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Frozen quasipermanent
dipole orientation

Amorphous dipole and semicrystalline
ferroelectric polymer electrets
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Basic concepts for amorphous dipole electrets
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Amorphous piezo- and pyroelectric
dipole electrets

P(VDCN-VACc) P(S-MA)-DR1

£ cHo— cH— CH— cHF
— — — 3 CH2™ CH™ GH™ GH™ backbone
©GH—CHy— CH— CHa ™,

I OéC\ /C%O
I //C C\\ OCOCH3 $3H6 spacer
a N N ~ CoHs
ETD\CHs
g A- 7D dipole
NO
glass transition T, 180°C 140°C
frozen polarization P; 55mC/m? 7.8mC/m?
pyroelectric coefficient p  20uC/m?K 1.3uC/m2K
piezoelectric coefficient d;; 8pC/N 1.1pC/N

at a poling field of 50V/um
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Dielectric properties of
amorphous dipole electrets I

o-relaxation

.. Ag
i [1+{ia)ra(T)}”]q

&,  high-frequency dielectric constant
Ag ~ Ny’ | 3g,kT : dielectric relaxation strength
IN : dipole density

Dielectric function &

M : dipole moment

7 _(T) : temperature-dependent relaxation time
P>9q : shape parameter of the dielectric relaxation peak
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Dielectric properties of
amorphous dipole electrets IT

o-relaxation

Temperature-dependent dielectric relaxation time

B
Tt (T)=A4 exp[ j
Ti-T,/T,|
A : time factor
B : activation temperature
T, : glass transition femperature
T, : fictive temperature
o
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Dielectric properties of amorphous
side-chain dipole electrets
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Frozen polarization in
amorphous dipole electrets

Polarization at T>Tg

i P=¢gy(e,+Ae)E,
1 E : poling field

Polarization at T<Tg

P=c¢e¢ E,
Frozen polarization
P, =&g)AcE
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Piezo- and pyroelectricity: Definition

oD. oO¢ oD
I dia = - = . P; =
: oo oE. " oT
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(04 1

D, : dielectric displacement
E; : electric field

€, mechanical strain
O, : mechanical stress
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Piezo- and pyroelectricity in
amorphous dipole electrets

l+v(ie +2 2 l+v(ie +2 2
d,, = == _ZB.P - ) N
> 1—1/( 3 sjﬂx r b l—v( 3 sja" !

V : Poisson ratio
B, : linear compressibility

o, : linear thermal expansion coefficient

0
SoocooaP PCMR-school Wierzba May 2004



Pyroelectric coefficient of an amorphous
dipole electret vs. poling field

pyroelectric coefficient (MC/m2 K)

0O 10 20 30 40 50 60 70 80
poling field (V/um)

Fluorinated poly(2,3 bis tri fluoromethyl) norbornadiene
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Semicrystalline dipole electrets

Nylon 7 Polyurea
£~ NH—C-1 Hom-1n OS> CHy—<S>—C—NH3,
I O °
; PVDF P(VDF-TrFE)
& CHs— CFy 3, &(CH 5—CFp), -—(CHF—CF2) 3
remanent polarization
65 mC/m? up to 100 mC/m?
pyroelectric coefficient
25 pC/m?K up to 40 uC/m?K

piezoelectric coefficient
30pC/N up to 35pC/N
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Single-crystalline and liquid crystalline
pyroelectric polymers

DNP-MNP Siloxane-LCP
€c—c=c— c = T
<0 — Si ¥ O — Si(CH,),
¢H2 ?Hz | |

QH) 14 §M2

0
N02\© N02\© O Oy \{j

NO CH3 © CHs
|
i
H,— C— H

C 3
CH,— C— H
pyroelectric coefficient C,H,
1.2-3.2 uC/m?K 50 uC/m?K
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Molecular, chain and crystal structure of the
ferroelectric B-phase of PVDF

* Polyvinylidene fluoride (PVDF)

H H
/
\
A FF
M
H
chain structure
| —————
c =256pm
b =491pm® 'E Ps =130mC/m> -crys‘ral structure
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Preparation of ferroelectric PVDF films

PVDF from melt

e spherulites
(a-phase)

1

stretching

uniaxially stretched PVDF

/C7 oriented

B= molecules
| (8-phase)

non-oriented dipoles

|

electric-field poling

poled PVDF
@\ electric field oriented
? o molecules
stretching direction (8-phase)
EES=EE=ESE

dipoles perpendicular to the film plane
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Temperature-dependent dielectric constant ¢
of a 65/35 P(VDF-TrFE) copolymer
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Dielectric constant ¢’ of 70/30 and 56/44 mol7
P(VDF-TrFE) copolymers versus temperature

first-order phase transition
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temperature (°C)

-50

PTrFE

|
0

anti-ferroelectric S/ ferroelectric
phase Y phase
Jaf
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VDF content (mol%)

100

PVDF
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Phase diagram of (PVDF-TrFE) copolymers

: melting femperature

. crystallization temperature

: Curie temperature on heating
. Curie temperature on cooling

. ferroelectric-antiferroelectric

transition
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Ferroelectric hysteresis loop in as-cast and
annealed 56/44 P(VDF-TrFE) films

* Improved crystallinity in annealed films ==>
increased remanent polarization
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B. Ploss and B. Ploss, IEEE Trans. Diel. Electr. Insul. 5, 91 (1998)
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Composition dependence of the remanent
polarization P, for P(VDF-TrFE) copolymers

* Highest crystallinity between 60-80 mol7% VDF =

largest remanent polarization
140
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Polymer structure with ferroelectric
crystallites

negative
charges

T
0
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D

amorphous oriented
region — dipoles
positive
charges
semicrystalline crystallite with compensation charges

polymer structure  at the interfaces between amorphous
and crystalline regions

symmetry class: mme, C

oV

prezo- and pyroelectricity in charged polymers?
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Pyroelectric relaxation in PVDF

* Pyroelectric relaxation ==>
time- or frequency-dependent pyroelectric coefficient
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B. Ploss and A. Domig, Ferroelectrics 159, 263 (1994)
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Thermal stability of pyroelectricity in PVDF under
cyclic increase and decrease of the temperature

* Irreversible decrease of the pyroelectric response
well below the Curie transition

- Detrapping of compensation charges reduces polarization
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S. Bauer and S. Lan_g, IEEE Trans. Diel. Electr. Insul. 3, 647 (1996)
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Thermal stability of the remanent polarization in a
70/30 P(VDF-TrFE) copolymer

* High crystallinity of the film =>
small irreversibilities of the pyroelectric response
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A. Wicker et al., J. Appl. Phys. 66, 342 (1989)
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Experimental set-up for measuring the local
strain in a ferroelectric polymer

hysteresis loops
in films with different

Microscopic ferroelectric properties
of P(VDF-TrFE)

Microscopic

crystallinity

strain-field
hysteresis

crystallinity

N

>80%

X

80%

X

60%

<10%

aatrococooopoos
Dielectric Hysteresis

S
W/E;
7T

Butterfly Loop

Li-Jie et al., Physica B 204, 318 (1995)
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Composites of ferroelectric polymers and
ferroelectric ceramics
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Both phases poled parallel Both phases poled antiparallel
B. Ploss et al., Applied Physics Letters 76,2776 (2000)
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Relaxor ferroelectric copolymers

- Hysteresis loop before and after - Dielectric constant and
| irradiation with 3MeV electrons loss of an irradiated film
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Preparation of ferroelectric polymer bimorphs
by two-step poling
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Two-step poling in
amorphous polymer electrets
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Improved ferroelectric polymers?

Replace C by Band N  ==> increased piezoelectric coefficients

still awaits experimental verification

DO
M\ P PCMR-school Wierzba May 2004

SOOG)OCI



Summary

Amorphous dipole electrets

| ]

- frozen quasipermanent polarization

- small piezo- and pyroelectric coefficients
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Summary

Semicrystalline, ferroelectric dipole electrets

!

- interplay between volume charges and
ferroelectric polarization

- piezo- and pyroelectric relaxation

Relaxor ferroelectric polymers

!

- large electrostrictive response
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