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The samples oPb[Zb.ossTb.0110s (PZT 1.1 single crystal and).8Pb[Mg;3sNby3]Os -
0.2PbTiQ(PMNPT20Q ceramics were investigateBMN PT20 ceramics was measured with
the dielectric spectroscopy metho&elaxation peakvasdetectedthat refersto PMN PT20
phase transition.Both samples weremeasured with piezoresponse force microscopy
(PFM). Polarization experiments were providéthe PZT crystal showedl different
piezoelectric response at different areas of the sample surface, which corresponds to its
inhomogeneity.
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List of symbols and abbreviations

AC
AFM
DC
FERAM
MPB
PFM
PMN
PMNPT
PZT
ST™M

Alternative current

Atomic force microscopy

Direct current

Ferroelectric random access memory
Morphotropic phase boundary
Piezoresponse force microscopy
Lead magnesium niobate

Lead magnesium niobatdlead titanate
Lead zirconate titanate

Scanning tunneling microscope

Curie constant

Complex capacity

Air condenser capacity
Rhombohedral ferroelectric phase
Tetragonal ferroelectric phase
Current

Complex current

Real part oturrent

Imaginary part of current
Amplitude of current
Saturation polarization

Time

Curie temperature

Voltage

Complex voltage

Amplitude of voltage
Tip-sample distance

Complex impedance
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Real part of impedance
Imaginary part of impedance
Average height/distance between tip and surfac
Cantilever deflection
Complex permittivity
Permittivity

Real part of permittivity
Imaginary part of permittivity
CurieWeiss temperature
Phase shift
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1 Introduction
Nowadays, the production of electronic devices is experiencing rapid grauh.

constant powelincreaseand miniaturizingequire the introduction of new materials with
advancedproperties for electronic components to follow thexpandingrequirements.
Important types of promisingmaterialsare piezo and ferroelectric materials. They are
interesting for their nechanical and electrical properties, which are used in many electronic

devices.

The mostattractive ferroelectric materials for researchers are complex lead
containing oxide¢ead zirconate titanat¢PZ7 andlead magnesium niobaté®MN)[1]. PZT
materialsevincehigh piezoelectric properties and are easy to produce. That is whyatieey
commonly used in modern devicesvarious fieldssuch as actuators, engines, medical and

geological devices.

PMN materials are mostly used for researnbthods,as theyappear to be model
relaxor class ferroelectrickinlike typical ferroelectric nmtarials, which have distinct phase
transition point, relaxorsshow snooth transition in wide range of temperatures and
frequencies.From the point of view of practical applications, solid solutions of Hlead
containing ferroelectric relaxors with lead titaigaare expected as the most interesting
They demonstrate record piezoelectric properties near the morphotropic phase boundary
(MPB). Recently, it was shown that the relaxor behavior of the Rddltitanate(PMNPT)
solid solution near the MPB is assoemtwith the competition of local interactions:

antiferroelectric and ferroelectric, as well as atomic ordering

However, PZT and PMN materials are widely spre#itere is no complete
understanding of their electric characteristicEhey contain polarization mechanisms
depending on microstructural nature of the materials, investigation of structural phases
and phase transitions, electric behavior of the materials depending on compounds, electric
field and temperature conditiondt was decided tanvestigate PZT and PMN sampies

orderto expand knowledge on some of these problems.

For our research we focused areasuring PZT single crystal and PMN PT20 ceramic
behaviorunder electric field. Two different methods ofthe sampleSinvestigationwere
used They are dielectric spectroscopy (used only for PMN PT20 measuring) and

piezoresponse force microscoffyFM) Dielectric spectroscopgrovidesunderstandng of



dielectric properties in bulk material for wide range of frequencies and temperatbnfelel
allows to investigate response of the sample surface unddtage and temperature

conditions.



2 Piezoelectri-erroelectricmaterials
2.1 Piezoelectric anthversed piezoelectric effect

History

Piezoelectric effect was discovered by two brotherdacques and Pierre Curie in
1880. They noticethat mechanical force applied tguartz andsomeother crystals make
them electricallypolarized. Compression and tension of these crystpisduce voltage
proportional to the applied forcevith opposite diection. The ability of creatinglectricity
after tension wagound in certain crystaJg€eramicsand now alsd&nownin some biological

objects like bones ogenetic codeanoleculescalled piezoelectd materials.

Later they proved the @posite assumption if some voltage is appliedo
piezoelectric materialit enlarges or shortensccordindy to the polarity of theapplied
voltage and its changes angroportional to thevalue of appliedsoltage.This effect was

called inversed piezoelectric effe@}
How it works

The piezoelectric effect can be seen with siengkcuit which contains piezoelectric
material placed betwee metal plates, wires and voltage detect(®ee Fig. 2.1.1Yhe
piezoelectricmaterial should be compressed or squeeztx generate electricity After
mechanical stress,the materialseparates charges insidehat creates electric potential
along it.Metal platescollect charges and put them intbe circuit (Fg.2.1.1) where they
are deteced. In this casepiezoelectric sample behaves like a small battenyless all

piezoelectric materials are netonductive

PZT

Metal plate (lead zircoante

titanate)
x |+
Voltage

= | == == = == ==

L)

Compressing produces
electricity

Figure2.1.1 Detecting piezoelectricifg].
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The inverse piezoeffectcan be seen wherelectrical detectoris replaced by
generator of electricignal (Fg.2.1.2. The applied alternating voltage makeezoeletric
samplemechanicaly vibrate at thefrequencyproduced bygenerator.This effect can create
sound waveslt isworth to mention thatvalues and amplitudes ahechanical stress and
piezoelectricitygenerated by piezoelectric material aquite small Therefore, these
parameters are usually amplified.The amplifications shoulde performed carefully

avoidingthe materialdestruction[3]

/ Sound wave

PZT
(lead zircoante
\
\
"\

titanate)
/
\

. Metal plate
Electrical signals

Figure 2.1.2 Inverse piezoelectric effef3)].

Appliations

Piezoelectric materials are widely usedewveryday lifedevices Device produtton
usestwo typesof piezoelectric materialrygals and ceramic8Both of these typetave
the same piezoelectric propertietike piezoelectric strain coeffarit, electromechanical
coupling and dielectric constantwith smilar values. Piezoelectric crystaksxhibit
anisotropic properties, which meankey have different piezoresponse valugspending
on the at plane relative to the crystal axe®iezoelectric ceraios are pdycrystals
representing a compitaon of disordered domainswith piezoelectric propertiesimilarin
all directions. Therefore, they require larger additional electric field to polarize all their

domains.Also, ceramics are easier teanufacture.

Piezoelectrienaterialsare common for electronic device prodian. Theyaremain
components of microphones in cellulphones Piezoelectric crystatarn soundenergy of
the voice into electrical signalhis signal is set other phoneequipped with the same
piezoelectric crystalNow, electrical signal iganderred back into the sownd. Same
principle is used in sonarfhey measure distances to thabject by producing anceceiving

sound.Additionally, piezoelectric materialare usedin medicalfield for ultrasonicdevices.
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Other applications are force and displacement sensorsshaicaldrivers motors and
actuators.Nowadayspiezoelectricthin films are coming more and more populdrecause

of their tiny sizesand variation of piezoresponse parameters in \wide range Their

LINE LISNIASaQ Ay@gSaidAaalriaarzy FyR SELISNAYSyGa
research topic$4][5].

2.2 Ferroelectric effect
Main idea

The ferroelectricity was first discovered in Rochelle salt (KN&@& @) by
Valasek in 192Ferroelectricity is an effect of spontaneoekectric polarization in certain
materials.This polarization appears domainsandcan be reversetly applied electric field
(Fig2.2.1) Ferroelectricity was called analmgslyto ferromagnetism, which is shown in
tiny magnets aligned to magnetic domains that can be orienteeXygmal magnetic field.
That appearé some materialssuch as iron. Like polarized domains in ferroelectrics, these

magnetic domains could be reorientedtivapplication ofexternalmagnetic field6][2].

before poling, Pr =0 after poling, Pr #0

Figure 2.2.1. Ferroelectric domains before and afijgplying electridield [7] .

Polarizationappears when centers of positive and negative chargm crystal
structure are separatednddipolesare createdbut of eachelemental crystal ce(Fig2.2.2
right). The combination of these dipolesunite in domains withpositive andnegative
electric charges ondifferent ends of them. Each domairhas random direction of
polarization, so irtotal the material is unpolarized. Moreer, the domain orientation

could be ontrolled by external electric fill.
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Figure 2.2.2Qystd structureof PZTtype ferroelectri¢c above and below Curie poif4].

The presence of a certain crystal structuran explainsome specific electrical
properties of different materialsAccording to crystallographyeifroelectric materials are

subtypeof pyroelectric materialsAll of themare piezoelectricéseetable 2.2.1).

Table 2.2.1Types of materials due to their crystal structyigs.
32 Crystalline classes
21 noncentrosymmetric 11 centrosymmetric
20 classegpiezoelectric
10 classepyroelectric

ferroelectric non ferroelectric
e.g. :Pbzr/Tiq e.g. :-Tourmaling

BaTiQ PbTi@ ZnQ AIN

non pyroelectric . .
non piezoelectric

e.g. :Quartz Langasite

Crystalstructures are divided into 32 point groups crystallography21 of them
are noncentrosymmetric.20 of these groups are piezoelectrigs., they create electric
dipoles when mechanical stress is appliétiere are 10 groupamong?20 piezoelectric
point groupswhich havepolar axis It providesthe material definite polarizationvith no
dependence on type of applied stressgchanicaltension or electric field These materials
are called pyroelectricssome ofthem have ferroelectrigoroperties. In fact there is no

structural difference between pyroelectric and ferroelectric materials
Electric properties

Ferroelectric materials show spontaneous electric polarization after external
electric field is appliedTheyleave some residualgbarizationafter turning off theapplied
field. Residual polarizatiomppears in noflinear dependenciesof polarization through

electric field(Fig2.2.3 [9][10].


https://en.wikipedia.org/wiki/Crystallographic_point_group
https://en.wikipedia.org/wiki/Centrosymmetry
https://en.wikipedia.org/wiki/Piezoelectricity
https://en.wikipedia.org/wiki/Pyroelectricity
https://en.wikipedia.org/wiki/Lead_zirconate_titanate
https://en.wikipedia.org/wiki/Barium_titanate
https://en.wikipedia.org/wiki/Lead_titanate
https://en.wikipedia.org/wiki/Tourmaline
https://en.wikipedia.org/wiki/Zinc_oxide
https://en.wikipedia.org/wiki/Aluminium_nitride
https://en.wikipedia.org/wiki/Quartz
https://en.wikipedia.org/wiki/Lanthanum_gallium_silicate
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Figure 2.2.3. Palizationversuselectricdensitycurve of ferroelectri¢8].

Polarization versus the electric field occurs as a hysteresisftodigrroelectrics
Therefore polarization of ferroelectric is increasingitil some saturation valud with
increasingof electric field Polarizationdecreases slowlwhen the field gets weakeZero
electric fieldcausesemnant polarization P, in ferroelectric The reverse change deld
reorientateselectric dipolesTherefore polarizatiorbecomeszerowith certain field, called
coerciveelectric field E. If the reversed field camues increasing, polarization will again
reachits saturation but in opposite directiofhesame behavior isbservedwhen electric

field returns to initialdirection.

Transitions

Ferroelectric stateexistsat low temperatures, as atigh temperatures there is no
spontaneous polarizatiorThe disappearancef ferroelectric properties turns at certain
temperature Tc. Thecrossingof this point leads to change in thmaterial to paraelectric
state, called Curie pointThe crossing this point leads to change in the material to

paraelectric statg2][11].

Moreover, ferroelectrics have high dielectric constaat both low and high
temperatures. Permittivity of these materials follows CurMeiss lawpresented by
equation (1) C

/

~T-9)

m

1)
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where Cis Curieconstant and’ is CurieWeisstemperature. Therefore relative
permittivity curveshowshigh peak at transition temperatur@-ig2.2.4. Different factors
can influence orpermittivity values e.g.the sampleporosity, the presence of secondary
phases, the level of inhomogeneitgxistence / concentration / location / type ofefects,

grain size, and material conductivity.

T(NN) =

O0N) <
|
SO0N) Ferroelectnc

e

Paraelectric
state

slate

-

g' 4N -
00N :
20000 -.:
1(N) :

R

o T v T ¥ T v 1
405 420 435 450
Temperature (*C)

Figure 2.2.4. Phase transitioh ferroelectric atCurie temperaturg8].

However the shape of this dependencamalsobe different(Fig2.2.5. Sharp peak
showsusud phase transitionbroadened peak corresponds thffused phase transition.
Additionally permittivity candepend on fregency of appliedield that appearsin broad

multi-curve.Ferroelectric materialgiith suchbehaviorare called relaxorf9][8].

Dielectric constants

Dielectric congtants
Dielectric constants

{a) Tompontunl-'E (b) Temperature/'C (¢) Temperature/'C

Figure 2.2.5. Permittityi curves for different types of phase transition in ferroelectrig3¢é y 2 NXY | f €
transition, (b)diffused transition, (c)transition in relaxormeasured with different frequencig¢$2].

Applicatiors

All ferroelectrics are subtypesf piezoelectricsThereforethey are used in athe
fields where piezoelecricscan be usedMoreover, their electric propertiesmake them
more efficient than most of noiferroelectic piezoelectric materials. Their polarization

behaviorallows them to be used iruhingcapacitorsand memory cells, called ferroelectric
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random access memory (FERAMJditionally producing feroelectric thin films is very
popularfor researches and developerslt mears creation of efficient nanoscale devices

based on these materials.

2.3 PZT and PMRT

2.3.1 Lead zirconate titanate (PZT)

PZTis a ferroelectric material with formula Pb{Zi«]Os3, wherex hasvalues from
0 to 1 It was discoveredby Sawaguchet al. at the Tokyo Institute of technologround
1952 [13]. PZT is one of the most widely used materiamong €rroelectrics and
piezoelectrics unlessreferred to bea harmful material Thereasons foiits popularity are
high dielectric and piezoelectric properties, physical and chemical stability and quite cheap
producing. Moreover the properties could be changed through different ziraoni

titaniumratio and adding certain dopanf$4].

Electroniaddevice manufacturingommonly useswvo types of PZT. Soft PZT ceramics
are doped with donors and arased for sensor applicationfor example ultrasonioon-
destructive testing Their main characteristics ahegh densitywith afine grainstructure,

a high Curiepoint and a noisefree frequencyresponseHard PZT ceramiese doped with
acceptors andhey areused for sonar devices or ultrasonic cleaners, as they require high
power characteristics. Theimain properties area high piezoelectriccharge constant
higherthan soft PZTechanicabuality factor that reducesmechanical losandenablesa
lower operating temperature a low dissipation factor that ensures cooler, more
economicaloperation high dielectric stabilityand low mechanicalossunder demanding

conditions[4].
Structure

Typical PZT has perovskite structure. Its elemental cell contains small tetravalent
metal ionsurroundedby big divalent ion¢Fig2.3.1) Tetravalent ionis usuallytitanium or
zirconum. Divalentions are lead ionslhe tetravalent metal ions in perovskite are located

at the sites of a weakly distorted cubic lattice. Divalent lead ions are located in the centers



16

of the pseudocubes. Oxygen atoms form almost regular octahedra around

titanium/zirconium atoms which are slightly unfolded and tilted relative to ideal positions.

Figure 2.3.1. Perovskite crystal structure of PAJ.

The structure of PZT turns intehombohedral or tetragonal symmetrynear
morphotropicphase boundary (MPB)nder certain canposition and temperaturéWhen
PZT existin thesephasesit has initial dipole moment?ZT shows very high dielectric and
piezoelectric response neaviPB (Fig2.3.2) This boundary divides rhombohedrahd
tetragonal ferroelectric phasesand exist for stoichiometric coefficientx=0.52 i.e.
Pb[Zb.52Tb.4glO3. The causes of appearaneesharp leapof dielectric and piezoelectric

properties is still under discussi¢ihé]

100
S

>

.4: T T T T T T

2 500 M[PB -
b 4.2K 1 atm

,_E_ 400 5
0]
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2 300} .
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<o 200} :
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.4___‘
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Q

o
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Mole Fraction PbTiO; in PbZrO,:PbTiO,

Figure 2.3.2MPBbetween rhombdedral () andtetragonal §r) phasesn curves ofpermittivity
on mole fraction14].
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2.3.2 Leadmagnesiummiobate (PMN)

PMNisa ferroelectric relaxor wittthe formulaPbMg/3Niz30:s. It is applied to many
technicalfieldsas a part of electronic devices due to its high piezoelectric properties. From
this point ofview, PMN PT is the material of high intereshe firstPMNPT crystals were
grown by Park and Shrout using the flux techniqué]. The materialshows high
piezoelectric coefficient large piezoelectric strains and very high electromechanical
coupling factorslt canbe used for high sensitivity sensors like biomedical transduhszs

to mentioned properties

Its main characteristic is relaxation dispersion of dielectric permittjwifichis
observed in a wide range of frequencies from 2Hr to 10 Hz It is much wider than
classical Debye relaxation. PMN has wide and smooth relaxation time speutith
deperdenceon the temperature and influences dielectric permittivityversusrequency.

The explanation of such behavior is not fully developed yet. It is believed that dielectric
response of PMN is produced by small polarized areas insidepolanzed medim.

However, these areas response on applied external electriciieldknown[17].
Structure

PMN also as PMIRT have perovskite type crystal structure. It contains oxygen
octahedrons with magresum or niobum ion inside, that could be replaced by titam.

The structure of PMN PT is shown on fig(#6.3.
J O’ J odOLd o J d’ J P

053&0"&3 °|
o—°' 0?9 ° o—°' o

O Mg

o ‘ © Nb

° ° | {:.\.’ Tl

PR A oo o ° © 0

d’°/8 o’°L o°d°’6 i&,a

Figure2.3.3.Crystal structure of PMN H138].
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Theproperties of PMNat high temperaturesire determined by the coexistence of
soft optical phononghat showtwo-mode behavior and local excitatipassociated with
hopping of lead ions between several equivalent positions in the oxygen octahedron.
Coolng below the secalled Burns temperaturethe temperature of appearing randomly
polarized ferroelectric nanodomair{s 630 Kfor PMN) significantly changes the nature of
the lattice dynamics As aresult, a narrow central peak appears in thgpectrum
Simutaneously with theR & y | Yrbg3duey there is a change in thierm of probability
density function for dead ion Theprobability density function forma gherical layemwith
decreasingrobabilityof finding undeflected (000gad A further decrease in temperature
leads to the formation of polar clusters in the regions of the latiwtere chemical ordering

Is observed. As a result, elastic deformation centers appear in the crystal.

The details of the structure of lotemperature PMN and its analogs depend on the
composition and cooling conditions. In pure PMN at low temperatures, a glassy phase is
formed, while doping of PMN with lead titanate leads to the formation of a regular
nanodomain structure, which is confirmed by the study of synchrotron radiation scattering
[19][20].
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3 Experimentamethods
3.1 Dielectric spectroscopy

Dielectric spectroscopy is a techniquestudy thedielectric properties of materials.
It allows to investigatanolecular structure,(inter)molecular interactionskinetics and
molecular processes mechanisnms liquids and solid bodiesThis knowledge provides
deeper understanding of different materialBielectric spectroscopy ised in many fields
such as electrical and electrochemliadlevices developing, semiconduct®chnologies

chemicalanalysis and medicine producing.

Dielectric spectroscopy is based on measuring electric response of the sample to
which alternating current (AC) is applied. These measurements are desaslisgjuency
dependences of electric properseThe most important ofthem are permittivity and

electric conductivityThe real and imaginary parts of permittivity are showifrig.3.1.1.

atomic )
electronic

|
10° 10° 10° 10tz 10%°
T‘microwaveWinfrared R‘/ISI uvﬁ
Frequency in Hz

Figure 3.1.1. Frequency dependencies of permittivity and interactonsected with them Red
line corresponds to real part of permittivity, blue line corresponds to imaginary part of permittivity
[21].

An assumptiorthat any material consists of dipoles of different sinessmadeto
describe thework principle of themethod. When external electric field is appligdese
dipolestriesto orient along its directionThe changeof the dipole direction needssome
time, called relaxation timelt depends onR A LJ2dim@r@ians. All the dipoles of the

sample creat®@wn polarization which causes the responseThe application oélternating
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electric field to a materiatauses thelipole rotaton. If frequency of alternating field is
high, dipolesdo nothave enough timéo complete theirrotation. Therefore the response
gets weaker and energy losses appeHnis proces€an be detected with awent and

voltage measurements during applying alternating current in a set of different frequencies.

The development of experinmtal methodsto measue dielectric properties
createdpossiblity to expand the list of research objects, frequency range and temperature
range. Dielectric spectroscopy is sensitive to relaxation processes in an extremely wide

range of characteristic timgd.0° - 10-1?s, shown in F.3.1.9 [22].

Broadband Dielectric Spectroscopy

Time Domain Dielectric Spectroscopy

106 104 102 100 102 104 106 108 1010 1012 _
I ] | I ] | ] I I — J(Hz)

]

Macromolecules Glgss forming 7"

e 99 o

Porous materials liquids .
and colloids "q )
- - Clusters Single droplets

and pores Water

Figure3.1.2 Frequency range and objects that could be investigated by dielectric

spectroscopy22].
Measuringprocess

The Figure3.1.3 shows the principal circuit of measuring electric properties of
dielectric materials. The sampig placedbetween two parallel electrodes that creates a

flat capacitor.
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Analyzer
U, Voltage
Channel

Generator g
ly

Analyzer Current
Channel
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BDS 1200

Sample ~
Capacitor Temperatur
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Figure3.1.3 Principal scheme die dielectric spectrometef23].

A voltage with amplitudéll Y R FNBIlj dzSy O& . Kk H~ Upkalussl LILI A
current lo, which goes through the sample with the same frequencthasvoltage. There
isdifference in the phases elirrent and voltagewhich is called phase shift Both current
to voltage ratio and phase shiftepend on dielectric properties of the sample and its
dimensions.The voltage and current definitions are givey formulas (2) and (3). The

complex values were used to simpldgiculations
Yo  Y®QEln o YIYQ )
0 OAT100 - Y 'Q0Q 3

where U=lband® O "(E@hereL @dL mean amplitude of real and imaginary part

of the current respectively.

lo means amplitude of currenexpressed with formulagy:

0 0 '@ 4)
Therefore, the phase shift calculatedby the formula $):

OAl —. (5)

Impedance ofmaterial with linear electromagnetic respongé @ @

— is relatedto its dielectric response function with formu(é):
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- - 0- — - (6)
% K S NB the capacity of an empty cell.
Complex conductivity is relatealith dielectric response with formul@&):
. Qo p @)

The response of an ideal set of dipoles that do not interact with each other is

describedby the Debye functioiB):
- 1 - — (8)

Here - is static permittivity (at low frequencies), is permittivity at high

FTNBIjdzSyOASas . A& NBtIFIEFIGAZ2Y GAYS 2F 5S8068¢

Complex permittivity consts of real and imaginaryarts, calculated by formulas
(9) and (10):

| — € - &,

e(W)_eﬂ +1+W2f2 (9)

g'(m:w (10)
1+ wit?

The loss peak has symmetric shaggwn h the figure3.1.4. Thecharacteristic

width at a halfheightof imaginary part of permittivitquals tol.144 decades.

E.E |
60
40

20

0.1 1 10 100 f, GIII;",
Figure3.1.4 Debye model of frequency dependencies of the real and imaginary part of
permittivity in dielectric§24].
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The plot of the imaginary component of dielectric response against real component
is called Cok€ole diagram. It has a half-OA Nt S a K| LIS o&domkeal &kl Y S i
(Fig3.1.5)

1 0T, =1

0.7
1.5//-'-—\
8"
2 \‘ 0.5

1 3‘/ \ 0.3
5 / \ 0.2
[ \

10/ ¥ 01
1]
2011 ’.l‘ 0.05
0 2 4 6 8 10 12

g—

Figure3.1.5 ColeCole diagram for Debymodel material with single relaxation timevered is
measuring frequency and, is relaxation time,the numbers on the curve show their
multiplication[25].

Our equipment

In our work, measurements of the electrical propertiesthe samples were carried
on a Novocontrol BDS80 ultrawideband dielectricctpmmeter with a NovotherrHT (RT
1000C) highemperature furnace(manufacturerNovocontrol Technologies GmbH & Co.
KG Germany) d z=1Q

Spectrometeparameters:

1) FrequencyangeY o >1 1 ®dun al Il T
2) Impedanceange 0.01.10* Ohm;

3) Electriccapacityrange 1fF..1F;

4) Tangent of the losangle 10°..10%

5) Signal amplitudeangeY mMnn >z ddo =T
6) Measuringesponse range40 V..40 V;

7) Temperaturgange-mc n ®®dnnn c

In our experiment, the samples were investigated with 814 ¢ 3 M Hzrange of

frequencies and 15 500 K range of temperatures.
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3.2 Piezoresponse Force MicroscopiN))

Atomic force microscopyfAFM)is one of the techniques of scanning probe
microscopythat investigats sampled dzNJF I OS o6& & FSSt RhgflBsEAFM G 6 A
was developed in 1986 bgerdBinnig,KalvinQuate, ChristophGerber[26]. That was a
modification of previously invente scanning tunneling microscopdowadays e
resolution ofthis method can reach the dimensions o singleatom as itis based on

interactions between atoms of surface and tip.
Main principle

AFM consistsof probe wih cantilever and tip piezoscannerpptical detecting
system, includindaserand photodetector (Fig3.2.1). The working principle is based on
detecting of the force interaction betweestudied surface and the probeA sharp
nanoscaldip (tip radius ~10 nmis attached to the end dflasticcantileverthat is used as
a probe The fore acting onthe tip from the samplesurface bendghe cantilever. The
appearance of elevations or depressions under the tip leads to a change in the force acting
on the probe, and hence to a change in the magnitude of the cantilever bending. This
changingis registeredby deflection of laser bearon the foursectioned photodetectar
Thesignal makes a feedback loop that controls tlegght of the probeabove the surface
Detector usually can definabout 10%) providesdeflection of the cantileverMeasuring
the deflection in every point of scanning surfapeovidesthe image of thesurface

relief[27].

Figure 3.2.1. Scheme of atomic force microsci&3.
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The forces acting between the probe and the sample are primarily shogeVan
der Waals forces. These forces include components of different signs and provide attraction
at large distances, and repulsion at small ofidse energy of th&ander Waals interaction
betweentwo atoms located at a distanaefrom each other is approximatl by a power

function- the LennardJones potentiglexpressed with the formuld.():

~
v

Y i

Y ¢ — — . (11

The interatomic force on the distance between the tip @hd sample dependence
is shownm Fig.3.2.2. The right side of the ote characterizes the situation when the tip
and the surface are separated by a large distance. As they gradually approach each other,
at firstthey will beonlywealy attracted and then more and more attracted to each other.
The force of attraction will increase until the atoms come close enough that their electron
clouds begin to repel electrostaticallyhe further decrease in the interatomic distance
causeselectrostatic replsion exponentiallyand weakens the force of attraction. These
forces are balanced at a distance between atoms of the order of Ywawhich is
approximately the length of a chemical bond. When the total interatomic force becomes

positive (repulsive), it mans that the atoms have come into contact.

Force Repulsive force

Intermittent
contact
P

Distance (tip-sample separation)

—— >

on-contact ﬂ

Attractive force

Contact

Figure 3.2.2. Intermolecular force on4ample distanc§29].
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In Fig 3.22, zerotip-sampleseparationcorresponds to the zero distance between
the atomic nuclei on the sample surface and the cantilever closest to the atom surface.
Therefore, the force zero is located at a finite distance corresponding to the boundary of
the electron shells of thse atoms (when the shells overlap, repulsion occurshhdf
position ofouter shell of the atomstaken aszero position then the force will be equal to

zero at the zergoint of the distance.
Modes

There are threeperationmodes of theAFM dependingon the distance between

probe and surface. They are

1 Contact mode
1 Semicontact mode or tapping mode

1 Non-contact modeor contactless mode

Non-contact and tapping modelsave common featuredn these techniques, the
oscillations of the cantilever amxcited by an external piezoelectric element (actuator) at
the resonant frequency. The control parameter of the feedback loop is the cantilever
oscillation amplitudeTherefore, tipsurface interaction changdake amplitude and phase

of cantilever oscillabn, which is registered and turned into surface image.

In tapping mode vith a sufficiently large amplitude, the cantilever breaks the
established bond with the sample at each period, thus eliminating the influence of frictional
forces and capillary stiakj.As the probe approaches the surface, an additional force from
the sample begins to interact with the prob&/ander Waals interactiorappears inthe
region of distances between the probe and the sample, where the force of attraction
affects.

In noncontact modethe tip oscillatesnear the surface without touchinglrhe
oscillatingamplitudeis much smallethan in tapping modeWhen the distance between
tip and surface becomes small enough, the Van der Waals force occurs. Tharefdoece
affects onamplitude and phase of the cantilever so these deflections transform into image.

Non-contact mode can be performed in 2 ways: constant height or constant forces.
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Contact mode

We were mostly interested in contact modeas it isused for piezoresponse
properties investigationContactmethod supposeghe direct contactof the tip with the
surface, while theelastic force of the antilever balances the forces of attraction dn
repulsion acting from the surfacef the sample When AFM perates in such mode
cantilevers with low stiffness coefficients are used, whatbwsavoidng harmfulimpact

on the sample.

In the contactAFM modethe measurements could be provided in two ways. One
is characterizedvith constant interaction forceof the probe with the surface (force of
attraction or repulsion) During scanningin constant force modethe feedback loop
maintainsthe samecantilever bendvalug and therefore the force of pressing theobe
on the samplas similar In this case, theontrol voltage in the feedback loop applied to
the Zelectrade of the scanner will change withanging the height of the sample surface

relief.

The second way uses constant distance between the probe and the sample
surface(Z= const)lt is commonlysed whensmooth surfaces are investigatdd this case,
the probe moves witla certain average heigty above the sample, and at each point, the
cantileverdo S y Rs rgcorded which is proportional to the force acting on the probe from
the surface.The AFM image in this case shows a spatial image dbthe of tipsurface

interaction

The advantage of contact AFM methad comparison tooptical and electron
microscopy methodss its high sensitivity, high resolution of the surface imggThe
disadvantage ofthis modeis the direct mechanical interaction of the probe with the
surface. This often leads testructionof probes andlamageof the sample surface during

scanning.

Piezoresponse Force MicroscopyF({V)

PFMis based on the contad¢brce mode of AFM. This method allowsvestigaton

of ferroelectric properties of the sample§he scheme dPFMis presentedin Fig.3.2.3.
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Figure 3.2.3. Principal scheme of piezoresponse force micro$8tpe

The main principle of PFM is based on reverse piezoelectric effect. Conductive tip
moves along the surface and applies electric field tMichanical déects appeaiat the
point of surface where the tip locatasader applied electric field. These defects could be
detected by the probeso the response is collected and converted to piezoresponse
images.Using this techniqueferroelectric domains could bmeasured. Each domain is
polarized in its own direction, so additional electrostatic force between tip and sample is
created under electric field of the tip Different domains have different polarization
direction that leads tadifferent electrostatic fore direction and different piezoelectric

response, so the domains avesibleon piezoresponse channdl§g.3.2.4)

(a)

7 0° in phase

Im
— K
JURTL - S B

(c) Driving Voltage
Piezoresponse

180° out of phase

Im
—
1o

Figure 3.2.4. Interaction of the probe with polarized part of the sample (a), (c) and voltage
characteristics of applied electric fiedahd piezoresponsey, (d)[31].
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Duringthe PFM measurementalternatingcurrent is applied to the tipThis makes
the sample vibratingvith the amplitude~1 nm. Hectrode under the sample is grounded
Piezoelectric and ferroelectric samples can locally extend oacetvith dependenceon
direction of external fieldThedomains withperpendicular to the surfacéout-of-plane)
polarizationhave vertical response after tip voltagéthe sampledomainis polarized in
the same direction as applied electric figidenlarges in this directiorits piezoresponse is
synchronized withip voltage(Fig3.2.4 (b)). For opposite domapolarization it retracts
and half-period phase shift appear$ig3.2.4 (d)) If domain hagpolarization parallel to
the sample surfae (in-plane), the interaction with tip results in lateral movement of the
tip.

Duringmeasurementssmall ACis used. It is needed for nestestructive domain
scanning. Domains have their own switching electric fie&d turns their polarization to
the direction of applied electric fieldrhereforejf tip bias is over it, the domains will change
their polarization.Domainsdo not switchwith fewer AC voltagand their phase contrast
shown on piezoresponse images defines polarization of domains. If the shaplenly
vertically polarized domains, they have ~t8ifference for outof-plane phase channel,

not dependngon position of the sample surface.

There § a possible case where domains hawvenplex orientationcontaining both
in-plane and ouwof-plane component®f polarization The definition ofthesedomains is
provided byvertical and lateralpiezoresponsechannels.Moreover, if a DC voltage is
applied between the probe and the sample in addition to the AC voltage, then both
electromechanical responses {planeand outof-plane) of the sample are also a function
of the DC voltag§32]

The electrostatic components contribudeto the PFM signal decrease with
increasing frequency of the external AC voltag®nlocal components are removed
especiallyfast. In addition, the image obtained at a higher frequency is determined by the
stiffness of the cantilever, which improves thentrast between the probe and the sample
surface. Therefore, higher frequency PFM images are largely free of electrostatic effects
and provide a higher signéb-noise ratio. The optimal vertical PFM signal can be obtained
at frequencies in the MHz rang€helateral PFM signal is usually optimal at a frequency of

10 to 100 kHz depending on theghosenAFM probe and samplddowever,a further
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increase in the frequency of the external ¥dltageaffects the upper limit of the frequency
range of the photodeteor and lockin amplifier.Thesignal is not transmittedt extremely

high frequencieslue to the excessive stiffness of the cantilever.

The piezoresponse image depends on the topographic features of the surface. A
large piezoelectric response occurs at ttesonant frequency. This frequency depends on
GLINBO LI S¢ O2y il Ol aldATFySaaszr -sarfade@datack & Ay
The contact area is determined by surface characteristics. If the tip is located in a convex
part of the surface, thét LINB ® L) S¢ O2ydal O4G adAFFySaa Aa
on the flat part. The bigger contact stiffness leads to the higher contact resonant frequency.
As the measuring frequency is fixed and corresponds to resonance for fatirfgce
contact the changes of resonant frequency appear in decreased piezoresponse Bignal.
main applications of AF include the localcharacterizéion of the electromechanical
properties of materials containng detailed domain mapping andtudying domain
switchingdynamics PFM isused intesting of micro- and nanoelectromechanical devices
(e.g. piezoelectric actuators, transmitters, amicro-electromechanical systejlectro-
optical devices, and newolatile memory (e.g. FERANYy addressing theireliability, e.g.
electromechanical fingerprint, fatigue and dielectric breakdowAFM #dows the
investigationof the relationship between local and global polarity and other properties of
materials based on new polymers and bioengineered materials by detailed ptestrof

the nanometric structure and electrical characteristics of such matee&ds|33]
Our equipment

In this work, measurements of théerroelectric properties of the samples were
carriedwith PFM methodon aMultiMode 8HR atomic force microscogenanufacturer

Bruker Coporation, USA



4 Measurements

4.1 Samples
There are different methods of creating PZT sirmiestals and PMN ceramickhis

work considergwo of them.

PZT single crystal

31

The PZT has compositiétb(Zs.525Tb.4750s, Which is in the MPB region. The PZT

powder is prepared using the reagents PRCOQ, and Zr@, with a high purity grade

(>99%. The powders are mixed for 3 h in a planetary ball milling, in teflon jars, with alcohol

at dzZNNe A a

meduml y R

T AND2YAL

oFLffaod ¢KS

RNAX S

for 2 h and grinded in an agate mortar. The flux IFEPbCY, in the nolar ratio of (2:1:2),

is then added. It was prepared using PbO, KF,.Rin@l BOs, with a high purity grade,

>99%. The powders are mixed for 3 h in a planetary ball milling, in teflon jars, with alcohol

medium and zirconia balls. The slurry is driedjia2 @Sy

I 4

Mmnano/

T2NJ H

PZT and the flux, are put in a platin crucible of 50 crh The crucible is placed inside a

vertical electric furnace. The heat treatment followed the planmedditions,table 4.1.1

shows an example of the heat aBment condition The flux is then removed by dissolving

it in warm diluted nitric acid, 35% in water, and filteredi3t]

Table4.1.1. Conditions used for the crystals grown and the corresponding weight losses
and compositional results in terms of x in PR(£x)Os [34].

Conditions | Temperature| Holding Coolng Flux Weight | Composition
(@ time (h) | rate @C/h)| percent | loss (wt%) X
(Wt%)
C1 1200 5 10 40 22 0.43
Cc2 1150 5 10 40 23 0.50
C3 1150 5 10 60 28 -
C4 1150 10 10 60 32 0.49; 0.55

PMN PT ceramic

The 0.69PMMD.31PT ceramics is prepared by the conventional ceramic processing

via the colimbite precursor method. Analyticglurity oxides, PbO, MgO, M and TiQ

are used as raw materials. In order to maintain chemical stoichiometry, all the raw oxides

arefully dried before weighing. In this method, MgO and.Q@¢were reacted at 95 for

2 h to form the calmbite precursor MgNEOs at the initial step. Then stoichiometric 5y
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and TiQare added into the MgNi®©s precursor according to the chemical composition and
calcined at 80@ for 2 h to form perovskite 0.69MWD.31PT. The calcined powdsrdold
dry-pressed uniaxially into pellets with the addition of 1.5 wt% polyvinyl alcohol binder and
then sintered at 12Q C for 2 h. During the digring process, the samples aoaried under

an equiweight mixture of raw oxides with the same composition in a covered crucible to

minimize the evaporation of lea®5][36]

The investigated PZT and PMN PT20 samples wexeared with confidential

technique Unfottunately, it is notyet allowed to providehe information.

PZT single crystal has parallelepiped shape 2%ih5x1 mm dimensions. PMN PT20
ceramic sample had cylinder shape with 18 mm diameter and 0.8 mm thickiRess.
dielectric spectroscopyneasurements gold electrodes were sputtered on two sides of
PMN sampleto make good electric contact with spectrometetectrodes For PFM
measurementghe PZT single crystal sample was attached by silver condysziste to
conductive disk anthe PMN samle was cuto form segment with 8 mm chord length.
The part of ekectrode on one sie of PMN was removed, the other side was attached by

silver conductivgpasteto conductive disk.

4.2 Dielectric spectroscopy measurements

Dielectric spectroscopy measuremenigere performed onceramic PMN PT20
sample. €Emperature and frequency dependencies of real and imaginary part were
measured.PZT single crystatas not studied by means dlielectric spectroscopyue to

verysmall sizes.

Firstly,the behavior of thePMN PT2@amplewas investigatedluring heating and
coolingusingseveral frequencies without applying additional electric fi@ath cooling

and heating curves at one plot farHz measurements angresentedin figure4.2.1

It is seen that cooling anteating curves repeat each other at low and high
temperatures, for real part of permittivity this behavior manifests itself to a greater extent.
The differences appear for temperatures from 280 K to 360 K, where permittivity peak is

located. This peak casponds to phase transition of the relaxor.
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—— cooling
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a
Figure4.2.1. Temperature dependencies of permittivityith 1 Hz frequencyreal part (a) and
imaginarypart (b), for both cooling and heating without additional electric field for PMN PT20

The measurementfor different frequencies in a range fromHz to 300kHz are

shown separatelin figure 4.2.2. The frequency dependencies for severapieratures are

shownin figure 4.2.3.
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Figure 4.2.2. Temperature dependencies of permittivity: real part (a),(c) and imaginai @}

at field cooling (a),(b) and zero field heating (c),(d) for PMN PT20 ceramic sample.
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Measurementshowed similar behaviorfor several frequenciesThe permittivity
curve peakoccursat the same rangef 360¢ 370 Kand hassimilar highof real part of
permittivity at 3.3¢ 3.6 P 10* for all measuredfrequencies It is seen that with lower
frequencythe peak of permittivity real part moves tower temperature and has more
intensity. The movement is the saméor imaginary part of permitvity, characterizing
dielectric losses of the samplelowever,the intensity of imaginary part of permittivity
decreases with frequency decreasing until 1 KHeintensity of the response rises again

for frequency lower than 1 kH¥loreover, it rapidlyncreasesfter 400Kwith temperature

rising.
—=— 308 K 308 K
—=— 340K ——
4x10*- 370K 8000 = 340K
X —=— 400 K 370K
450 K —=— 400K
310" 6000 450 K
¥10*]
—m 4] " "SsmmmEEEEEEEEE m- - 4000-
X0 e )
1x10"] . S -
------------------------------ of TPt e
10" 10° 10" 10> 10° 10* 10° 10° 10" 10° 10" 10° 10° 10* 10° 10°
Freg. [Hz] Freq. [Hz]
a b

Figure 4.2.3. Frequency dependencies of permittivity: real part (a) and imaginary part (b), for
room temperature, 340 K, 370 K, 400 K and 450 RK&N PT20 ceramic sample.

Frequency dependencies show quite stable dielectric response of the sample in a
wide range of frequencie¢from 1 Hz to 100 kHzAt all measured temperatures for
imaginary part of dielectric response. The real part of dielectrapoase shows steady
frequency dependenciefor temperatureshigher than 370 Kit is seen that permittivity
increases with temperature increasingtil 370 K for real part of permittivity and until 340
K for imaginary part, then it starts to decrease. Thessults correlate withemperature
dependencies showmifigures 4.2.1and 4.2.2 because there is seen rising of dielectric
responsewith temperature increasing until ~370 K for real part of permittivity and until

~350 K for imaginary part of permittiyiwith a subsequent decrease of dielectrgsponse

Secondly measurementswere providedwith additional bias electric field. The
results are presentechifigures 4.2.4 and.2.5.The sample was heataghtil 500 K, then

bias was applied to electrodes, between which the sample was located. The voltage was
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constant(1 k\) while the sample was cooling. After 180 K the electric field was turned off

and the sample was heatl again. The measurements were dotering field cooling and

zero field heating

500
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Figure 4.2.4. Temperature dependencies of permittivity: real part (a) and imaginary part (b), for
both field cooling and zero field heating for PNPN20 ceramic sample.
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Figure 4.2.5. Temperature dependencies of permittivity: real part (a),(c) and imaginary part (b),(d)
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at field cooling (a),(b) and zero field heating (c),(d) for PMN PT20 ceramic sample.
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The dependencies shawn figures 4.2.4 and 4.2.5 demonstratenilarbehavior as
for previous experimen(Fig.4.2.1 and 4.2.2). Both real and imaginary part of permittivity
increase in exponential wagnd then decrease with rising temperate. For real part of
dielectric response the peak appears at 80 K with frequency increase, the amplitude
of the peak is 3.4 3.7 P10% For imaginary part of permittivity the peak occats350¢
360 Kwith frequency increaseheintensity of peak is higher during zero field heating than
during field coolingKig4.2.4 b) The imaginary padielectric response peak declines with
frequency increasingn a range from8200 for 0.1 Hz td.100 for 1.5 kHzat field cooing
(Fig4.2.5 h and from14400 for 0.1 Hz to 1200 for 1.5 kiizero field heatingHig4.2.5d).

However,there are some differencebetween results in experiment with field
cooling (Fig4.2.4 andFig4.2.5) and without additonal electric field (Fig4.2.1 and
Fig4.2.2) In the experiment with field coolingt iis seen that heating curve dhe
permittivityQ eeal part repeats cooling curve more accuratéiyg 4.2.4 a compared to
Fig 4.2.1 a) Also permittivityQr@al partpeaks become morearrowthrough temperature
(Fig 4.2.5 a, c compared tBig 4.2.2 a, c)The imaginary part of permittivity peak heisle
different shape andarger amplitude difference between heating and cooling, unlikely for

experiment without addional electric field Fig4.2.4 b compared t&ig 4.2.1 b).

4.3 Piezoelectri¢-orce MicroscopfPFM)measurements

PZT 1.1 Polarization Experiment
Description

During these experiments the behavior of the surface of PZT 1.1 single cyatl
investigatedafter applying electric field to iThepolarization experimenta/ere performed
with DCP10 prohemanufacturedoy NFMDT, Russialts parameters are tip curvature
radius ~100 nm, force constant 522.5 N/m, resonant frequency 19RP5 kHz (the
measuring pobe has 240 kHANdtip side covered with ~100 nm doped diamond.

Arelatively smooth prt of the sample surfaceith less irregulationsvas chosen to
make a scan. The scan sizesvb> Y, cdled Common scan, tip velocity w8.8 Hz with
resolution speedd0 > Ys, resolution wa 98 nm/px(every common scan has the same

parameterg. Oncommon scan areamall square pieces of & Ysizewere chosen for
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polarization underelectric field of different directionsElectricfield was applied to the

sample with tipbias during scanning small ag&fter scanning with applied field for some

time (usually~15 min)the common scarwas done and the changes were observed.

Piezoresponse images contain 4 channie:for out-of-plane amplitude anghhase signal,

called Anplitudel andPhaseland two for in-plane amplitude and phase signal, called

Amplitude2 and Phase2.

4.3.1Areas

During the measurementst was recognized thatthe sample shows different

piezoelectric resporeson different areas of surface, shown on figdt8.1.

Therefore,3 areas with different behaviovere defined

(1)

Figure 4.3.1. Scheme of PZT &ammplewith numbered areas showing different piezoresponse:
Structural domains area (1)h@nging spots area (2Llear area with idappearing figres and no
specificpiezoresponse (3).

Area 1: Structural domains

Structural domains are clearly seen within low frequenciglsHt 50 kHz)f AC

They are clearly seen figure 4.3.2. The doains are observed oRhasel piezoresponse

channel (Fig4.3.2.b) with no connections with topography imageigé.3.2.a). The

structural domaindook like sticks, usually have long narrow shape and oriented in two

perpendicular directions. The pictures are stable, but sometimes they become hardly

recognizd during measurements. Structural domains were found only in one small area of

the sample surfac@-ig4.31). The domains typical thickness varies in¢c5800 nm range,

their lengthisfrom 300 nm for shorty LIS N1LJSyY RA Odzf | NI

R2Yl Aya

domains.The dmains create a repeating patterwhere the interval between two nearest

short domains is 10@ 300 nm,and between two long domains typically 2p >Y

(Fig4.3.2.b)

02
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Height * 7.0 um

Figure 4.3.2. AFM image on area of structural domains. HeighPhaselof the scanof Y &A1 S
is presentedn a and b, respectively

Area 2: Changing spots

Some spots of unusual shapsppeared on the surface in area 2 during
measurement with resonarprobe frequency. For DCP10 probes this frequency was 240
250 kHz. The shape of the spots is not constarapjtearedto dependon scan direction
and applied electric field. The application of electric fidld not create characteristic

footprint, but changed the shape and sizes of spagnificantly(Fig.4.3.3)

700.0 nm

a b c
Figure 4.3.3. AFM image on area of changing spots during polarization experiment. Height of
Oy 2F wmn >Y majdieforedpanselchaBraf Bhase § ftank apeesented in b
before polarization and c after polarization

Area 3: Clear area
In this zone, two types of piezoresponse appear: wigagpeaing figures and with
no specifipiezoresponseThemeasurementsevealeddifferent pictures that appear only

once or repeated but suddenly disappear with very small changes in scan parameters like
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scan size. They look like lines, spots and scratches and are not related to topography

(Fig4.3.4) Suchbehaviorof PZT singlerygalshas not been noted in thiterature earliet

102.3 mV g -152.1° B

8 _105.2 mV -153.2° B& ¥ 1534 °

Deﬂecion Error 10.0 um Phase2 10.0 um Phase2 5.0um

a b c
Figure4.3.4.AFM image on area of disappearing figui@sflection Error ofthe@l y 2 F pn >Y
is presentedn a, piezoresponse channef Phase 2 scans are presentedh, where appears

RAFI2y Lt tAYyS y2i O02yySOGSR (2 (2LRIANILKEZ |y
disappeared

For Phase2piezoresponse channeh Fig.4.3.4 b) the diagonal line can be
recognizedfrom left down corner to right up corneit crosses the mechanical sccat
which is seen on all imageghere is no such line on Deflection Error sckig (4.3.4 a)
which characterizes the topography of the sample surfadeo, the line is not seen after
zoom Fig 4.3.4 ¢ for same Phase2 annel as it shouldSuch behavior couldppear

because ofmeasurement features.

Most parts of the surface id not show any response on anyeasuredAC
frequenciesHowever,they have footprint after applying electric field that lasts for some
time, usually about an houAdditionally,there wascommon behavior fothe sample that

piezoresponse pictures get weaker during measurements.

According tathe measurementseen on figures 4.3.2 4.3.4the samplecan be

considerednhomogeneousPerhapst hassome grains with different stoichiometry.

4.3.2Polarization of structural domains

Structural domains were found ismall area near the corner of the samphereal
in figure4.3.1). The domains are usually seen in a range of frequencies fidtath 50kHz.
Thisexperiment vasperformedwith 30 kHz A@nd10 V amplitudeThe scans taken during

this experiment are shown on figure 4.3.5.
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Height B.0um Deflection Error 5.0 um
a b
Areal (Tip bias +10 V) Area2 (Tip biasl0 V)

19.6 mV

-15.3 mv -23.0m)

Deflection Error

Height m Deflection Error W Height m
c d e f
Before Polarization  During Polarization  Before Polarization  During Polari

320.0 W\

Amplitude1

320.0 u 320.0 uv 3 3200u)

Amplitude1 Amplitude1

Amplitude1

cl

Phase1 1.0 um Phase1 1.0 um Phase1 1.0 um Phase1 1.0 um

c2 d2 e2 f2

Figure 4.3. AFM image of polarization experiment on area of structural domains. Height and

58Tt SOGAZ2Y SNNBN 2F O2YY2y aQd rgspettiwelyHTine chosen & A 1 S

INBlF& 2F p >Y FNB YINJSR ¢A0K INBSY FyR of dzS
error of chosen area 1 (c, d, respectively). Piezoresponse images on area 1 before polarization and
during polarization ct2 and d1d2, respectively. The Topography and Deflection error of chosen

area 2 (e and f, respectively). Piezoresponse images on area 2 before polarization and during

polarization ele2 and f1f2, respectively.

i
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Two areas were chosefor polarization (Fig.4.3.5 b, green frame for +10 V
polarization and blue frame forlO V polarization)One under another in the center of
common scan. Firlst, upper areavas polarized unde¥10 V for ~15 min (first polarization),
the common scamvas performed then davn areawaspolarizedunder-10 V for ~15 min
(second polarization) and the common seeas repeatedagain. Asseeiy FA JdzNBa 27
scansffig4.3.5 c1f1 and c2f2), positive voltage nide piezoresponse picture moreurred
and negative voltage made clearer. The piezoresponse (Amplitudel and Phasel) on all
common scans of 2&m size within time frame of the experiment is shown in the table
4.3.1. TheHeightand Deflection Erroimagesremainedsimilarduring whole experiment.

They arepresented in figre 4.3.5(a) and (b).

Table 4.3.1AFM images of polarization experiment on the area of structural donfamsut-of-
planechanneld f t &O0Fl'y &A1 S& NS Hp >YO

Before Polarization After first Polarization After secondPolarization | After both Polarization

(+10 V for-15 min) (-10 V for~15 min) (~100 min after first
polarization and-65 min

Amplitude1

after secondpolarization)
R ARG el

i 7000uv {7000 UV | 7000wV 8 7000 WV

Amplitude1

Amplitude1 Amplitude1

Phase1

Phase1 g Phase1 : 7 Phase1

Both positive and negative polarization scdefs ¥ 2 2 G LINA Yy 14 2 F 2 LILI2 & A
mears the piezoresponse intensity of polarized areas has changed. Feofqlane
amplitude positive bias decreade¢he signal and negativncreasel it. For outof-plane
phase signal the opposite is true. Theplane piezoresponse images stedwery weak
footprint, so they were not presentedVioreover,we saw that both polarization footprint

and structural domains picture bame weaker withtime. In our experiment it took about



42

1 hour toerasethe footprint of ~15 min-10 V biasand ~100 min teerasethe footprint of

~15 min +10 V bias.

Abit different place in the same aregas chosenThepiezoresponsafter applying
pMn  * YR pp (Ae4.3%)wssOdabikedThad resbif dR this experimeris

shown in the table4.3.2and 4.3.3or amplitude and phasesspectively

Height 5.0 um Deflection Error 5.0 um

a b
Figure4.36.! Ca AYlI 3Sa 2F | SAIKG o006 FyR 5SFftSOilAzy
The polarized smaller areas are marked with frames in accordance to polariZatesn frame
(area3): polarization with +10 V, blue fram{area4). polarization with-10 V, lemon framé¢areal):
polarization with +5 V, ppie frame (are&): polarization with5 V

The method of experiment idescribedabove.lt is seen fronthe tables that the
piezoelectre response behavior is the same as it was for the previous dustlikezarlier,
the polarization footprint under negative voltageas much weaker than under positive
voltage. Furthermore, for this aredhe footprint appeaed also after polarizationwith
smallerbias. The contrast between footprints and backgrouachoved quite quicklyafter

removing the bias
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Table 4.3.2 AFM images of polarization experiment on the area of structural domfains
Amplitudel channelFirstly polarization was made wit+5 V and5 V tip bias, then with +10 V and

-1I0V! ot f

40y aArl Sa |

NE Hp >YOo

Before Polarization

After Polarization on areal

Amplitude1

5.0 um

1.4 mv

(+5 V for~15 min)

E 1.4mV

Amplitude1 5.0 um

After Polarization on area2
(-5 V for~15 min)

= 14mv

Amplitude1 5.0um

After Polarization on area3
(+10 V for-15 min)

| 14mv

Amplitude1

After Polarization on area4
(-10 V for~15 min)

 14mv

\
Amplitude1

Table 4.3.3AFM images of polarization experiment on the area of structural domains for Phasel
channel. Firstlypolarization was madevith +5 V and5 V tip bias, then with +10 V anti0 V. All

a0ty aArl Sa | NB Hp >YO
Before Polarization After Polarization on areal After Polarization on area2
(+5 V for~15 min) (-5 V for~15 min)
25° 25°
25°

Phase1

5.0um

Phase1 5.0 um

Phase1

After Polarization on area3
(+10 V for-15 min)

25°

Phase1

5.0

After Polarization on area4
(-10 V for~15 min)

. 2i°

5.0um

Phase1
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4 .3.3Polarization of Clear area

Piezoresponsesignal was not visible with all measured frequenciesn areas
different from area 1 and ZFig 4.3.1) Amplitude and Phase channels stsalvonly
topography featuresThis part of surface was investigated with 240 kHz and 30 kHz AC
(Fig4.3.7 andrig4.3.8 respectively

Height 5.0 um Deflection Error 5.0 u

a b
Figure4.3.7.AFM images of Height (a) and [2efion error (b) of the cleaareascanswith size 25
> Y The polarized smaller areas are marked with frames in accoragtitgolarization measured
with 240 kHz AC frequenc@reen frame: polarization with10 V, blie frame: polarization with
-10V

Deflection rror 5.0 u

Figure4.38.! Ca AYIF3AS 2F 5STf SOGA2Yy SNNEBN)I 2F GKS LINB
smaller areas are marked with frames in accordance to polarization, measured with 30 kHz AC frequen
Green frame: polarization with +10 V, blue frame: polarizatigth -10 V
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Sometimes there appead different figures like lines and scratches, but they suddenly
disappeaed without changing interaction. The 240 kHz AC was used, athi tf resonance

frequency,and30 kHz AC was used, as it proddee clearest pzoresponse pictures.

Firstly,the experiment was provided with 240 kHz AC frequency, represented in table
4.3.4. Then the same experiment was provided with 30 kHz AC frequency, represented in tal
4.3.5.
Table 4.3.4. AFM images of polarization experitnen clear area for piezoresponse oot-plane

channels, measured with 240 kHz AC. Polarization was made with +10-10avidip bias. All scan sizes
I NBE Hp >Y

Before Polarization After first Polarization After second Polarization
(+10 V for ~15 min) (-10 V for ~15 min)

§ 350.0 uV 350.0 uv ; 350.0 uv

Amplitude1 5.0 um Amplitude1 5.0 um Amplitude1 5.0 um

500.0 m® 500.0 m° # 500.0 m°

Phase1 5.0 um ' Phase1 5.0 um Phase1 5.0 um
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Table 4.3.5. AFM images of polarization experimentctear area for piezoresponse oeat-plane
channels, measuredith 30 kHz AC. Polarization was made with +10 V-a@d/ tip bias. All scan sizes
I NBE Hp >Y

BeforePolarization After first Polarization After second Polarization
(+10 V for ~15 min) (-10 V for ~15 min)

S 500.0 UV 500.0 uv 500.0 uv

Amplitude1 Oum Amplitude1 5.0 um Amplitude1 5.0 um

1.2°

Phase1 5.0 um Phase1 ' 5.0um Phase1 5.0 um

It is visiblethat footprint appeaed after applying+10 V anddid not appearafter
applying-10 V.The piezoresponse imag&gre almost the same for bott240 kHz and
30kHz measured frequencies, ke picture wasoisier with higher frequencyAlthough
the probe resonance frequency is preferable foezoelectricneasurements, in this ca

it showed less clear picture thaat lower frequency.

4.3.4Polarization of changing spoasea

Somespots changing during up and down scirectionwere foundonthe surface
The topography images are represented-ig.4.3.9, and piezoresponse images for both
out-of-plane and irplane response channedge represented in table 4.3.6leasurement
wasperformedwith probe resonance frequency 24Biz. Scan sizeas 10> Yof the same

place at sample.
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Height 2.0 um Deflection Error 2.0 ym

a b
Figure4.3.9.AFM images of Height (a) and Deflection error (b) on the area of changing spots, scan
aAlT S mn >YO0

Table 4.3.6AFM images of the changing spots area for all piezoresponse channels, after down and

dzLJ a0y RANBOGAZ2Yy d { Ofeqliendyisi2&&HzIAGLE mn >YI YSI &

Phase1

Ao 134.7 °
c
=
o
©
3.0 1345°
Phase1 2.0 ym Amplitude1
1 1 1
e i g 134.7 °
31° 1345°

i ot g
Phase2 2.0 um

2.0 um Amplitude™ 2.0 ym Amplitude2 2.0 um

Thetable 4.3.6showsthat all piezoresponse channedbowthe same spot for th
scan. The shape of the spessa bit different with scan direction (for up and down scans)
so we marked both spots on the Phasel scan, represantédure 4.3.10lt is visiblehat
piezoresponse patterns look very differently from patterns of previous ones (structural
domains area, e.g¢rig4.3.2). That means thdomainsreaction of the suiace have different

nature, what should be investged further.
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-1.1°

Phase1 2.0 ym

Figure 4.3.10. AFM image of the changing spots area feofplane phase channelfter up scan
direction, with marked spots after down and up scan directiBlack frame shows spot fap scan
direction, white frame show$or down scan direction; orangegashedarea is commorior both.
{OFLy &aAlS A& wmn >Y

Thenpolarization experimentvas performedfor the same areaHig4.3.11) The

results are shown in table 4.3.7.

Phase1 2.0 ym

CAIdz2NBE ndodmmd® ! Ca AYIF3IS 2F tKIFIASwm 2y QJReyY2y
polarized smaller areas are marked with frames in accordavitte polarization. Green frame:
polarization with +10 V, blue frame: polarization will® V.



At comn2 y X

LI2fF NAT SR 6A0GK ¢AL) . Al &

as these images do not have any information)erTcommon scarwas done after that

anothero  >aréa was polarized in the same way under opposite field. The scan areas were

chosen to see the reaction of both light and dark piezoresponse domains on electric

polarization.
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Mn  >Y & Grhail arel Avith SizeloM8BRrivas Ehoserand
bvMn + F2NJ 9wmn

Table 4.3.7. AFM images of polarization experiment on the changing spatfoangiezoresponse
Amplitudel, Phasel and Phase2 channels, measured24itkHz AC. Polarization was made with
+10 V and10 V tip bias. All scan sizes a&>m.

Before Polarizationspot 1

After first Polarizationspot 2
(+10 V for ~15 min)

After second Polarizatiqrspot 3
(-10 V for ~15 min)

Amplitude1

3¢

3¢

Amplitude1 2.0um

| 36.1mV

35.6 mV

21181°

Phase2 2.0um

Phase2 7 2.0um

134.7 °

1345°

YAYd
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After applying Tip Bias +10 V the picture changed dramatically. Footprint from
polarization was slightly recognized in Amplitudel channel. However, the footprint
disappeaed quickly ($ min, the time required for 1 scarfimall dark spotsvisiblein the
first column turned to light and another dark spot appeared (second column)arso,
assumption can be mad#éat electric field application stimulates the sample to create or

change itown domains.

After applying10 Vthe spots beame bigger Thescan sizavas enlargedo 50> Y
to see whole spotgFig4.3.12) However,it did not work Thepiezoresponsevas not
registered. Changid a Ol y & A1 Provioldd@dresgorse. mn > Y

Phase1 10.0 um

Figu[e4A.3.12. AFM image of Phasel on the same as previous scan area of changing spstaywith
aAlS pn >YO®

Thenother place o the surfacavas chosemand polarizedTheresult is represented
in Fig.4.3.13.Big spotswere again visibleTherefore, scanningtarted with10>Y & Ol y & A
(Fig4.3.13 a, b)then enlarged t®25 > Ysize(Fig4.3.13 c, d)There the whole spotvas
observed Themeasurementavere repeatedevery 10 minutesin the Fig.4.3.14the spot
changingis clearly seen (also it could be that the specame smaller through time or

during measurements).
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Deflection Error 5.0 um Phase1 5.0 um
c d
Figure 4.3.13. AFM image of Deflection Error (a),(c) and Phasel (b),(d) on the changing spots area

FFGSNI LREFNRT FGA2YyY 6AGK a0y &AT S mn >Y o6l0Z

7Y g

6.9°

Lo

Sl e
Phase1 5.0um

Figure 4.3.14. AFM image of Phasel on the changing spots area after polarization, with scan size 25
> Ythrough time. The time €elay between two nearest scans sval0 min.






























