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1. Ferroelectric Polymers

Poly(vinylidene fluoride) & Copolymers

Odd Nylons & Cyanopolymers

VDF Oligomers

Polyvinylidene
Fluoride, PVDF

4

PolyVinyliDene Fluoride (PVDF)

Ferroelectric “β” Phase
Orthorhombic

(Quasi-Hexagonal)

net dipole
moment

F
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[[CC22HH22FF22]]nn

• Piezoelectricity discovered (Kawai, 1969)
• Ferroelectricity established ca. 1980
• Ps ≈ 0.1 C/m2, TC ≈  200 °C
• Chemically inert and stable
• Kynar®, Solef®, Floraflon® …
• Piezo transducers, Membranes, Paint
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XX

Ferroelectric CoPolymer
with TriFluoroEthylene (TrFE)

Koga & Ohigashi
J. Appl. Phys. 1986 

PVDFTrFE

P(P(VDF-TrFEVDF-TrFE))
[[CCHH22-CF-CF22]]xx[[CCHHF-CFF-CF22]]1-x1-x

Paraelectric

Ferroelectric

6

Paraelectric Phase

Disordered Conformation
Hexagonal Crystal

 
(Bellet-Amalric, Europhys. J. B, 1998)

alternating
trans-gauche

TGTG

NOT this 
ordered

“α” Phase

Random
trans-gauche
(TG)x(TG)1-x
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Polymorphous Samples

Wang, Herbert & Glass (Chapman & Hall, 1988)

Lamellar Polycrystal

PVDF crystallizes from solution into
lamellae embedded in an amorphous matrix.

250 nm

(Fukuma et al., Jap. J. Appl. Phys., 2000)

PVDF-TrFE
AFM

Extended-Chain Polycrystal

Hot-Stretching and Electrical Poling improve
crystallinity and alignment.

100 µm

Ohigashi et al., Appl. Phys. Lett. 66, 3291 (1997)

PVDF-TrFE

PVDF

8

Lamellar Nanocrystal (TEM)

aa  

b b 

(M. Bai, J. Phys.: Cond. Matter, 2007)

200 nm

70/30 copolymer, Transmission Electron Microscopy
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Monoclinic Lattice
chains in plane of image

a = 9.06 Å, b = 5.18 Å, c = 20.4
β = 93°, γ = 90°

Planar Nanocrystals

70/30 copolymer, electron diffraction

(M. Bai, J. Phys.: Cond. Matter, 2007)

[010]

a*

β

c*
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2. Langmuir-Blodgett Films

LB Technique

Film Structure

Two-Dimensional Ferroelectricity
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Langmuir-Blodgett Deposition

moving barrier

purified water

moving barrier

moving barrier

purified water

moving barrier

Dissolve polymer

Let solvent evaporate

Ready for Transfer.

Disperse on water surface

Compress
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P(VDF-TrFE 70:30)
25 °C
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Horizontal
LB deposition

Ferroelectric Copolymer LB Films

Key Features
Monolayer Control
Non-Lamellar
Highly Oriented
Highly Crystalline

Electrode

Electrode

Substrate

70/30 Copolymer
[C2H2FF22]70[C2HFF33]30

Qu et al., Appl. 
Phys. Lett., 20034 nm
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x-ray
diffraction d = 4.5 Å

150 MLChoi et al., Phys.
Rev. B, 2000
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Film Thickness

Ellipsometry:
Thickness 1.8 nm per layer
Refractive Index 1.5

Reciprocal Capacitance:
1/C ~ thickness
Dielectric constant 10
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(M. Bai, J. Appl. Phys. 2004)
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Phase
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M. Poulsen, BS Thesis, 2000

(Matt Poulsen, B.S. Thesis, 2000)
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Field-Induced Phase Conversion

70/30 co-polymer 
100 °C

(Poulsen et al., submitted, 2007)
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Field-Induced Phase Conversion
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Piezoelectric & Pyroelectric

Bune et al., Phys. Rev. B, 1999
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Two-Dimensional Ferroelectrics

Transition Temperature TC
&

Remanent Polarization PS

Are nearly independent of thickness.
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Monolayer Films
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Intrinsic Coercive Field

70/30 Copolymer LB Films
≤ 15 nm thick
Nucleation Suppressed
Intrinsic Hysteresis Loop

-0.1

0.0

0.1

-100

-50

0

50

100

-1.0 0.0 1.0

Electric Field E (GV/m)

P
o
la

ri
z
a
ti
o
n
 (

C
/m

2
)

P
y

ro
e

le
c

tr
ic

 
C

u
rr

e
n

t 
(p

A
)

0.01

0.10

1.00

1 10 10
2

10
3

C
o
e
rc

iv
e
 F

ie
ld

 (
G

V
/m

)

Thickness (nm)

intrinsic

0.0

0.2

0.4

0.6

0.8

1.0

-20 0 20 40 60 80 100

C
o
e
rc

iv
e
 F

ie
ld

  
E

c
 (

G
V

/m
)

Temperature (°C)

Fits LGD Theory
Magnitude:  EC ≈ 0.2PS/εεo

Temperature Dependence
Thickness Dependence

22Structure & Properties of Ferroelectric Polymers at the Nanoscale

NCMN
Nebraska Center for Materials and Nanoscience

Uni versity of Ne brask a

3. PVDF Analogs

Common Features

Cyanopolymers

VDF Oligomers
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Other Polar Polymers

Common Features
Narrow Rod-Like Polymers

Fixed Electric Dipole

Odd Nylons (m odd)
[(CH2C=O)-(C2H4)m]n

Fluorine Replacement [CH2-CF2]
Chlorine analogs [CH2-CCl2]
Cyanide analogs [CH2-C(CN)2]]

Nylon 11

24

• Chemical analogs PVDF
(CH2-CF2)

• Replace F with Cl, CN,

• Methyl groups (–CH3) to
increase amphilicity (for
better LB films)

• Polymers & Copolymers

+

CyanoPolymers

-

+

PVDF PMVC

P(MVDCN-VAC) P(VDCN-VAC)

P(MVC-AN) P(MVC-VDC)

CN

O

F

H Methyl
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(Wang et al. 1987)

• P(VDCN-VAC) 

• “Ferroelectric-like” transition

• Actually -- Melting

Cyano CoPolymer

P(VDCN-VAC)
VinyliDene CyaNide

-co-
Vinyl ACetate

26

Cyanopolymer Isotherms
Improved LB – PMVC, P(MVDCN-VAC)

Reversible Isotherms, Near 1:1 transfer

(Matt Poulsen, PhD Dissertation, 2007)



14

27

PMVC Cyanopolymer

• No FE-PE Transition

–250 °C to 180 °C

• Melting Transition

         Tm = 175° C

(Matt Poulsen, PhD Dissertation, 2007)

PMVC

STM -- 1 ML PMVC 
(Xiao , J. Phys. Cond. Matter, 2006)  

28

On Heating
• P(MVCDN-VAC)
• Stable 25 °C to 175 °C

Polarization
Stability

Field Cooling
• Cool in Field from 170 °C
• Reversible
• Stability at 25 °C
• PMVC and  P(MVCDN-VAC)

(Matt Poulsen, PhD Dissertation, 2007)
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Polarization Reversal
• Slow Switching (minutes) at

lower temperature
• Stable at high Temperature

Hysteresis Loops

(Matt Poulsen, PhD Dissertation, 2007)

30

VDF Oligomers

Matsushige et al., Kyoto U.
Evaporated Films
CH3-[VDF]17-I

(Noda et al., 1999)

Structure

(Noda et al., 2003)
Switching
(500 nm)
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VDF-Oligomer Structure
Structure

CH3-(VDF)15-I
Similar to PVDF

a = 4.78 Å (4.91 Å)
b = 8.59 Å (8.58 Å)
c = 2.60 Å (2.56 Å)

out-of-plane XRD

in-plane XRD

(130), (200)

(020), (110)

Chains Perpendicular  |
Polarization in Plane ––>

20 ML film
4 nm/ML

(Kim &
Wang)

32

VDF Oligomer Spectra
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60%
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60%
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38%

Model
CH3-[VDF]8 -I

Spectrum
CH3-[VDF]15-I

(Korlacki & Johnson)
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4. Ferroelectric Memories

Capacitors

Field-Effect Transistors

All-Organic Memories

Nonvolatile Memory (M.F.I.S.)

MMetaletal

FFerroelectricerroelectric

IInsulatornsulator

SSemiconductoremiconductor

Principle
Ferroelectric film acts like
a programmable gate bias.

‘Write’ Method
± gate bias

‘Read’ Method
Capacitance (slow)

Gerber et al., J. Appl. Phys., 2006

‘ON’

‘OFF’

36 nm 70/30
10 nm Silicon oxide
n-type silicon
(NA~1016 cm-3)
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Ferroelectric Field-Effect Transistor
Allows fast, nondestructive, Readout

Sample Construction
• 19 nm 70/30 copolymer
• 10 nm Silicon oxide
• n-type silicon  (NA~1016 cm-3)

36

All-Organic Ferroelectric Memory

Naber et al., Nature Materials, 2005
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5. Nanoscale Properties

Pyroelectric Imaging

Piezoelectric Imaging

Nanoscale Polarization Manipulation

38

Piezoelectric Imaging

Sergei Kalinin, Oak Ridge National laboratory (nanotransport.ornl.gov)
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Kyoto U.

K. Kimura et al., Appl. Phys. Lett., 2003

1 µm

Direct Writing 1

1.5 µm

40

Direct Writing b

Kyoto U.

VDF Oligomers
I(VDF)17CF3
37 nm thick

Kyoto, Noda et al. Jap. J. Appl. Phys., 2001
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Piezoelectric Scanning
Microscopy (PSM)

16nm
  4 µm

Amplitude Image Polarization Patterning

(Rodriguez et al., Appl. Phys. Lett 2007)

42

PSM Resolution
5 nm

Imaging and Resolution

50nm
16nm

21nm

Grain Sizes
Domain Sizes

30-40 nm

10 ML PVDF-TrFE
on pyrolytic graphite

(Rodriguez et al., Appl. Phys. Lett 2007)
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Topography PFM amplitude PFM phase

0.8 µm

Domain Writing
10 ML PVDF-TrFE
on pyrolytic graphite

Patterned with ±10 V bias

(Rodriguez et al., Appl. Phys. Lett 2007)

44

Single-Point PFM Measurements

Amplitude Phase Hysteresis

Bias (V)

PF
M

 A
m

pl
itu

de
 (a

rb
.)

10 ML PVDF-TrFE
on pyrolytic graphite
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150 nm

450 nm

450 nm

120 nm

150 nm150 nm

Topography Amplitude Phase

(1)

(2)

(3)

(4)

+7 V

-7 V

450 nm 450 nm

450 nm 450 nm

120 nm 120 nm

PFM on
Nanomesas

Poster:  Kim et al.
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Ferroelectric Nanomesas

Spontaneous Formation

Crystal Structure

Polarization Hysteresis

Formation Mechanism
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Ferroelectric Nanomesas
& Nanowells

AFM  Images

AFM Profiles (±10 nm)

Nanowell

130 nm130 nm
10 nm10 nm

Created from vinylidene fluoride copolymer Langmuir-Blodgett Films
Annealed in the Paraelectric Phase

Bai, et al., Appl. Phys. Lett. 85, 3528 (2004)

100 nm100 nm

9 nm9 nm

Nanomesa

2 µm
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X-Ray Diffraction
• All-Trans ‘β’ ferroelectric phase structure
• Higher crystallinity than continuous films

Crystalline Ferroelectric

Polarization Reversal
• Hysteresis Loop
• Dielectric ‘Butterfly’ curves

Nanomesa Properties
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Phase
Coexistence

Coexistence Region

Approx. 60 °C to 100 °C (70/30 copolymer)

Ferroelectric
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Poulsen, B.S. Thesis, 2000
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Full Nanomesas in the
Paraelectric Phase
(Still Crystalline)

Formation
Conditions:

Void Area in the Mixed
Ferro+Para phase

No Nanomesas in the
Ferroelectric Phase

Plastic
Crystalline

Flow
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(4)

Allows Flow Perpendicular to the Chains

c

(b)

2. Regular TG conformation, orientational disorder-static
1. Regular TG conformation, orientational order-static

alternating ‘trans-gauche’
TGTG

(1) (2)

(3)

‘CONDIS’–Conformational Disorder

4. Conformational TG disorder-dynamical (CONDIS).
3. Conformational TG disorder-static

52

Modeling Nanomesas

Li et al.,Li et al.,  Appl. Phys. Lett., 2005, 2005
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6. Switching Dynamics

Extrinsic Switching

Intrinsic Switching

Switching Nanomesas

Extrinsic Switching Speed

Kolmagorov-Avrami-Merz Form

! 

log(") = A +

a

T
# b

E

Furukawa et al., Jpn. J. Appl. Phys., 1985

! 

Current =
dP

dt

Log(t)

Charge
(C/m2)

Switching Transients

P(PVDF-TrFE)

1/E (m/GV)

Log(t, sec)

Time Constant
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Extrinsic Switching in PVDF

Dipole Rotation
Very Fast > ~1 ps

Furukawa et al. 1984

Domain Growth 
within each crystal

medium fast > ~100 ns

Evolution of
polycrystal switching

> 1 µs

Kink Propagation
along the chain

Fast > ~1 ns

56

Switching in LB Films

Slow Switching
Suppressed Nucleation
Intrinsic coercive Field
34 s @ 14 V

Fast Switching
Sufficient Nucleation
Reduced coercive field
1.3 µs @ 5 V
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!

Ducharme et al., AIP Proc. Fund. Ferro., 2000
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Intrinsic Switching Dynamics
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Critical Behavior:  Temperature
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60

Phase Transition Kinetics

Furukawa et al., Jap. J. Appl. Phys, 2000)

PVDF-TrFE 65/35
quench

heat abruptly
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Nanomesa Switching

(C. Othon, PhD Dissertation, 2005)

PSMA

PSMA is poly(styrene-co-maleic anhydride)

50 µs
16 mC/m2

10 V

Double-Pulse
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7. Pyroelectric Scanning
Microscopy (PSM)

Method

Bat Ears

Nanoscale
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Pyroelectric Scanning Microscopy
(PSM)

Polarization Imaging
Spatial resolution 1 µm
Future resolution 50 nm
time resolution 1 µs

Device Characterization
Noninvasive
Local and global
Suitable for production line

Brad Peterson, B.S. Thesis, 2004
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-80
-60

-40

-20
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2 mm

-0

Pyrocurrent
(pA)

64

Dynamic PSM
0 sec 3 sec

5 sec 9 sec

P = +P0

start halfway
through

reversed
fully

P = –P0

P ≈ 0

P < 0

Candice
Bacon
1998 
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Edge Enhancement (Bat Ears)

Edges Polarize First
Partially polarized
Field Enhancement on top
electrode edges
20 ML thick

Peterson et al., Ferroelectrics 2004
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-100

-80

-60

-40
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X (microns)Y (microns)

pA

Sample 37
2+12+2 on glass
9/1/00

4 mm4 mm
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Laser Depolarization

Focus Laser Beam
Heats to ~130 °C

Depolarizes the film
Repolarize Electrically

 
1 mm1 mm

PSM
Image

C. Othon, PhD Dissertation, 2005
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Nanoscale PSM

High Resolution (expect 250 nm)
 Blue Laser (405 nm)
 High-NA Objective (0.85, 1.25)
 High-Frequency Modulation (0.5–5 MHz)
 High-Resolution Piezo X-Y-Z Stage

Beam Splitter

Photodiode XYZ Piezo stage
(Thorlabs Max 311)

Microscope
Lens

Iris

Semiconductor Laser
(PowerTech 405 nm)

Poster:  Stephens et al.

500 nm step1 micron step

100 nm step200 nm step

250 nm step

Resolution & Repeatability

Poster:  Stephens et al.
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Nebraska Center for Materials and Nanoscience

Uni versity of Ne brask a
Future…

 Materials
 New Organic Ferroelectrics
 Nanomesa Formation Dynamics

 Ferroelectricity
 Nanoscale Ferroelectricity
 Switching Processes
 Modeling

 Applications
 Nonvolatile Memories
 High-Energy-Density Capacitors
 Infrared Imaging Arrays
 Ultrasonic Imaging Arrays
 Microfluidics

“I am strangely tired, not
from having talked so much
but at the mere thought of
what I still have to say.”

--Albert Camus, The Fall


