuasi-Debye Loss Mechanism (3): relaxation U 660 A g‘lé'e kc?f tthftT;]bi
T . . -5 skin depths

]?f the Iphohon dIS'[I;;bU'[IOﬂ function (only in the Au: 789 nm Make elections

erroelectric state) Ag: 640 nm happy!
IN. Setter et al.; Polar Ceramics in RF-MEMS and Microwave Reconfigurable Electronics: A Brief Review on Recent Issues; Journal 10

of Electroceramics, 13, 215-222, 2004



Crcmﬁueld

NIVERSITY

Part Il

(Ba, Sr)TiO,
ASol-Gel Synthesis

ACharacterisation and Problems

(Pb, Sr)TiO,
APST 50/50, Preparation, Characterisation and Application
AMn doped PST 60/40, Characterisation
AOxygen Vacancies and Electron Hopping

AEnhanced Tunability and Ferroelectricity

(Pb, Sr)TiO5 on SiO,
AAtomistic Model
AAuger Analysis
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(Ba,Sr)TiO5;1 Sol-Gel Preparation

Barium acetate

Strontium acetate

Acetic acid

Titanium Butoxide

2 h stirring

Ethylene Glycol

Precursor Solution

Spin coating (30 -
sec @ 3000 rpm)

*

Y

Prebake (2 min @ 330 °C)

l

Bake (5 min @ 600 °C)

l

Annealing (10 min @ 700 °C)

‘

BST Thin Film

12
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X-ray Analysis i The Crystallisation of BST

Pt (111) * BaCO,
(110) t perovskite BST
t

(211)

Intensity (arb. Units)

20 25 30 35 40 45 50 55 60
2-Theta [°]

X-ray diffractograms of BST (a) pyrolised at 550°C; annealed at (b) 600°C, (c) 700°C, (d) 800°C, and (e) 900°C for 30 minutes.

13
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“K-Factor = tunability/loss

350.00 1 Tunability vs. Bias Field
+ 0.9 16
300.00
708 14 |
250.00 107
< 12 |
% 200.00 T06 2
S +05 = S 10
g 150.00 Loa s z 8 -
© 100,00 103 2 6
+0.2 ,
50.00 F 4
101 2 |
LI S S B S B B B R p— p— — 0
A N T I S~ -60 40 20 0 20 40 60
Frequenzy [kHz] Bias Field [kV/cm]
AHigh losses above 200 kHz (30-40%)
ATunability ~14% @ 50 kV/cm
Film Diel. Const.  tanl Tunability K i factor?
Pure BSTS50 2714 0.0215 51.87 24.08
BST50:MgO 1277 0.0052 28.48 55.12
Room temperature dielectric properties of the pure and heterostructured BST:MgO films
measured at 1MHz and applied electric field of 25.3 kV/cm . Jain et al.
14
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Cracks T a major problem

AccV Spot Magn Det WD E
120kV 3.0 51144x SE 23.1 1

AccV Spot Magn Det WD Exp |
200kv 3.0 50000x SE 99 0

10.0kV 3.0

g

SIMS-IMT-pct_pt_c_3 8




(Pb, SNTiO, i

4001 -

200

Curie temperature (°C)

—200= =
i

1 | | |
srmio, 0.2 0.4 0.6 0.8  PbTIO,

x (PbTiOg)

Phase diagram for (Pb,Sr)TiO

Lattice parameters for (Pb,Sr)Ti®s. Sr content
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Phase Transition from tetragonal, ferroelectric,
to cubic, paraelectric, at room temperature with
a Pb/Sr ratio of ~50/50

Only one Phase Transition is known
(compared to three in BaTiO5; and (Ba,Sr)TiO4

Easy to realise a crack-free thin film via Sol-Gel
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