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1. Introduction

1 Introduction

1.1 Possible use of BaTiO; as a high density memory material

As early as 1950s when the demand for high-capacity computer memories came, ferroelectric
materials were intensively studied in the world, as they seemed to be prime candidates of new
materials for binary memories [1~3]. Later in the period of 1965 to 1975, tremendous efforts
were taken to develop ferroelectric-semiconductor memories by the use of a thin film of
semiconductors deposited on a bulk ferroelectric single crystal or ceramics materials. Though
the basic concept was valid, the instability of semiconductor thin films at that time did not
permit a viable memory to be built. In recent years, ferroelectric materials have attracted
much more attention because of the combination of their unique properties of spontaneous
polarization, i.e. the so-called ferroelectric domains of the materials, to CMOS techniques of
microelectronic industry [4, 5]. This combination has led to a large variety of new devicesin
computer technology and transducing devices in electromechanic, electrochemic, electrooptic,
and acoustooptic fields.

Among al the ferroel ectrics used during the development of modern memory devices, Barium
titanate (BaTiO3) material system is one of the most interesting ferroelectric material systems
up to now [2]. BaTiOs single crystal has ferroelectric structures which are far smpler than
those of any other ferroelectrics known and thus provides a good base for the research and
understanding of whole ferroelectric phenomena. It is chemically and mechanically stable and
has a Curie temperature at about 120°C. Its hysteresis loop has rather sharp corners and a
good rectangular appearance. The value of its coercive field, measured at room temperature,
varies from a minimum of 5 kV/m to a maximum of 200 kV/m. The dielectric constant in the

direction of polarization (g, =160) is much smaler than that perpendicular to it
(&, =2920) and they exhibit pronounced anomalies at the transitions from tetragonal to

orthorhombic and from orthorhombic to rhombohedral states. BaTiOz polycrystaline
materials, the so-called ceramics, and their modifications offer even more applications in
various fields of engineering. It is easy to produce a hard BaTiO3 ceramics body by standard
sintering process and its body form can also be easily modified according to the industry
applications. The polarization direction of ceramics can be chosen as required. BaTiOs thin
films, and other perovskite-type films such as Lead Zirconate Titanate (PZT), Strontium
Bismuth Titanate film (SBT) and so on, are intensively studied recently due to the integration

of these kind of films to CMOS circuits to produce various novel devices [4, 5]. In general,

1



1. Introduction

BaTiO3 and other perovskite type ferroelectric materials provide today an intensively active
research and application field. Even though its technical and commercial importance is

substantial, many breakthrough applications may still lie ahead of us.

1.2 Present research on ferroel ectric domains

Although present applications of ferroelectric materials in the modern microelectronic
industry provide a great prospect and almost unlimited opportunities, thereis much work to be
done [5~13]. Under macroscopic view, problems associated with application of BaTiOz and
other current ferroelectrics are that their properties are often controlled by the contributions
from the so-called extrinsic effects which are responsible for polarization fatigue, aging,
frequency and field dependence of piezoelectric, elastic and dielectric properties. These
contributions are generally described as domain-wall effects [11~13]. The theoretical
treatment and experimental study on all these contributions present us a big challenge since
long time. Although substantial insights into the nature of ferroelectrics have been achieved,
al the theoretical models, most of which are phenomenological in nature, and experiment
results provide only a global or macroscopic view of the ferroelectrics. The present
application of ferroelectric materials combined with CMOS integrated circuits requires that
such problems be further studied under micrometer or even in difficult cases in nanometer
range. To keep pace with this new technological trend, non-destructive techniques to
investigate the ferroelectric domains under such spatial resolution must be developed.
Whereas the resolution of conventional optical microscopy is limited by the diffraction limit,
a number of non-destructive methods have been developed to study ferroelectric domains
[14~17]. Scanning electron microscopy (SEM) [14] is non-destructive but has a disadvantage
that contrast and resolution are dependent on time. In combination with acoustics, a non-
destructive technique with resolution and contrast independent of time, scanning electron
acoustic microscopy (SEAM), is used to visualize ferroelectric domains [15, 16].
Unfortunately, SEAM has only a resolution down to several micrometers due to the
interaction areaformed by primary electrons injected into the sample. Although transmission
electron microscopy (TEM) [17] has a resolution down to nanometer range, this technique
needs a difficult sample preparation. Whether the preparation process would affect
ferroelectric domains is not clear. With the invention of scanning probe microscopy (SPM)
[18], non-destructive methods to image ferroelectric domains with submicrometer or
nanometer spatial resolutions have emerged recently [19~31]. F. Saurenbach, et. al. [19]
imaged the ferroelectric domain of GMO (Gd,(MoO,),) material system by the use of SPM
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in non-contact topography mode. R. Luthi et. a. [20] presented ferroelectric contrast of
GASH (C(NH,),Al(s0,),®BH,0) and M.-K. Bae e. a. [21] of TGS

((NH,CH,COOH), [H,30,) materias by the use of contact topography mode of SPM

respectively. By applying an ac voltage and measuring of the first harmonic signal from
topography feedback, K. Franke et. al. [22] introduced imaging and modification of domains
in PZT film. For BaTiO; material system, S.-I. Hamazaki et. al. [23] presented results by the
use of SPM contact topography mode on ferroelectric BaTiOs; single crystal and suggested
that the topography image of SPM is also ferroelectric domain image. L. M. Eng et. a. [24]
also showed results of domain contrast of ferroelectric BaTiOs single crystal by the use of the
non-contact mode as well as the friction mode of SPM. Thereafter, there were mainly two
kinds of modes of SPM which were used frequently to image ferroel ectric domains of BaTiO3
material system in the literatures. One is the so-called topography mode [23] and the other
piezoresponse mode [19, 22]. To study the contrast mechanism of both methods, A.
Gruverman et. a. [25] explained the contrast of topography mode of SPM on BaTiOs
revealed the difference of a-c domain boundary and piezoelectric response mode imaged the
c-c domain boundary.

Based on the principle of topography mode of SPM, some literatures [26-29] presented the
comparison of domain contrast from topography mode of SPM with the results from optical
microscopy, SEM, and surface potential microscopy based on SPM respectively. As the
topography mode of SPM requires an absolutely flat sample surface, this mode is impossible
to apply to image ferroelectric domains of samples with rough surface such as ceramics or
electronic devices non-destructively. A systematic analysis of contrast mechanism of this
mode and the contrast comparison to other techniques are also difficult.

At the base of the piezoelectric response mode of SPM, U. Rabe et. al. studied ferroelectric
domains from PZT ceramics [30]. L. Eng. et. a. presented the domain imaging on PZT and
BaTiO3 ceramics, writing and switching on a bulk BaTiOs single crystal [31]. C. Harnagea
studied the domain imaging and switching on BaBi4Ti4O;5 thin films [32]. In order to analyze
the ferroelectric domains by SPM quantitatively, C. Durkan et. al. presented a theoretical
model for the calculation of the electric field in the system of the piezoel ectric response mode
of SPM [33]. Although the work [31] has made a comparison of the results by piezoelectric
response mode of SPM on BaTiO3; ceramics with results by chemical etching method, the
chemical etching method is actually a destructive method and an explanation of the contrast
difference between these two methods would be difficult. Meanwhile, although the theoretical

model [33] for the piezoelectric response mode of SPM on ferroelectric films has been

3



1. Introduction

introduced, from our point of view, the theoretical treatment of the model can not be the right
theoretical analytic method. Neither can the model be used systematically to analyze electric
field distributions in different samples, such as bulk materials, thin films or multilayered
films. Electric and mechanic field distributions and the energy exchange between them in the

system of piezoel ectric response mode of SPM remain unsolved up to today.

1.3 Aim of present work

In this work, a new set-up, Scanning near-field Acoustic Microscopy based on SPM (SNAM),
is developed to image ferroelectric domains of both single crystal and ceramics of BaTiO3
material system [34, 35, 36]. The results of ceramics are compared to the results at identical
areas of the same ceramics by another established non-destructive acoustic technique,
Scanning Electron Acoustic Microscopy (SEAM) [15, 16, 37]. Based on the classic
phenomenological theory, a theoretical model for both the SNAM set-up developed and the
SEAM on ferroelectric BaTiO3; materials is grounded. The ferroelectric domains are analyzed
quantitatively according to the model established. Different modes based on SPM are also
compared. The ferroelectric domains of BaTiO3z ceramics are imaged temporally, thermally
dynamically, and electrically dynamically [37].

As shown at the end of this work, both SEAM and SNAM techniques are complementary
tools for the future research and application of ferroelectric materials and devices. The
theoretical and experimental methods presented can further be applied to other near-field

acoustic microscopy techniques and other ferroelectric materials.

1.4 Structure

Thiswork is mainly divided into the following chapters: Chapter 2 will mention briefly main
theories on electric and ferroelectric properties of BaTiOs crystal and ceramics. The typical
methods and new works to image ferroelectric domains are also discussed. From the
discussion, two near-field techniques, SEAM and SNAM, are chosen as examples for the
further discussion. Chapter 3 is concentrated to electric and mechanic coupling of near-field
acoustic microscopy and a BaTiOs single crystal with a monodomain structure is chosen as an
example to simplify the discussion. The contrast mechanism for both near-field acoustic
microscopy techniques is analyzed. Chapter 4 treats the physical background, signal
generation, contrast mechanism, and experiment set-up of SEAM on BaTiO3; material system.
Chapter 5 discusses the physical background, signal generation, contrast mechanism, and
experiment set-up of SNAM developed in this work on BaTiOz material system. Then the

comparison of the contrast of the developed system to that of another mode of SPM, the so-
4
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called piezoelectric response mode, is studied. Finally the domain structures of BaTiOs
ceramics are studied dynamically. Chapter 6 discusses the experimental details in this work
and Chapter 7 presents some typical experiment results. Chapter 8 discusses the
complementary study by both near-field techniques on identical areas and presents an
explanation for the study at the base of the theoretical model grounded. A small summary will
be given in Chapter 9 and future prospects will be briefly mentioned in Chapter 10. All
theoretical calculationswill be presented in the Appendix in detail.
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2 Theoretic description of electric and ferroelectric propertiesof BaTiO3

2.1 Definition of ferroelectric domains

Ferroelectric domains are referred to as volumes of spontaneous polarization in ferroelectrics
whose polarization can be changed by an electric field [1, 3]. The boundaries separating
domains are referred as domain walls. If aferroelectric crystal is brought to the ferroelectric
state from paraelectric phase by decreasing temperature, the electrostatic interaction on the
surface and the inhomogeneity of stress in the materials affect the internal energy and thus
result in ferroelectric domains in ferroelectric phase. As for the polycrystal materials, the
domain equilibrium size [5~7] in any case is determined by the minimum in energy which is
necessary to preserve the shape of the grain when passing from the paraglectric to
ferroelectric states. As this ferroelectric phase change is related to eectric, eastic, and
thermal energy changes, it is necessary to discuss energy functions and state equations of
materials at first.

2.2 State equations and thermodynamics of materias

2.2.1 The state equations

According to the thermodynamics, it is assumed that the thermal, elastic, and dielectric

behavior of a homogeneous dielectric is fully described by six variables: temperature T,

entropy S, Strain X, Stress X , electric field E, and electric displacement D .

According to the first law of thermodynamics, the change in internal energy U (per unit

volume) when an infinitesimal quantity of heat dQ is received by a unit volume of dielectric

isgiven by:
dU =dQ +dwW Eq.2-1

where dW is the work done on this same volume during the resulting quasi-static

transformation.

Assuming reversibility, the second law of thermodynamics relates dQ to the absolute

temperature and entropy in the form:

dQ =Tds Eq.2-2



2. Theoretic description of electric and ferroelectric properties of BaTiO3

If only the mechanic and electric work are related, the first law of thermodynamicsis:
dU =dQ+dW; +dW Eq.2-3

Where dW; and dW,, are electric and elastic works, which can be written as:

dW, = E,dD,
dW,_ = X, dx, Eq.2-4
Here the Voigt's notations (‘I’ means the tensor suffix and is from 1 to 6; ‘i’ means vector

suffix and is from 1 to 3.) are used to express tensors and vectors [39]. This method provides
some briefness for the expression of tensors and vectors. Some work used the same simplified
notation for tensor but different notations for vectors (‘i’ means vector suffix and isx, y, or z.)
[53] and this notation method is closer to the custom of electrica engineers. For the
discussion of the present work, both notation methods are used interchangeably, as the
notation of ‘i’ from both notation methods gives the same physical meaning. The Einstein

notation for the summation of vectors and tensorsis also used.

To describe a system, eight different thermodynamic potentials are defined:

Helmholtz free energy: AE =U -TS

Enthalpy: HE =U - X, X, —ED,

Elastic enthal py: HE =U - X, X

Electric enthal py: HE, =U -ED,

Gibbs free energy: Gb=U-TS-X,x, —ED,

Elastic Gibbs energy: Gb, =U -TS- X, X,

Electric Gibbs energy: Gb, =U -TS-E,D, Eq.2-5

The elastic Gibbs energy Gb, is frequently used in the literatures on ferroelectric phase
transitions. By choosing (T, X,,D,) as independent variables, the differential form of elastic

Gibbs energy can be written as:
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dGb, =—&T - x,dX, + E, dD, Eq.2-6

The other variables can be calculated as;

S:—g%%ﬁ, X, = —g%%ﬁ, E, =ED%%]X Eq.2-7

2.2.2 Linear state equations of materials and Maxwell relations

If only linear forms will be calculated, the other variables of state can be calculated as:

dS= > dT + 05 dX, + 905 db, Eq.2-8
Ths X, B D,

Xm = ?a daT + axl H dXI + X u le Eq.2-9
0T [ x X\ Ghx Di [ 1
. E [ E O
dEiZ %é aT + 0 L Xm + L le Eq.2-10
OT [ x Xi G Di Gir

The coefficients in the above equations are called compliances. In the same way, by choosing
different variables, different coefficients can be obtained. For the cases of isothermal (or
adiabatic), the equations can be generally described as:

dX, =cP dx, -h, dD, Eq.2-11
dE, =-h', dx, +k*" dD, Eq.2-12
dx, =sPy dX,+g;, dD, Eq.2-13
dE = -g/, dX,+k*T dD, Eq.2-14
dx, =sf7 dX, +d/", dE, Eq.2-15
dD, = d, dX,+&"" dE, Eq.2-16
dX, =cfy dx, -&', dE, Eq.2-17
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dD, = €', dx,+£;" dE, Eq.2-18

The last four equations are called piezoelectric stain and stress equations. As the isothermal
(or adiabatic process) will be usually discussed, the sign of constant T in the expression above

is omitted in the following discussion.

2.2.3 Non-linear state and approximations

The linear state equations above are described by the linear differential equations. But some
of the most important characteristics of ferroelectrics such as hysteresis loop, €lectrostriction,
polarization reverse and so on are fundamentally non-linear effects and hence require an
extension of the theory to higher orders. Generally the nonlinear state of materials can be
described by expansion of the state equations to arbitrarily high orders to define the non-linear
compliances, but the practical difficulties of tensor mathematics at high orders make it almost
impossible. In order to show the physical meanings more clearly, some approximations have
to be added:

* The prototype state is D, = X, =0, which means the original state has neither polarization

nor stress;
» The state with polarization has its polarization along one of the crystallographic axes,
* Non-polar state is centrosymmetric.

Under the assumption above, the elastic free energy can be expanded as Taylor series[5, 40]:
_ R R Ny S 2
Gbl—Gblo(T)+§O(1D +ZGZD +EG3D + ESX +Q%XD +... Eq.2-19

Here, for the sake of simplicity, the suffixes of vectors and tensors are omitted as it will not
change the physical meaning of the expression. In the following discussion, the same

simplicity is also used until it is necessary to analyze the components of vectors and tensors.

2.3 Theoretical description of BaTiOz materials

2.3.1 Crystal symmetry and ferroelectric phases of BaTiO3 single crystal

Two kinds of structures of BaTiO3 are known. One belongs to the hexagonal system, and the
other is perovskite. The first one does not show ferroelectricity and hence only the perovskite

structures will be further discussed in this work. The perovskite-type structure, which is the

9



2. Theoretic description of electric and ferroelectric properties of BaTiO3

large family of compounds with the general

formula ABOs, has the cubic non-polar

phase (centrosymmetrical) and the spatia
lattice is shown in Fig.2-1. The ‘@ is the
lattice constant. The perovskite BaTiOs

belongs to this kind of materials and is

cubic and nonpiezoelectric above the Curie
x a point (about 130 °C). It is the tetragona

lattice system from Curie point to 0 °C,
orthorhombic from 0 °C to -90 °C, and

rhombohedral below —90 °C. The different ferroelectric polarization directions (shown as

Fig.2-1: Perovskite-type structure ABO3

arrows) at different phases observed by experiments areillustrated in Fig.2-2.

a C a
a b a,
a a a,
Fig.2-2a: Cubic Fig.2-2b: Tetragonal Fig.2-2c: Fig.2-2d:
T>130°C 130°C>T>0°C Orthorhombic Rhombohedral
0°C>T>-90°C -90 °C>T

Under the assumption that phase change is small and the crystal has only a monodomain at
ferroel ectric phases, a phenomenological theory [40] was presented to explain the polarization
in BaTiOz materias. The principle is to minimize the eastic Gibbs energy when the material
goes through the phase changing point. From the equation Eq.2-19, by neglecting the terms
higher than D°®, the electric field can be written as:

_9Gh,
oD

E =a,D +a,D®+0a,D°=0 Eq.2-20

—

here D is equal to P, if electric field does not exist. During the phase change, P has three

components:

10



2. Theoretic description of electric and ferroelectric properties of BaTiO3

— —

D=P=P.a+PR,a,+P, 3§, Eq.2-21
According to the Eq.2-20, the (P, , P, , P,) can be solved for four possibilities:
a) (P P,,P,)=0, Gb, =0
b) P=P,=0, P,#z0, Ghb,#0 Tetragonal state, 130°>T>0°
0 P.=0, P,=P,#0, Gb,#0 Orthorhombic state, 0°>T>-90°
d) P.=P,=P, 0, Gb, 20 Rhombohedral state, -90°>T

Here Gb,, Gb,, Gb,, and Gb, are the Gibbs energy at the corresponding states. These

four states before and after spontaneous polarization describe the facts which have been
observed in experiments, as shown abovein Fig.2-2.

To the same approximation, if X and E do not exist during the phase change, according to
Eq.2-7 and Eq.2-19, it must be noted that the spontaneous strain:

dGh,
X=

-Q_P? )
3% Q Eq.2-22

Here Q, is the electrostrictive coefficient. Because the electrostrictive effect exists in all
materials, it means that spontaneous strain always accompani es spontaneous polarization.
The piezoel ectric voltage coefficient is:

_0%Gh
X D

g =2Q.P Eq.2-23

The piezoelectric strain constant in the direction of polarization can be written as [5]:
d,; =2eQ_P Eq.2-24

That means that piezoelectric effect of ferroelectric materials a¢ monodomain state is

proportional to spontaneous polarization through e ectrostrictive constant.

2.3.2 Thegenera domain structures of BaTiO3 single crystal in tetragonal phase

In reality, the monodomain state of materia at ferroelectric phase, which is assumed above

11



2. Theoretic description of electric and ferroelectric properties of BaTiO3

for the simplicity of discussion, does not exist [1~3]. Ferroelectric domain structures at
ferroelectric phases are aways formed by the electrostatic interaction on the surface and the
inhomogeneity of stress in the materials, when BaTiO3z single crystal goes through the phase
change. At tetragonal phase, there are totally four structures of ferroelectric domains of

BaTiO3 single crystal material. The domain with a spontaneous polarization perpendicular to

Surface Surface
Domain boundary Domain boundary
— 3 o 3
T8, Ve Paf
R —>
/p. /
Fig.2-3a: 90° a-adomain wall [110] Fig.2-3b: 90° a-c domain wall [101]
Surface Surface
Domain boundary Domain boundary
ip'% 0 S ® o '
Yy L% ol
",' l"“,"PC PC
Fig.2-3c: 180° a-adomain wall[010] Fig.2-3d: 180° c-c domain wall

the surface of the material is called ‘c-domain’ and that with a spontaneous polarization on
the surface of the materia ‘a-domain’. There are totally four possibilities of domain
boundaries, that is, if the surface is assumed as the [001] plane, the 90° a-a [110], 90° ac
[011], 180° a-a [010], and 180° c-c domain boundaries (domain walls). The last one has an
arbitrary boundary form which is vertical to the surface. It should also be emphasized here
that the domain walls exist possibly in any equivalent planes. On the surface of the c-domains,
there are surface screen charges. Fig.2-3 shows the domain structures on a thin plate of

BaTiOz single crystal.

For the structures above, the domain wall width after the phase transition can be described by
the minimizing the total free energy [3, 40~42]. The Gibbs free energy under the assumption
above can be written as:

1 2 1 4
Gb =Gb, +Wg +W,, +W, +§, (EalD +ZG2D )av Eq.2-25

ip
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2. Theoretic description of electric and ferroelectric properties of BaTiO3

Here W¢, W, and W, are electric energy, energy by the dipolar interaction, and the elastic

energy. The high order term of D® is further neglected for the simplicity. According to the
theory above and by minimizing the total free energy, some work [41, 42] have analyzed the
domain walls and leads to an estimation of wall thickness and wall energy of some materials.
Thetypical values of BaTiOs single crystal are shown in table 1.

This prediction is naturally under the assumption that all the parameters and dimensions of
domain walls can be described macroscopically. The results of the wall width calculated
above are naturally not of a macroscopic dimension. There is aso a microscopic approach
which gives the same value of wall energy [43]. The methods and values here will be

therefore accepted in this work, as other work do.

Materials Wall thickness (nanometer) ~ Wall energy (mJ/m?)
BaTiO; 180° walls 0.5~2 10
BaTiO; 90° walls 5~10 2~4

Table 1: The typical properties of domain walls of BaTiOs single crystal

2.3.3 Thegenera domain structures of BaTiO3z ceramics

The formation of domainsin ceramicsis different from that in single crystals because domain
structures of a grain are formed under clamped conditions, whereas a single crystals is free.
The domain size at equilibrium state in any case is determined by the minimum of the intern
energy which is necessary to preserve the shape of the grain when passing from the
paraelectric to ferroelectric state. Although there has been a lot of efforts to explain the
relationship among grain sizes, domain widths, elastic, piezoelectric, dielectric properties and
so on, a generally accepted theory to describe and explain all the relations needs also to be
established [5~13]. Furthermore, how many kinds of structures of ferroelectric domains at the
tetragonal phase of BaTiO;z ceramics exist generally is still not clear. The following is the
most widely accepted description of ferroelectric domain structures of BaTiOs ceramics at

tetragonal phase in recent literatures [6~10].

It is found that there are different structures of domains in BaTiOs; ceramics but two kinds of
domain structures in BaTiOs; ceramics are typicaly observed by chemical etching method.
One exists mainly in the grains with sizes smaller than 10 um and have simple laminated 90°

domain structures. The other kind composes mainly of banded 90° domains if grain sizes are

13



2. Theoretic description of electric and ferroelectric properties of BaTiO3

larger than 20 um [6, 7].

For the first kind of domains in BaTiO3z ceramics, according to the same phenomenol ogical
theory above, some work to cal culate the relationship between the domain width and the grain

sizeis presented. The domain width (d,,) with respect to the grain size g is calculated as[7]:

d, O(g)"? Eq.2-26

The typical width of 90° domainsis several hundred nanometers.

Another kind of ferroelectric domains exists whose domain structures are typicaly 90°
banded domains and shown in Fig.2-4 [6, 8, 9, 10]. This kind of structures of BaTiO3
ceramics was observed mostly if the grain size is larger than 20 um. The two 90° domain
structures of this kind of domains are shown in Fig.2-4. The a structure has a one-to-one

correspondence of conjugated domain areas whereas the vy structure without any
correspondence. The domain width d,, can be calculated as[10]:

0.004

d,, (um)= 0.104g™*(1+ m

) Eq.2-27

If a coarse grain of BaTiO3 ceramics has a dimension of 50 pum, the domain width is about
300 nm.

It is clear that the domain widths whose structures are known today are in the range of several

hundred nanometer in BaTiOs ceramics.

Domain width d.
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+
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Fig.2-4a: a structure of 90° domain Fig.2-4b: y structure of 90° domain
|aminated structures laminated structures
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Other types of domains of ferroelectric BaTiOs; ceramics, such as those with no relationship to

grain sizes, because of their complex natures and 0[P # 0 in the bulk materias, are less
studied and little documented. The complicated relationships among domain structures,
temperatures, electric and ferroelectric properties, and grain sizes are usualy studied
experimentally.

In recent literatures, domains and their effects on macroscopic properties of ferroelectric
ceramics are studied experimentally. The dielectric, elastic, piezoelectric properties of
ferroelectric ceramics are described by recent studies as the sum of intrinsic and extrinsic
properties [11~13]. The intrinsic property of ferroelectric materials is defined as properties of
the material with a monodomain and the extrinsic property the contribution from other parts
of the material, such as domain wall movements. The dielectric constant €, piezoelectric

constant d , and elastic compliance s, are therefore written as follows:

g = gin + gex
d=d, +d,
§=5§, +5, Eq.2-28

The subscripts ‘in’ and ‘ex’ denote the intrinsic and extrinsic contributions.

Although a model for ferroelectric ceramics to describe the relationship between the intrinsic
and extrinsic contributions under wesak fields has only been presented recently, a generally
accepted theory even by phenomenologica methods is still not well developed [13]. The
piezoelectric relation of Rayleigh model for ferroelectric ceramics will be accepted in this
work [12]:

d, =2e,,Q,P, +11.7X EQ.2-29

where d,, isthe actual piezoelectric constant for ferroelectric ceramics; Q,,, P,, and X,

are the electrostrictive constant, spontaneous polarization, and the maximum vaue of
periodical stress by external fields. The first term is the so-called intrinsic piezoel ectric effect.
The detailed discussion of Rayleigh model and the dielectric and el astic relations will not be
mentioned here for the simplicity of our discussion of the near-field acoustic imaging in this

work.
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2.4  Standard methods to image ferroel ectric domains

The microscopic characterization of ferroelectric domains is aways a chalenge for scientists
inthisarea. The classic work will be shortly mentioned here.

2.4.1 Chemical etching

Thisis the earliest way to visualize ferroelectric domains in ferroelectrics. Concentrated HCI
etches the a and c-domains of BaTiO; at different rates, and also +c and — ends of the
domains, so that a different texture or shade appears when the etched specimen is examined
under a microscope [3]. It is a destructive method and how such an etching process influences

subsequent domainsis also not documented.

2.4.2 Powder methods

This method uses colloidal suspensions of charged particles, which deposit preferentially on
either positive or negative ends of domains. It is a nondestructive method, but the difficult
choice of powders and the limited resolution and contrast makes it not feasible for industry.
Furthermore it is aso very difficult to use it on materials with rough surfaces because the

surface topography will add to the contrast of powder contrast.

2.4.3 Optical polarising microscopy

To observe ferroel ectric domians, the usual method is the optical microscopy with a polariser
and an analyzer. When the polariser and analyzer of the optical microscope are crossed at 90°
orientations, no light is transmitted through microscope unless the specimen inserted produces
a phase change between two differently polarized light rays passing through it. If it is
assumed that the optical axisis aso polar axis, for BaTiOgs, the c-domains will not change the
phase of the light and appear dark. The adomains will change the phase of the light and
appear bright. It is also shown that one can image +c and —¢c domains by studying the strain-
induced biaxial material along each domain wall [44]. Unfortunately, the optical method is
limited by the diffraction limit of the focused light beam and the resolution is only about half
of the light wavelength used. It will be difficult to obtain the resolution in submicrometer or
nanometer range. Moreover, athough this technique is the most common method to image
ferroelectric domains of single crystals, it is very difficult to image ferroelectric domains of
ceramics non-destructively, as the surface has to be polished to get sufficient contrast. To

what extend the polishing process changes the domain structuresis still not well studied.
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2.4.4 X-ray diffraction and topography
Both methods require the polishing of the surface to increase the image contrast. The X-ray

diffraction method is a typical method for the research of single crystals and films. It is an
indirect method and by anayzing the diffraction angle, the surface polarization can be
indirectly shown [44].

The contrast mechanism of X-ray topography [3, 45, 46] is that the anomalous dispersion of
X-rays causes a difference between the X-ray intensity reflected from the positive and
negative ends of domains. By using wavelengths close to an absorption edge of a constituent
element this difference can be maximized. The domains in BaTiO3; have been successfully
observed by this methods. Although it is a classic method to analyze ferroelectric domains, its
resolution and requirement of surface roughness limit its application.

245 SEM
Methods using SEM to observe domains are also presented [14]. The principle is based on

changes of surface electric potential from domains to domains which will be imaged in
secondary electron image. It has only a resolution of about several um. The stability of the

contrast of this method and its comparison with other techniques needs to be studied.

246 TEM

This method is the most powerful method to observe ferroelectric domains [15, 47, 48]. It
presents a good resolution down to several nanometers or lower. But the sample preparation
of this method is difficult and destructive, and whether the sample preparation would change
the domains on the sample surface requires further investigation.

2.5 New methods and works to image ferroel ectric domains

There are a large amount of literature which reported new techniques to image ferroelectric
domains. It is but impossible to mention all the techniques here. Only some typical techniques

will be briefly discussed in the followings.

2.5.1 Optical methods based on the second-harmonic generation

This technique can be used in principle for any crystal which can be matched in phase for
second-harmonic generation with light propagation close to the polar axis [3, 49, 50]. Some
work have also combined this technique with near-field optical methods [51]. Although some

results on single crystals are presented, this method has no advantages for the analyses of
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BaTiO3 ceramics which are usually very rough at the surface and opague.

2.5.2 Scanning Electron Environment Microscopy

This is a relatively new methods [52] and the principle is amost similar as that of SEM to
image ferroelectric domains. But, because it uses a special environment in the vacuum
chamber in SEM, the image contrast can be held for several hours. For crystal materials, some
results have been obtained but those on ceramics have not been presented up to now. Its

resolution is also in the range of several micrometer.

253 SEAM

This method uses a very thin gold film on the surface of the material to avoid surface charging
effects and the results of both single crystal and ceramics are shown [16, 17, 37, 38]. The
detailed description of the method will be discussed later in Chapter 4.

2.5.4 Scanning near-field acoustic microscopy based on SPM techniques

The name, Scanning near-field acoustic microscopy (SNAM), was introduced in 1989 [64]
and there are alot of developments with this technique up to today. For the sake of simplicity
of the present work, the name SNAM would be used to mean all the systems based on SPM
technigues to image acoustic properties. These methods are new and there is till a lot of
discussion on it. To characterize the contrast of SNAM techniques on BaTiOs; materias,
although different set-ups and different results have been presented as discussed in Chapter 1,
a new nondestructive method with nanometer resolution based on the combination of SPM
and acoustic microscopy is introduced in this work [34~37]. This method provides a
possibility to compare contrast of SEAM and SNAM techniques both theoretically and
experimentally. A detailed description of this set-up of SNAM to image ferroelectric domain
structures of BaTiOzwill be presented later in Chapter 5.

2.6 Limitation: quasi-static

For all the discussion above, one of the most fundamental assumption is used. The discussion
and imaging of ferroelectric domains are only discussed quasi-statically. The high frequency
properties of ferroelectric domains will not be discussed here because the imaging mechanism
of SEAM and SNAM will be mainly concerned in this work.
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3. Electric and acoustic coupling in Scanning Near-field Acoustic Microscopy

3 Electric and acoustic coupling in Scanning Near -field Acoustic Microscopy

3.1 General equations of e ectric and acoustic couplingsin solids

Electrica and acoustic coupling equations are briefly discussed in Chapter 2. Ther
application combined with the classic electromagnetic and acoustic theories in actual near-
field acoustic microscopy systems is discussed here. From Eqg.2-15 to EQ.2-18, the
piezoelectric strain and stress equations can be obtained by integration under the assumption

of zero values of all the field components at equilibrium state:

X :SlEW-| X“.,+(—ZI~—|7j E; Eq.3-1
D, =d; XJ+8§j E; Eq.3-2
X, :CIE,J X;-€; E; Eq.3-3
D, =€, XJ+€i5,€j E, Eq.3-4

Eq.3-1 and Eq.3-2 are piezoelectric strain equations and EQ.3-3 and EQ.3-4 stress equation.

The constant d, | (c~l constants of the transposed matrix) is piezoelectric strain constant and

L
g, (& constants of the transposed matrix) piezoelectric stress constant.

The Maxwell equations to describe genera electric and magnetic phenomenaare [53]:

- 0B
Ox E= —— Eq.3-5
ot A
0 x H:aa—ItEJCJS Eq.3-6

where E and H are electric and magnetic field; D and B are eectric displacement and
magnetic flux density; J_ and J, are conducting and source currents.

Acoustic vibrations or waves in solid materials are governed by the Newton's law for
dynamic motion under the classic view. Motions can be classified into two kinds: trandational
and rotational motions.

For trand ational motions, the Newton’s law can be written as:

. 9% -
OIX = pW -F Eq.3-7

where i isthe displacement field of particlesin materialsand F isan external body force.
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For the simplicity of discussion below, the velocity of particles (Vv :%—l:) is used and EQ.3-7

can be written as:

. ov -
OX =p—-F )
pat Eq.3-8

For rotational motions, the Newton's law can be written as:
Xi=X;+G =0 Eq.3-9
X; and X; are stresscomponentsand G, is body torque.

Under the small signal and weak piezoelectric coupling approximations, the body torque can
be neglected even if most of the materials of piezoelectric transducers are frequently
ferroelectric, so that the stress tensor is always a symmetric tensor. Combining the
electromagnetic and acoustic equations with the piezoelectric equations, one can obtain the
genera coupled equations for fields and waves in piezoel ectric materials as [53]:

0’V - _ EM, oF
g =0M€:0,) -0 %%E Eq.3-9

QZE R oV 0J 0J
I"lO s atz DXDXE Uo s Ot p‘O at p‘O at

The equations above are theoretically brief but physical meanings are not easy to see directly.

C

Eq.3-10

In order to study the contrast mechanism in near-field acoustic systems clearly, it is easier to
analyze the coupling by separating Eq.3-9 and Eq.3-10 to different coupled groups. It is also
necessary that the system be simplified so that analytical methods can be used.

3.2 Direct imaging of the coupling by atransducer

A genera set-up of near-field acoustic microscopy is shown in Fig.3-1. In near-field area, if
there is a certain stimulation which produces acoustic vibrations, the vibrations will transmit
to a transducer which is in solid contact with the sample and will change the acoustic
vibrations into electric signals. To understand the system systematically, we must study how
the stimulation produces acoustic vibrations, how the vibrations transmit to the transducer,
and how the transducer changes the acoustic waves into electric signals in the typical set-up.
At first, the electric and acoustic signal change in the transducer will be discussed. The
acoustic waves in near-field and their transmission in the sample, as they are more
complicated, will be discussed in the next section.

Some typical data about this set-up are: the thickness of the sampleis usually 2~5 mm and the
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Fig. 3-1: Typica set-up of near-field acoustic microscopy

lateral dimension of the sample several 1~2 centimeter. The transducer has normally a
thickness of 1~2 mm and alateral dimension of 1~2 centimeter. The width of the near-field in
lateral direction is dependent on the system and the material properties of the sample. Typical
value of SEAM techniques on dielectric materials is several micrometers [57, 73]. As for
SNAM discussed later in Chapter 5, the near-field width is several tens of nanometer.

Because the lateral dimension of the sample and the transducer is much larger than their
thickness, the sample and PZT transducer can be approximately treated as thin plates with
unlimited dimension in the lateral direction. Under such an approximation, the coupling in
both kinds of material can be analyzed as the electric and acoustic coupling in one dimension.
Principaly, the coupling in one dimension can be solved by the general coupling equation
Eq.3-9 and Eq.3-10, but it is clearer to see the physical meanings by separating the basic
equations to find different kinds of couplings. For atypical use of atransducer as the acoustic
detector, electric signals, which are changed from acoustic signals, are always in the range of
uV and can be treated as a small signal. The so-called small signal and weak piezoelectric
coupling can be used. Under such approximations, a detailed calculation of electric and
acoustic couplings in one dimension for BaTiOz crystal and PZT is presented in Appendix A1l.
If the z direction is chosen as the transmission direction, there are three kinds of couplingsin

both materials. The first is the coupling between a quasi-static electric field E, [53] and an

acoustic longitudinal planewave (v,, X;) which can be described by the coupling equation:
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0’v, p 0%, ]

- =0 and E,= —-HZ Ex Eq.3-11
d7° C, ot? z £ 3 a
(v,, X;) are the velocity of particles and the stress in z direction; X, is the strain in z

direction. The quasi-static electric field E, is coupled to acoustic wave (v,, X;) through

strain component X,.

The other two types of couplings are coupling between two electromagnetic plane waves

(Ex,H,)and (E,,H,) and two shear acoustic plane waves (v, , X;) and (v, , X,):

0°E, e 0°E, e 0°v,
aZEy S aZEy aZVy s s
W_HOEWW :U'OeXS ataz (SWZEXX for BaT|03) Eq3'13

The physical meaning of EQ.3-11 is that, if a quasi-static electric field in a certain materia is
given, the electric and acoustic stiffened coupling can be detected by measuring the acoustic
longitudinal plane wave produced by the electric field in that material; Or, if an acoustic
longitudinal plane wave is given, there exists certainly a quasi-static electric field in z
direction and by measuring this electric field, the coupling can be detected as well. Because a
longitudinal transducer of the developed system is used to detect the longitudina waves
produced in the system in z direction, only the first coupling of EQ.3-11 will be further
discussed in this work.

In the transducer, the harmonic acoustic longitudinal plane wave (v, X3) can be written by

the use of normal mode as [53]:

X3=—@" +a*)e' /2 Eq.3-14
v: =(@* -a*)e/2z, Eq.3-15
a® =a* (D,) e Mz P Eq3-16
a*=a* (D,) el Eq.3-17

in which a* (D,) and a* (D,) are amplitudes, Z, the characteristic resistance, and k, the

wave number of the acoustic longitudinal wave in z direction in the transducer. The suffix ‘3’
at the right top corner means waves in the transducer, and ‘+' and ‘-’ indicate the wave
transmission directions.

At the interface between the PZT transducer and the copper electrode, if the acoustic reflect
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constant at the boundary between the transducer and the back electrode is R, the wave forms

a* and a* must satisfy the condition:

_ a” (Dyel
- a3+ (Dl)e—jk3D2

Eq.3-18

a* (D,) =Ra* (D,)e™?/"- EQ.3-19

The electric field in the transducer in z direction under the open circuit condition can be
expressed as [Appendix Al]:

PZT
== TDSZT Exs Eq.3-20
z

PZT

Here c/", €77, and e’ are stiffened stiffness, dielectric, and piezoelectric constants of

PZT in z-direction; X, isthe strain in z-direction of longitudinal waves and has the form:

10V 1 1 (e
Xy=——Z% = — a® +a%) e e Eq.3-21
Tjwoz 2z, v, (" +a) A

From Eq.3-19 and Eq.3-20, the quasi-static electric field in the transducer is:

—APZT
_ 73
EZ_ . PZT E)%

£

LI~ zz

:_ 5321— l:l 1 (1+ Re_21k3D2) a3+(D ) e - jks(z-Dy) Eq 3-22
m PZT HZZ V .

The voltage between two electrodes of the transducer under the open circuit condition is:

D;+D,

IEdz

output =

1 [ ey
2]k H:PZT PZT

y74

Eeﬁ* (D,) 1+ Re ™ P2) (1-g kPz) Eq.3-23

In al the equations above, a** (D,) is a constant determined by both the system boundary

condition and the stimulation in near-field.

If the acoustic wave amplitude a* (D,) equals to one unit, which means that a homogenous

acoustic longitudinal plane wave with unit amplitude transmits to the transducer, the
amplitude and phase response of the transducer output signal to the frequency of the typical
set-up shown in Fig.3-1 can be obtained. The amplitude and phase signal responses of the
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output to frequency are shown in Fig.3-2aand Fig. 3-2b.

200 400 600 800 kHz 200 400 600 800 kHz

Fig. 3-2ac Amplitude response of the Fig. 3-2b: Phase response of the transducer

transducer to a unit longitudinal plane wave to aunit longitudinal plane wave

Although EQ.3-23 describes the quantitative relationship between the acoustic longitudinal

waves and the output signal of the transducer at open circuit condition, in the actual case of a

scanning near-field acoustic microscopy system, the constant a** (D,) is dependent not only

on the boundary conditions but also on the coupling source in the near-field. Therefore, it is
necessary to analyze the coupling mechanism in the near-field and the whole transmission

property of the system.

3.3 Piezoelectric coupling in near-field of the scanning near-field acoustic microscopy

To couple acoustic waves in a sample, different methods are used in non-destructive testing
industry [59]. Conventional scanning acoustic microscope (CSAM) uses an acoustic lens to
focus and inject the acoustic waves into the sample and therefore the resolution depends on
the acoustic wave length according to the Rayleigh’s criterion. Although technologically
usable acoustic waves in solids can reach to severa GHz up to now, the required coupled
liquid in CSAM system has such a high attenuation at this frequency range that the CSAM
can only use the frequency below this range and the resolution can only reach severa
micrometers at most.

There is another kind of techniques whose resolution has no such a limitation, the so-called
near-field acoustic methods [55~62]. A typical set-up is shown in Fig.3-1. The principle of
this kind of microscopy is to produce acoustic waves by various interaction effects within a
tiny volume at the direct vicinity of the sample surface. This volume is frequently defined as

acoustic near-field and its dimension is much smaller than the wave length of acoustic waves
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used. Both lateral and depth profiling of these methods are generally dependent on this
dimension [57~63]. The main interactions between the external stimulation and the material
in near-field are photo, ion, electron, and, recently, probe acoustic coupling interactions. The
acoustic waves generated in near-field by a certain interaction or severa interactions will
further transmit through the sample, be detected by atransducer, and finally be imaged by the
system. Generaly, the main interaction by different methods can be generalized as thermal
coupling, generation of internal electric field, change of lattice constant and so on. The main
types of microscope systems which use the near-field interaction can be generalized in the
following.

Scanning photo acoustic microscopy (SPAM) uses a focused laser beam to produce acoustic
waves in near-field [61]. The laser beam used has a wavelength typically in the visible range
and a power from several mW to several hundred mW. According to the samples tested, the
contrast mechanisms are mainly thermal and optoacoustic couplings. The former can be
explained as that the chopped laser beam warms the sample in the near-field periodically, and,
because of this periodical thermal energy change, the tiny piece of material in the near-field
expands and contracts periodically. These periodical expansion and contraction produce
acoustic waves which are related to thermal and acoustic properties. In the specia case of
optoacoustic samples, the direct optoacoustic coupling is used to produce acoustic waves. As
the dimension of near-field area depends on the beam width of the injecting laser beam, which
Is formed by a focusing system, the resolution of this method is also dependent on factors
such as the wavelength of the laser beam and the materia properties of the sample. Except for
the optoacoustic structures, the limited laser power presents a main drawback to the electric
and acoustic coupling in near-field.

Scanning ion acoustic microscopy (SIAM) has a modulated microprobe with either alow [62]
or a high [63] ion energetic (200 keV) beam implanter. The coupling mechanism is thermal
acoustic coupling and the generation of excess carriers which form an internal electric field.
This field can produce acoustic waves when the sample is piezoelectric. Although a low
energy ion beam can be directly concentrated on the illuminated surface and obtain a good
axial resolution, it presents a great risk of sample damage. Conversely, fast ions can penetrate
further into the specimen, but the penetrating depth is so large that the axial resolution
becomes worse. To characterize ferroelectric domains with high resolution and non-
destructively, this kind of microscopy will not be convenient enough for the purpose.
Scanning electron acoustic microscopy (SEAM) has been developed considerably since its
introduction in 1980 [55, 56] and different coupling mechanisms are discussed thoroughly
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[16, 55~60]. It is principally a near-field technique which uses a tiny volume at the injecting
point to generate acoustic waves. The acoustic coupling mechanisms are mainly classified as
thermal acoustic coupling, piezoelectric acoustic coupling, and excess carrier acoustic
coupling. Which contrast mechanism plays the most important role during the imaging is
naturally dependent on the materials imaged [16]. For most metals, thermal coupling is the
dominant effect [55~59]. If semiconductor materials concerned, the excess carrier coupling
plays a main role by SEAM [16]. When piezoelectric materials are imaged, the piezoelectric
coupling in the near-field has main effects on sound generation [16, 60]. During the last
twenty years, different theories for the calculation of diffusion depth and lateral resolution of
this technique have been developed [57, 58] and different results on different materials have
also been presented. However, athough much effort has also been given to image
ferroelectric materials by SEAM [16, 60], the contrast mechanism of SEAM on ferroelectric
materials is still not well understood because of the complexity of ferroelectric materials and
SEAM technique. It is therefore necessary to analyze the contrast mechanism of SEAM on
ferroelectric materials further. Moreover, as SEAM is a non-destructive acoustic method with
a resolution in micrometer range, it presents itself as a perfect tool for a complementary
analysis and an experimental basis for the development of new kinds of near-field microscopy
with aresolution of submicrometer or nanometer range.

With the invention of Scanning probe microscope (SPM) in 1986 [18], different principles
and experimental set-ups of Scanning near-field acoustic microscopy (SNAM) based on SPM
have been developed recently [19~37, 64~70]. The principle of all the SNAM bases on
coupling acoustic waves in near-field and detecting them by various methods. According to
the set-ups developed, the main work can be roughly classified into two classes. One class
uses atunnel fork as an acoustic coupling source [64, 67, 68]. The other uses a common tip to
couple or detect acoustic waves [19, 30~37]. According to the operation modes, SNAM can
then be classified as SNAM with direct acoustic vibration coupling [64, 67, 68], direct contact
force coupling [30, 34~35, 65, 66, 69, 70], or piezoelectric coupling [19, 22, 30, 31~33, 36,
37]. A detailed discussion on al the work is beyond the range of this work. Only the
technique which is developed by the use of a transducer to detect the acoustic longitudinal
waves produced in near-field for the analysis of ferroelectric materials [36, 37] will be
discussed in detail in this work. The resolution of this mode of SNAM is basically dependent
on the dimension of the near-field which is formed just beneath the contact point of a
scanning probe by an applied ac voltage. Because the scanning probe has a very sharp form

and a diameter down to 10 nm at the very tip, the lateral dimension of the near-field under the

26



3. Electric and acoustic coupling in Scanning Near-field Acoustic Microscopy

probe has aso a lateral resolution with almost the same order. This provides an idea
condition to study ferroelectric domains and material properties at submicrometer or
nanometer resolution. Furthermore, the use of an acoustic transducer at the backside of the
sample for the detection of acoustic vibrations produced in near-field provides a solid base for
the comparison of contrast among different near-field acoustic microscopy systems both
experimentally and theoretically.
For the comparison of the contrast in this work, two typical near-field techniques which have
the highest resolution among all the near-field acoustic microscopy techniques, the devel oped
SNAM set-up and SEAM, will be chosen and discussed. For the analysis of ferroelectric
properties of BaTiOz materials by both techniques, only the mechanism of the generation of
internal electric field in near-field will be discussed here, as both techniques rely on this
mechanism to generate acoustic vibrations in near-field. For SEAM, the electric field in near-
field is produced by the trapped charges in the sample. For SNAM system developed, the
electric field is concentrated just under the tip because of the very sharp form of the tip and
will be discussed in Chapter 5 in detail. Naturaly, for the reliability of complementary
analyses, both techniques use the same experiment set-up, such as the same transducer and
sample holder, to investigate the same sample at identical areas.
Although it is necessary to make a thin gold film (about several nanometer thick) on the
sample for SEAM study, this film is so thin that it will not change the acoustic boundary
conditions and therefore has no effect on the harmonic acoustic wave solutions. In the same
way, athough the tip of SNAM is in contact with the sample surface, the contact force
between the tip and the sample surface is kept constant during the scanning by the
topographical feedback control unit of SPM. For the harmonic acoustic waves, this constant
force has no effect on the harmonic acoustic wave solutions either.

Based on the discussion above and from the point view of acoustic transmission, we can

generalize both systems on ferroelectric BaTiO3 materials as one typical set-up shown in

Fig.3-1 with an electric field stimulation in near-field.

In this typical near-field acoustic system with an electric field stimulation in near-field, some

basic assumptions have to be introduced in order to analyze the system quantitatively:

» The working frequency is usually in the range from several kHz to several hundred kHz.
The wave length of electromagnetic waves is several kilometers and that of acoustic
waves severa centimeters. The set-up has a typical dimension of severa centimeters.
Because the wavelength of electromagnetic wave (several km) in the system is much

greater than the dimension of the set-up and the wavelength of an acoustic waves (several

27



3. Electric and acoustic coupling in Scanning Near-field Acoustic Microscopy

centimeter) has the same dimension as the set-up, the electric problem can be treated as a
guasi-stationary problem and the acoustic problem awave transmission problem;

» Based on the theory of acoustic plate wave guide [53], the acoustic waves produced by the
electric field in near-field are very complicated and there are different modes. According
to the orthogonality of acoustic wave modes, all the wave modes can be expanded as a
sum of plane waves with different spatial transmission directions. Because a longitudinal
transducer is used in the system to change acoustic longitudinal waves into electric
signals, only the longitudinal waves transmitted in z direction will be changed into electric
signals by the transducer. As the lock-in technique is used to amplify the changed electric
signal with the same frequency as the electric field source, we need only to consider the
acoustic plane wave with the same frequency as that of the source. For the acoustic plane
waves transmitted only in z direction with the frequency of the source field, we can use
the transmission line mode to calculate only these longitudina plane waves in the near-
field approximately. A detailed calculation of electric and acoustic coupling of plane
waves in BaTiOgs isshown in Appendix A2;

» Becausethe field is concentrated in the middle of the sample and transducer, the boundary
effects in the transactional plane is neglected for wave transmission. It means the plane
wave approximation for both electric and acoustic fields can be used in the sample and in
the transducer;

» Thesignal issoweak that the small signal approximation in acoustics can be used;

* The coordinate axes are chosen to coincide with the crystal axes in the sample and
transducer;

» The contact between the sample and the electrode of the transducer and between the
transducer and the copper electrode, and both electrodes of the transducer are so thin that
their effects are neglected;

» The backside of the copper €electrode is acoustically matched so well that there is no
reflected acoustic waves back to electrode;

» The impedance of the lock-in amplifier is so large that the transducer can be assumed to

work under open circuit condition approximately.

Under the assumptions above, if an electric field source E=E_ &, in near-field is given, the

z

harmonic acoustic longitudinal plane wave (v:, X;) produced in the near-field by this source

Is governed by the equation (Appendix Al):
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aX: av.
5, =P, Eq.3-24

ov, 1 0X; e, 0E,
= +

Y4

dz c, ot c, ot

p

Eq.3-25

The suffix ‘1’ at the right top corner in the expression (vi, X3) means the area in near-field

of the sample.
The stable harmonic solutions of the longitudinal plane wave in near-field can be solved by

the one-dimensional transmission line mode as (A2, Appendix):

X:=—(a" +a")e’ /2 Eq.3-26

vi =(a" -a")e' /27, Eq.3-27

z
a’ =al’(ze’* +a" (0)e’ ",

ezS

Cp

i 0E.. .
inwhich &% (2)= [ (Z, a—ts)eJkZ d¢ (0<z<d) Eq.3-28
0

a'"=al (2e" +a" (d)e*
) d _e,0E,, _
inwhich a2 (2)= [(Zo—=2—2)e“d{ (0<z< d) Eq.3-29
z C, Ot
Here Z,=,/pc, is the characteristic resistance of wave (vi, X3) in near-field. al'(z) and

a. (z) are wave amplitude terms resulting from the source electric field in near-field. a** (0)

and a' (d) are constants which are determined by boundary conditions as shown in the set-up

of Fig.3-1, if the sourceis given.

The waves outside the near-field but still in the sample are governed only by the wave

equations without source (Eq.3-11) and can be written as (v, X2 ):

XZ=—(a" +a’)e'/2 Eq.3-30
Vi =(a* -a*)e/2z, Eq.3-31
a? =a? (d)e k(=9 Eq.3-32
a®” =a” (d)e'=? EQ.3-33

Here a** (d) and a* (d) are constants which can be determined by boundary conditions of
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the system and the source, w the angular frequency, and k, acoustic longitudinal wave
number in the z direction in the sample outside the near-field. The suffix ‘2" at the right top
corner indicates the area outside the near-field but still in the sample.

It is clear that the wave number inside and outside the near-field is the same, as all the
longitudina waves transmit inside and outside the near-field with the same material constants.
That means k =k, =k, .

The acoustic boundary conditions of the model shown in Fig.3-1 are generally the same:

X3=0 if z=0; Eq.3-34
2 1 .
X3=X3 if z=d, Eq.3-35
2 1 .
V3 =V; if z=d; Eq.3-36
3 2 .
X3=X3 ifz=D, Eq.3-37
3 2 .
V;=V; if z=D, Eq.3-38
a® (D) =Ra*(D,)e?"  ifz=D,+D, Eq.3-39

here R is the acoustic reflection constant of the copper electrode to the longitudinal wave.
The backside of copper electrode is well matched acoustically.

From the set-up shown in Fig.3-1, the acoustic waves in near-field are described by Eq.3-26
to Eq.3-29, waves in the sample but outside the near-field area by EQ.3-30 to Eqg.3-33, and
waves in the transducer by Eq.3-14 to Eq.3-17. If the source field in near-field is given,

al"(d) and a! (0) aretwo terms of source integration in near-field and are also given. There
are six constants a** (0), a* (d), a**(d), a* (d), a*(D,), anda®> (D,) . There are also six

independent linear boundary equations from EQ.3-33 to Eq.3-39. There is only one single
solution for all the constants. A detailed solution of al the constants can be found in
Appendix A2. The acoustic longitudinal wave amplitude in the transducer under the open

circuit and weak coupling conditions can be written as:

d
4j2, %2 12 = sin(Q)
a¥ (D)= _° — 0 Eq.3-40
(1+e ™)1+ Re%™2) 1+a,0,03,
. ‘ l_ e—2jkD1 1_ Re-ij3D2 ZO
inwhich O(l:l-l-eTle' a2:1+Re—'2“‘3D2' and Ba:Z_3_
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The expression is very complicated but the physical meaning is very clear. The term

d0E
J’Gt

0

=sin(k¢)d( at the right side of Eq.3-40 is the source coupling in near-field. The rest at

the right side of EQ.3-40 is the system transmission function which is determined by the

boundary conditions of the system. The acoustic wave amplitude a* (D,) is dependent on

both the coupling source in near-field and the transmission function of the system. From EQ.3-
40, the output signal of the transducer under the open circuit and weak coupling conditions
can be easily found from EQ.3-23:

_ 1 feg’
Voutput - 2 jk3 H:EZTSZPZZT

The final output signal of the transducer is:
e, J0E %m 1. 1-ge kP B |
V. =2(=2)([—=sin(k{)d 2= _ a - jkD;
output 2( Cp )(-('; at ( Z) Z) szZT w)(l_l_e—ZJle )(1+a1a2[3a )e

Eq.3-41
The first term at the right side of EQ.3-41 is only related to the material properties in near-

Eas* (Dy) (L+Re™P:) (1740

field; the second term is the term determined by source electric field in near-field; the third
term is the parameter of PZT transducer; The rest is dependent on the detecting system shown
inFig.3-1.

Eq.3-41 means that if the sourceE=E_ &, in near-field is given, the output signal of the

transducer at the open circuit condition for set-up shown in Fig.3-1 can be obtained. For a

given system, if the source field E; is kept constant during the scanning, the change of V.,

Is only related to material properties (%) in near-field. As it is shown in Eqg.2-24, the
p

piezoelectric constant d_, (i.e. e, in EQ.3-41) is dependent on polarization. Therefore, if the

coupled source electric field in near-field can be kept constant during the scanning and there
Is difference of polarization in near-field of every scanning point, the final acoustic image of
experiment set-up Fig.3-1 is an image of the change of ferroelectric polarization in near-field.
This is the contrast mechanism of near-field set-up shown in Fig.3-1 to image ferroelectric
domains in BaTiO; material systems. It can be seen later that this is aso the theoretical
background for the complementary study on ferroelectric domains of BaTiOs; materials by
SEAM and SNAM techniques, as the contrast mechanism of both techniques is the same. If,

however, the coupled source electric field distribution is scattered by a defect in near-field,

31



3. Electric and acoustic coupling in Scanning Near-field Acoustic Microscopy

the output signal of the transducer will be naturally dependent on the scattering source and the
average piezoelectric effect in near-field. This is also the contrast origin of defects in near-
field which can be imaged by SEAM and SNAM.

Furthermore, for the development of experimental set-ups of both near-field techniques based
on the theory above, it is also necessary to estimate the value of output signal from the

transducer. From the Eq.3-41, the value of piezoelectric constants e,, of piezoelectric BaTiOs
and PTZ transducer have ailmost the same value. The stiffened piezoelectric constant in near-
field is about 10™ for BaTiOs and dielectric constant of PZT 57" is about 10™2. The near-

field depth is usually in the range of um. The thickness of the sample and transducer is aso in
millimeter range. If it is assumed that the typical electric field in the near-field is smaller than
10 kV/m, which is small enough not to change the domain structures in near-field, the output
signal of the transducer is in the range of pV. This signal is naturally in the background of
white noise. We have to use the lock-in amplifier to detect such a small signal submerged in
the white noise background.

How these two kinds of near-field microscopy techniques couple the source electric field in
near-field, how the detailed experiment set-ups for both systems are established based on the
theory above, and how large is the near-field depth of both systems will be discussed in a
paralel way in the following chapter 4 and 5.
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4  Scanning Electron Acoustic Microscopy

4.1 Physical background, signal generation, and contrast mechanism

The physical processes by injecting electrons in Scanning electron microscopy (SEM) are
discussed thoroughly by some work [55~60, 71~73]. The Scanning electron acoustic
microscopy (SEAM) was developed from the commercial SEM to anayze the acoustic
properties of materials [55, 56]. According to different applications, the mechanisms can be
generaly classified into thermal acoustic coupling, piezoelectric coupling, and excess carrier
coupling [16]. For the therma acoustic coupling, some authors introduced a detailed
discussion of coupling equation and output signal of the transducer in SEAM [58, 75] which
will not be discussed in this work.

For the piezoelectric coupling mechanism, although some work has been done to analyze the
coupling mechanism [16], a detailed explanation of this kind of mechanism for the imaging of
ferroelectric domains in SEAM has not been introduced until recently [60]. In that work, the
authors have discussed the piezoelectric coupling effect in the ferroelectric BaTiOz material
by SEAM, but the acoustic solutions were assumed the same inside and outside the near-field.
It was an assumption which did not satisfy the acoustic wave equation Eg.3-11 in the area
outside the near-field but still in the sample.

For the future analysis of ferroelectric materials by near-field acoustic microscopy techniques,
it is obligatory to study this mechanism further. As this kind of mechanism concerns the
coupling of mechanic and electric phenomena in near-field, a detailed analysis of physical
process of electron injection in near-field by primary electrons (PE) is also necessary.

If only the insulating materials are concerned, some authors introduced some models to
describe field distributions in the insulating materials bombarded by PE [71~74]. Most of the
models have assumed that the electric field in electron injecting area is uniform in the
injection direction. This is naturally against Gauss's theorem. A more accurate model to
calculate electric field formed by injection electrons was introduced [74]. Although this model
isimpossible to explain al the actual phenomena of bombardment on insulating materials by
PE, it is the most accepted model in this aspect today. Therefore this model is chosen as the
base for the analyses of the contrast mechanism of SEAM on ferroelectric BaTiO; materials.
According to the model, the PE injects into a sample and forms a trapped charge distribution.
For a typical set-up of SEAM system, the charge distribution in an insulator by a

bombardment of primary electrons is shown in Fig. 4-1. The charge accumulating area has
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two parts. The first is the positive charged area p*, which is caused by the emission of

secondary electrons (SE) with a quantum yield 8. The depth d* of this area is less than
several nm for metals and from 10 to 50 nm for insulators. The rest of PE inject through this
area and further into the sample until they come to rest. A fraction of electrons will be back

scattered (with a backscattering coefficient n.) and the rest of electrons form a negative

charged layer with density of p~ and depth d~. The depth of penetration d is d*+d~ which
is dependent on accelerating voltage and the material properties [57, 60].

Electron beam

Diameter of .+ .«
primary beam 2a | .. ..
. I‘
VYVYV Metal film
(0,0, 0) »Z Y
f datipt -
Injecting ;
depth d aip Electric field
D : Thickness v 5 ’
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of the Sample
l €. :
Acoustic wave
? _é_ (Vz ’ X 3)
DZ: Thickness PZT
of the transducer i
* E v
Good acoustic . To lock-in
matching 7 "~ amplifier

v

Fig.4-1: Process of electron bombardment on aferroelectric material

If the PE keeps on injecting the area, the charge will be accumulated. The conductivity of the
sample will discharge this charge distribution. At the same time, the eectric field which is
formed by the accumulated charge will force the electrons to migrate up to the surface. If the
sample surface is grounded by a thin metal layer, the injecting electrons and the electrons
discharged and migrated will have an equilibrium state after atime t,. In this state, a stable
electric field will be produced in the injected area in the sample. Unfortunately, this time

constant T, is very difficult to evaluate, because it depends on both material properties and

experiment arrangement and currently can only be decided by experiment.
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If the intensity of PE is modulated with an angular frequency w, the electric field distribution
can also be established after a delay time factor longer than t,. In this case, the electric field
formed has also an angular frequency of w. To study the problem further, some
approximations have to be made. Asit can be seen later, even under such approximations, the
solution of piezoel ectric mechanism in SEAM has a very complicated form.

Besides the fundamental approximations to analyze near-field microscopy systems in Chapter

3, some special approximations for SEAM must be assumed here:

* The dimension of near-field of SEAM is so small compared to sample and wavelength,
that the anisotropic properties for the calculation of electric field in near-field can be
negl ected;

» The emission of SE takes place mainly at the surface of the metallic layer, so that there is
only a negatively charged areain the sample with adensity of p~ ;

* The penetration charge will be assumed that it is a charge cylinder (diameter 2a and length

d) in the sample with defocus condition, so that the electric field component in radial
direction is neglected and the electric field component E, is uniform and equals the
electric field in the middle of the near-field;

» Theillumination time of PE at every scan point is greater than the discharge delay time T,

of the materials, so that a stable harmonic field distribution is established.
From Fig. 4-1, if the sample has a thin layer of metal on the surface, the stable electric field
distribution can be calculated by the use of an image charge distribution. With the
approximations above, the electric field along the z axisis [ 74]:

E.=A(z-d)e' (0<z<d, x*+y*<a’)

E,=0 (z>dand z<0, X* +y*=a®) Eq.4-1
where p~ is the density of stable charge distribution in near-field and €, is the dielectric
constant in z direction of BaTiOz materials. The x, and y components of electric field are
neglected as they are small compared to z component. The electric field distribution of Eq.4-1
isthe source field E, in near-field of SEAM.

The electric field source in near-field with harmonic time variation is:

E.=A(z-d)e=e™ (1_?—E)|° (z-d)e!* Eq.4-2
T d

zZ

The acoustic source in near-field for BaTiOx;
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s OE, =A(z-d) e
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The output signal of a PZT transducer under the open circuit condition is[A3, appendix]:

Vo 21 () e ) Fo

PES, z
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e Eq.4-4
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The term in the first bracket of Eq.4-4 is directly related to the material properties in near-
field; The term in the second bracket is about the charge distribution in near-field; The term in
the third bracket is related to the properties of the PZT transducer; The remaining four terms
are related to detecting set-up and have a very complicated frequency dependence.

As it is explained in chapter 2, if the extrinsic contribution of the domain walls to the

piezoelectric effect in ferroelectric materials is neglected, the constant of e,, (or d,) is

directly related to ferroelectric polarization [see Eq.2-24]. If there are ¢c- and & domains on
the two areas on the surface of BaTiO; materials, the area of c-domains has polarization

parallel to the z direction and has a non-zero value of e,; in near-field. Whereas the area of a

domains, which has a polarization perpendicular to the z direction, will have zero value of

e,;. Thisisthe contrast mechanism of SEAM on the ferroelectric BaTiOz single crystal.

Eqg.4-4 has a very complicated frequency dependence, which is proved by SEAM experiments
[34, 38]. This dependence results from the frequency term in Eqg.4-4 and can only be analyzed
by computer simulation. The computer simulation is completed by the use of the free Linux
software Octave Ver. 2.0.13 and the result is shown in Fig.4-2. Asthe typical frequency range
of most lock-in amplifier is from several Hz to 200 kHz, the amplitude and phase response of
the output signal of the transducer in this frequency range has a dependence of frequency
shown in Fig.4-2. Early experimental work [38] revealed the same tendency of the acoustic

output signal in SEAM in this frequency range.
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Fig.4-2a: Amplitude of the output signal of Fig.4-2b: Phase of the output signal of the
the transducer in SEAM transducer in SEAM

If there is domain contrast, the output signal is directly proportional to primary beam current.
It is proved by experiment that the domain contrast of SEAM is better with large beam current
[38]. However, the dependence of domain contrast with respect to injecting depth is relatively
difficult. Up to now, most of the models to describe SEAM contrast have only mentioned the
thermal mechanism whose contrast is originated from the periodical thermal diffusion by the
injection of modulated PE. For the contrast originated from ferroelectric domains, as it is
shown by the model discussed above, the near-field area is actually the whole injecting depth
of primary electrons. Detailed discussion about this injecting depth has been presented [57,
73] and the injection depth will be used directly here.

4.2 Experiment set-up

The experimental set-up of SEAM is shown in Fig.4-3. It can be developed from a
commercial SEM. The SEM used in this work is Model S150 and CS2 from Cambridge

Electron Source Microscope Ltd. The software from Triple-O
Microscopy Company Ltd. is used to control

Chopper |—|I|— the simultaneous imaging of secondary
CoA 1 electron image (SEI) and electron acoustic
Functi

D:D GS,?;;?Qr image (EAI). The function generator HP8801

SE- _ . :
Detector I | B Reference is used as the signa source and the lock-in
7| Sample Y amplifier 1taho3053 is used to amplify the
PTif:::C"iCC‘:rC > LIA | pc electron acoustic signal. The system acquires
| both SEI and EAI simultaneously, so that the
Fig.4-3: Setup of SEAM occasional noise will be minimized. The beam

current is measured by a normal Faraday cup.
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The piezodlectric transducer is PX5 piezoelectric ceramics from Company Vavo [76]. Some
of the typical results are presented [34, 36, 37, 38].

4.3 Discussion of the signal and noise

To evauate an imaging system, it is always to analyze some important parameters, such as
time resolution and bandwidth, lateral and depth resolution, sensitivity and signal-noise ratio,
stability, and the test time.

As discussed above, The illumination time of PE at every scan point is greater than the

discharge delay time 1, of the materias, so that a stable harmonic field distribution is
established. This discharge delay time T, is dependent on both the injecting beam and the

sample studied. A typical value for insulating materials under the bombardment of the PE
with current density of 1pA/mm? is 0.1 ms [74]. For a typica image of 400*400 resolution
scanned by a computer controlled SEM, the scanning beam can stay for 10 ms at every pixel.
That means this delay time has no significant effect on the typical SEAM imaging process.

As presented by other work [55~61], the lateral and depth resolution of SEAM are mainly
dependent on the interaction volume of PE penetration, which is defined as the volume of
near-field for SEAM in this work. Whereas the near-field volume has the dimension of the
thermal diffusion volume in case of thermal mechanism, the near-field volume by
piezoelectric mechanism has a depth resolution of the whole PE penetration depth. Typical
value of penetration depth of SEAM image with 20 keV primary electrons is about 2~3 pm
[55] which is dependent on the materials studied.

The lateral resolution is also dependent on the dimension of the near-field. For the imaging of
ferroelectric materia, if there is a surface polarization in near-field, this polarization will
naturally affect the lateral distribution of electrons of injecting PE. As aresult, the dimension
of the near-field is changed. Because the piezoelectric vibration mode change and lateral
eectric field distribution in near-field are very complicated and little documented in the
literatures up till today, it can only be estimated experimentally. Unfortunately, from the
experiment results this effect is little documented too.

The signal to noise ratio can also be estimated. If the noise from function generator, SEM, and

the measuring circuit and lock-in amplifier are o, 0, , and g, it is necessary to add the
noise of acoustic detecting system o, which is composed of therma noise in near-field, the

acoustic transmission noise, and the thermal noise of transducer. The total noise 0, is:
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2 2 2 2
0-totaJ :\/GG +GSEM +0m +0A Eq.4-6
The 0y, , 05, O,, areknown for acertain SEM system, a certain function generator, and a

given lock-in amplifier. But o, is very difficult to evaluate and could only be decided
experimentally up to now. A typical value of signal to noise ratio at frequency of 100kHz
after the lock-in amplifier is 3~5 for SEAM.

There are two factors which affect the stability of SEAM by piezoelectric imaging
mechanism. One is the stability of field distribution in near-field. The other is the stability of
SEM. Usually the stability of SEM is given for a certain system. According to the experiment,
the stability of field distribution in near-field is very sensitive to the beam current, as the
thermal effect by the injecting PE has a considerable effect on the stability. Under normal
conditions, if the beam current is less than 100~500 nA, there is no problem of stability
caused by thermal effect.
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5 Scanning Near-field Acoustic Microscopy based on SPM (SNAM)

5.1 Physica background, signal generation, and contrast mechanism

To anayze the ferroelectric properties by SPM, much work has been done and different
experiment SNAM set-ups based on SPM have been developed [19~37]. Only recently, a
model for the study of ferroelectric thin films by piezoelectric response mode of SNAM is
presented [33, 77]. Even in that model, the electric field solutions could not satisfy the electric
boundary conditions of the presented model. Neither could the introduced theoretical method
be used as a systematic theoretical technique even only to analyze the quasi-stationary
electric field for different samples such as bulk materials or thin films. For a systematic
analysis of the electric and acoustic coupling fields in ferroelectric samples studied by SNAM
systems, no other work has been documented because of the complexity. The first difficulty is
that the electric and mechanica fields in the near-field in the sample is very difficult to
calculate in SNAM systems [77, 78]. The second difficulty results from surfaces of
ferroelectric materials which are also unknown to us. Although experiment results are
presented from both piezoelectric response mode [19,33] and the system developed in this
work [34, 37], an explanation of contrast of SNAM can only be qualitative, as the electric and
mechanical coupling in near-field is still under study. Although there have been a lot of
numerical solutions of the electric field distribution under the tip, it would be difficult to use
the numerical solutions to study the contrast mechanism of SNAM systems. Therefore, a
simple analytical solution of electric and mechanical coupling will be important for both the
analysis of contrast mechanism and the estimation of properties of ferroelectric materials
studied by SNAM systems.

As briefly discussed in the introduction, a new set-up of SNAM based on SPM for the
characterization of BaTiOs; material system is developed in this work. To characterize the
system developed, a systematic theoretical model based on classical electromagnetic and
acoustic theories for the set-up is presented in this chapter. Detailed theoretical calculations
can be found in Appendix A4.

The SNAM system to be introduced in the following is developed from a commercial SPM
system. The SPM works in contact mode and an aternating voltage is applied between the tip
and the backside of the sample. A transducer is used to detected acoustic vibrations produced
by the converse piezoelectric effect of the sample [34~37]. As briefly discussed in Chapter 3,

the use of the transducer provides a solid base for a theoretical and experimental comparison
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of the contrast of SNAM system developed in this work to other established near-field
acoustic methods, such as SEAM. Some work [19, 22, 25, 30~33] introduced the so-called
piezoelectric response mode of SNAM which uses the laser signal to detect the acoustic
vibrations in near-field. A comparison of results of the developed system with the results of
the piezoelectric response mode is also presented later. To analyze the developed set-up
systematically, some important parameters of the system should be introduced at first.
By the contact mode of SPM, the distance between the tip and the sample surface is smaller
than 10 nanometer. The tip used in the SNAM has a spherical form with a curvature radius of
10 nm at the pinnacle. The ac voltage between the tip and the back electrode is usually fixed
a a certain value at which the ferroelectric domains would not be affected. The transducer
and sample holder are exactly the same as those used in SEAM, so that the same acoustic
boundary conditions for both near-field techniques can be ensured for the complementary
study discussed in Chapter 8.
The sample studied is usualy anisotropic and the SNAM has complicated boundary
conditions because of the conductive tip. It is impossible to obtain a simple analytic solution
without certain approximations. Usually, the near-field under the tip in SNAM is usually
small, and, for the analysis of quasi-stationary electric field problems, the electric anisotropic
properties of the sample can be neglected. Only for the analysis of acoustic problems, the
anisotropic properties must be taken into account, as the dimension of the acoustic
transmission is much larger than the dimension of near-field.
The form of the tip presents another

Scanning Probe problem for the analytic solution of
the electric field in SNAM. Under the
microscopic view, the form of the tip

is different from one another.

9 (0,0, -h)
T ' Theoretically, the surface of the
0,0, h, o
(0,0, h ) ,; conductive tip can be equated by an
1 Vacuum or air e . . .
- T > infinite series of point charges, but it
DlI €1 : would be too complicated to see main
DZI BT I | physical meanings in SNAM system.
............. | —
Vz As discussed in Chapter 4, the sample
Fig.5-1: Simplified mode! for the set-up and the fransducer in near-field

microscopy system have usudly a

41



5. Scanning Near-field Acoustic Microscopy based on SPM (SNAM)

lateral dimension of 1-2 centimeter. The thickness of the bulk ceramics or crystal samplesis

normally 2 millimeter and a typical thin film sample 1000 nm. The scanning tip has only a

diameter of 10 nm at the pinnacle. Because of this difference of the geometrical dimension

between the sample and the tip, the tip can be normally ssmplified as a point charge which is
at the curvature center of the pinnacle of the tip [33, 77, 79]. The sample and transducer, as
discussed in chapter 3 for atypical near-field acoustic system, are simplified as plates with an
unlimited lateral dimension. The simplified model to characterize the electric field
distribution of the set-up developed in this work is shown in Fig.5-1. The approximations for

SNAM system developed, as in the case of SEAM, are generalized as:

» For the calculation of quasi-stationary electric field in near-field, the anisotropic of
electric property of the sample is neglected; Only by the treatment of acoustic
transmission problem, the anisotropic properties of materials will be taken into account;

» Thetip will be equivalent as a point charge at the curvature center of the pinnacle of the
tip;

» At the pinnacle point of thetip (0,0,h,), the potential will be given as the voltage of the
tip, because it is the nearest point to the sample and has the strongest effect on the field
distribution [77, 79].

According to the model and under the approximations above, the electric and mechanic

coupling in the system can be analyzed. The analytic solution of the quasi-stationary electric

field in the SNAM system developed should be a solution of the Poisson’s equation with a

point source under the given boundary condition shown in Fig.5-1. The most effective way to

solve this quasi-stationary field isthe solution of the Green’s function of the system.

5.1.1 Green’sfunction of the model
The electric field distribution can be analyzed by the use of Green’s function. The field
distribution of a point charge g at (0,0,-h) in cylindrical coordinate system can be obtained by

separating variables as [80~82]:

v=—a 3,Br)e ™ "dp Eq.5-1
4T1E, ©

The Green’s function for the model shown in Fig.5-1 can be written as:

In the region - oo <z<0;

vo=%[IJO(Br)e_BZ”’dB+IA(B)Jo(Br)e‘”dB] Eq5.2
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In the region 0<z<Djy;
v1=é[IB(B)JO(BF)G‘BZO'B+IC(B)JO(Br)eBZdB] Eg5-3

At z = D;, the metal interface is earthed, so the voltage at the interface:

V1=0 Eq.5-4

As the interface between the sample and PZT transducer is earthed, it is only necessary to
characterize the electric field distribution in two regions above. By solving the boundary

conditions of the system, the constants can be decided [Appendix A4.2].
The Green’s function VO in the region of -« <z<0 is divided into three terms:

Thefirst term:
—— [J,(Br)e*"dp Eq.5-4
0

It can be treated as a point charge at (0, 0, -h)

The second term:

[ (ny)e™ ——— 3,@r)e dp
4m0 t 1+n,e 0 70

_q 7 (z-h) Q 7 B[ z-(2D, +h)]
“ame, g (- N) Jo(Br) €° dB+4n£0 g Ny Jo(Br)e dp

q —B(4D1+h)+ J r eBzd
Eqg.5-5
t e ) ) Jo(Br)e™dp q
Here N €,-1
ere = .
' 8rl +1

The terms at the right side of Eq.5-5 can be treated as image charges Q,,=-N,9, Q.,=Nn? d,

... a the position of (h, 2D1+h, 4D1+h,...) at z axis.
The third term:

9 @ B(2Dy+h) ; pz
amte, | [ (De Ln,e Jo(Br)e*dp
4—I (- 1)J (Br)eB[Z (201+h)]dB+ I n, J (BI‘)eB[Z (4D1+h)]dB
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q 2 _-p(6D,+h) 3. (Br)e®d ]
+4mog [n;e +..] Jo(Br)e™dB Eq.5-6

In the same way, terms at the right side of Eq.5-6 can be treated as the image charges Q,,= -
g, Q,=n,q, ... a the position of (2D1+h, 4D4+h,...) at z axis.

The physical meaning of the calculation above is that the Green’s function for the area above
the sample in SNAM can be equivalent as the sum of potentials which are produced by a
series of point image charges. The final image charge distribution for Green’s function VO is

shownin Fig.5-2.

2 A
Q,=—— : .
il (Srl +1) r]lq i
The Green’s function V0 [0, 0, -(2D+h)] _A_,

for the half space z >0

; 2
|
: Qo= q
9. (0,0,-h) (e, +D
e 0,0, -h) » q
T o _: 0,009 R 1000 _ X
m(J: _n] q ; |
(0,0,h) — V> : The Green's function V1 |
o for the space D,> z >0 i
__________________________________ (0,00 - i (0,0,D)
A e
I i
i i
1 : |
: : 2 .
1 : L= - |
le :nlz q : 1 Qn(] :761 QJO (8r1 +l) q |
[0, 0, 2D1+h] 4" I 477 [o’ 0, 2D1+h] [O’ O, 2D1+h] » :
i o
v oo !
v I
sz 1 in Q _ 2 rllq |
: i1 (8rl +1) : :
}z [0,0, 2D, +h)+2D)] —Y—» €
‘ vz

Fig.5-2: Equivalent point charges for the Fig.5-3: Equivalent point charges for the

Green’sfunction in the half spacez< 0 Green’s function in the space (D;>z>0).

The Green’s function V1 in the region of D;>z>0 is obtained in the same way and divided

into two terms (Appendix A4.2):
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Thefirst term of V 1:

e gB(B)Jo(Br)e "o

q ~B(z+h)
4"50 (€r1+1) I Jo(Prie P

q
4T[EO (erl + 1)

nlf Jo(Brye e idp

__9g
4T[EO (8r1+1)J(; [e

0 (n, €)= ] Jo(Br)e ™ dp Eq.5-7

The term at the right side of Eq.5-7 can be equivalent as image charges Q,,= €, +1) Q,
rl

Q,=- n,q, ... a the position of (-h, -(2D1+h), ...) at z axis.

(Srl +1)

The second term of V 1:

q ° k2
—41'[80 J(;C(k)Jo(kr)e dk

q 2 p K[z-(h+2D,)]
- 1 J.(kr)e vidk
4n£0( )(er1+1) g o (K1)

g 2 K[ z—(h+4Dy)
J,(kr)e Vdk
4mo E.+) nlf o (Kr)

e e (n, e 13, (kr)edk £45:8
4Ttg, ©
The terms at the right side of Eq.5-8 can be equivalent as image charges Q,, :—(—2+1) g,
8rl

2
(€ +])

Q1= n,q, ... a the position of (2D,+h, 4D4+h, ...) a z axis. The image charge

distribution of Green’s function V1 is shown in Fig.5-3.

5.1.2 Modeling of thick samples
The near-field area of SNAM is just beneath the sample surface. If the sample is very thick
compared to the distance h (D;>>h), the charge at (0,0,-h) and the image charge at (0,0,h)
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with charge Q,,, = —n,q have the greatest contribution to the Green’s function of VO in the

vicinity of the tip contact area and the contribution of other image charges can be further

neglected (see Fig.5-2). In the same way and under the same approximation above, the field

distribution in near-field in the sample can aso be calculated by the image charge at (O, 0O, -h)

with a charge of Q,, = %q (see Fig.5-3). The physical meaning of the approximation is
€

that the sampleis treated as an infinite half space with dielectric constant €, approximately.
Under the approximation above and from the Green’s function, if the rectangular Cartesian
coordinate system is used for the sake of further analyses of acoustic problems, the electric

potential under the approximation above can be written as:

1 CI QmO

V0= ( ), for z<0 Eq.5-9
4me, X2 +y? +(z+h)? \/x +y? +(z—h)?

inwhich Q,,=-n,0; Eq.5-10

1 .

Vi= Qo  for 250 Eq.5-11
4TE, \[x2 +y? +(z+h)?

. . _ 2 .

inwhich Q, —£—+1q. Eq.5-12

r

The system capacitance can be calculated by the Green’s function above. To make the best
approximation for the tip, the point (0,0,h,) at the pinnacle point of the tip will be given the
voltage of Vs. The equivalent charge, as mentioned above, is at the curvature center at the

pinnacle point with a curvature radius of 10 nm. The equivalent charge q:

1

q=C,_ Vs=4Tlg, - —Vs Eq.5-13
B (h=hy)™ —ny(h+h)™

From Eq.5-73, the source field distribution in the sample can be written as:

= oVv1_ 6 Vl 6 V1

Es=-(—a+——&a+--4a,)

0 X oy
Thex andy and z components of Es have the forms:
1 X
Ey= Qo Eq.5-14

AN, (X +y? +(z+h)?)°
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E -1 y
Y oame, ([P +y?H(z+h)2)®
E. 1 (z+h) )

“ane, (3 +y2+(z+h)2)?

To understand the near-field effect of the SNAM system, an estimation of electric field under
the tip is necessary. The x and y components are zero in the middle of the near-field area and
small in the vicinity compared to z component, so that they can be neglected for further
analysis. The BaTiOscrystal has atypical value of €,,,=112 . In the contact mode of SPM, the
distance hp in the model is usually smaller than 5 nm. The curvature radius at the pinnacle
point is about 5 nm. From Fig.5-4, h =10 nm. With the help of free mathematical simulation

Eq.5-15

Eq.5-16

program Octave 1.2, the electric field in the sample of E_, for typical BaTiOs single crysta

material is simulated. The simulation shows clearly that the field is concentrated itself on
several h under the surface. At the depth of the material about 9h, the field is decreased to 1%
of the value at the surface. Under the model above, the field is naturally proportional to the

voltage if the capacitance is calculated as Eq.5-13 which is generally accepted [33, 77, 79].

KVolt/m ] | kVolt/m
- 40 -
. 30 -
. 20 -
. 10 -
+ 0 1 1 1 1 1
8  zh 02 04

0.6

0.8 Volt

Fig.5-4a: The change of E_ with depth (z/h) Fig.5-4b: The change of E_, withthetip

at the tip voltage of 1 Volt

The electric field in z direction for SNAM is:
1 (z+h)
AT, (\/x2+y2+(z+ h)?)3

If the near-field approximation like that for SEAM is also made here:

<z i0

* The near-field dimension in lateral direction is defined as the area where the value of the
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E, a the boundary is decreased to 1/e of the value in the middle;
» Within the lateral dimension of the near-field defined above, the electric field E is
homogeneous in lateral direction and equals the field in the middle of the near-field;
Then the electric field E; in the whole near-field area can be approximately written as:
E-E = 1 1
* ¥ 4me, (z+h)?

Q, Eq.5-18

If the source voltage is time harmonious function with a highest frequency of several hundred
kHz, it will produce a quasi-stationary electric field in the z direction. The amplitude of this
quasi-stationary field is also expressed by Eq.5-18 with only atime variable e/ . By the use
of transmission line mode and by solving the system acoustic equations shown in Chapter 3,

the amplitude of acoustic waves in transducer in SNAM can be obtained in the same way as:

_ e, _oPO0E, .
4j2, %279 ° = sn(a)al
3+ Cp 0
a’ (D,) = . . . . Eq.5-19
( 1) [1+ Re—ZJksDz ] [1+ e_zlksDz ] + B[l_ Re_zlksDz ] [1_ e_ZJkSDZ] q
The output signal of transducer is from EQ.3-23:
1 ePZT - B N
Voutput = ij Ekpmz_sspm_ E(l.l. Re 2 jk3D, ) (1_ e jksDy ) a3 (Dl) Eq5-20
3 P z

If the system boundary is given and the source field is kept constant during scanning, the

output signal is only proportional to material

uv

Dy
constants s and J’Essin(kZ)dZ. Here the
c 0

p

Dy

term J’Essin(kZ)dZ must be discussed in detall
0

to see the physical meaning of the near-field
effect in SNAM. At a given point, the material

1020 40 60 Dy properties at the point are given, the output

Fig.5-5: The change of output signal of signal of the transducer in SNAM is only

the transducer with sample thickness D, D,
proportional to J’ E.sin(k{)d( . Because this
0

integration has no simple form, we can only calculate the output signal of the transducer
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through the Octave mathematical program. The output signal of the transducer at a certain
frequency (f=100kHz) with the change of thickness of the sample is shown in Fig.5-5. It is
clear that, after D1 = 20h, the signal changes very slowly and reaches ailmost the final value.
That means that the contrast of SNAM comes from the surface layer in the range from the
surface to several hundred nanometer deep. The reason is that most of the source electric field
in the model is concentrated in this area because of the form of the tip, as shown in Fig.5-4a.

After the discussion of near-field area in the thick sample, the contrast of ferroelectric
domains can be explained in the same way as in the case of SEAM. If the extrinsic
contribution of the domain walls to the piezoelectric effect in ferroelectric materials is

neglected, the constants of e,; (or d,;) is directly related to ferroelectric polarization [see

Eq.2-24]. If there are two areas of ¢c- and a-domains on the surface of BaTiOs; materials, the

area of c-domains has polarization in the z direction and has a non-zero value of e,; in near-

field. When the scanning tip is on this area, the output signal of the transducer has a certain
value. Whereas the area of a-domains, which has a polarization perpendicular to the z

direction, will have zero value of e,,. When thetip is on this adomain area, the output signal

of the transducer, will have a zero value (or more accurately, very small value). As the
amplitude signal is used as the imaging signal, the c-domain will appear bright and a-domain
will appear black in acoustic image of SNAM system. This is the contrast mechanism of
SNAM on ferroelectric BaTiO3 single crystals. Here we must notice that the near-field
dimension is much smaller than that of SEAM.

5.1.3 Modeling of thin samples or films

If the sample is not so thick compared to the distance h (Dy[1h), or the sample is a
ferroelectric thin film which usualy has a thickness of several hundreds to several thousands
nanometers, the condition D;>> h is not satisfied in this case. According to the Green’s
function of Eqg.5-4 to Eq.5-8, the electric fields above the sample and in the sample are
dependent on series of image charges. The fina field distribution is the sum of field
contributions from every single image point charge. How many image charges should be used
to decide the Green’s function of the system, is naturally dependent on the thickness of the
sample and the accuracy of the calculation. The typical thin film studied in this work has a
thickness of 1 um and the distance of h is 10 nm. For this typical thin film system with the
first order of approximation, only the field contribution of the image point charges at the
distance to the surface in the range of (2D;+h) will be considered. The contribution of other

Image charges at the distance outside this range is assumed so small that the contribution can
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be neglected.

Under the approximation above and according to the Green’s function discussed above, the

Green’s function VO is constructed by q at position of (0, 0, -h), Q., =-n,q a (0, 0, h),

Q.. =-N’q and Q,, =—q a (0,0,2D, +h). The Green’s function V' 1 (see. Fig. A3) can be

constructed by charges of Q,, = 2 g at position of (0,0,h), Q, = n,q at position
e, +1 e, +1
[0,0,-(2D, +h)],and Q;, = - 2+1q a [0,0,(2D, +h)].
8rl

If the rectangular Cartesian coordinate system is used for the sake of simplicity of further
analyses of acoustic problems, the Green’s functions for thin film under the condition above

can be written as:

( q + QmO
ae, X2 +y2 +(z+h)? X +y?+(z—h)?

le + QnO
D +y +[z—=(2D, +h)]? /X% +y? +[2— (2D, +h)]?

V0=

+

), for z<0

Eq.5-21
1 ( Q N Q.
4Tie, \/x2+y2+(z+h)2 \/X2+y2+[Z+(2D1+h)]2
. Qjo
X +y? +[z- (2D, +h)]?

Vi=

),for0<z<D, Eq.5-22

The system capacitance can be calculated in the same way. With the source Vs, the equivalent
charge q is:
1
-1 -1 2 -1 Vs
(h=hy) ™ =ny(h+hy)™ =(@A-n;)[2D, +h+hy]
Eq.5-23

q:CquS:4T[EO

The field distribution in the sample can be obtained as:
E o AVAI +6V1a +6V1

5=~ (48,

0 X ox 7 0dx

a,)

_ 1 ( X Q.+ X
aey (X 4y H(zHh)?)T T () Y+ [z (2D, N

X il
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X
" (X +y? +lz- (2D, +h])’

Eq.5-24

jo

Ey= : Qo+ .
YoAng  ((x2+yP+(z+h)?)? T (YXE+yP+[z+(2D, +h)?)?

i1

y

Q. Eq.5-25
(R ry +iz- @D, ) " ;
1 (z+h) z+(2D1+h)
E.= ( 2 2 2vg <07 2 2 2,3 1
4TE, (/X2 +y? +(z+h)?) (X2 +y? +[2+(2D, +h)]?)
z— (2D, +h) Q6 Eq.5-26

(¥ +y [z (@D, + )’

If the near-field approximation like that of SEAM is aso made here:

* Thenear-field dimension in lateral direction is defined as the area where the value of the
E, at the boundary is decreased to 1/e of the valuein the middle;

* Within the lateral dimension of the near-field defined above, the electric field E, is

homogeneous in lateral direction and equals the field in the middle of the near-field;

Then the electric field in the whole near-field can be approximately written as:
1 1 1 1

T P PR T ) A PR R
Eq.5-27
, . 2 2 2
|nWh|Ch Qio:mq’ Qil:mnlq,and Qjo:_g +1q

The output signal of the transducer can also be obtained by Eq.5-19 and Eqg.5-20. It must be
noted that, if the thickness of the film is D;=1 um, the electric field in z direction in near-field
has little change according to Eq.5-27 as the last two terms in EQ.5-27 are much smaller than

the first one. That means that the two image charges Q.,; and Q jo have so small an effect to

the electric field distribution in the near-field that the effect can be neglected as well. Only if
the thickness of the film is comparable to the parameter h, the field distribution should be
estimated according to different order of approximation to the Green’s function Eq.5-4 and
Eq.5-8, and finally the equivalent image charges can be decided.

5.2 Experiment set-up
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The developed SNAM system is shown in Fig.5-6 if the switch is turned to position (a). The
SPM system is a topometrix Explorer. The tip used is the electric conductive tip of the
Company Nanosensors [83]. The transducer and sample holder are the same as those used in
SEAM discussed in Chapter 4.

T-B Signal
) . Photodiode
PhOtOOde Topography- y— Topography-
S feedback feedback
Y Force
modulation I
VS @
Sample Sample |
Piezoelectric A 0 J_
Transducer = p—
(a)
(b)
* I
LIA > PC LIA , PC

Fig.5-6: Set-up of SNAM with atransducer Fig.5-7: Set-up of SNAM with force

(a) and of piezoelectric response mode (b) modulation

By the use of atransducer, it is also possible to compare the direct and converse piezoelectric
effect in near-field. The set-up to check the direct piezoelectric effect is shown in Fig.5-7. The
tip is modulated and the contact force between the tip and the surface of the sample is
modulated as well. This modulated force will act as a point stress source on the sample
surface and produce different acoustic waves in the sample among which there are acoustic
longitudinal waves transmitted in z direction. According to the discussion of the electric and
acoustic coupling presented in Chapter 3, because the sample of BaTiOgz is piezoelectric, the
acoustic longitudinal plane waves will produce a coupled quasi-stationary electric field in the
sample. This coupled field can be imaged by measuring the voltage between the conductive
tip and the bottom side of the sample, if the tip and the sample can be well shielded from
other disturbance signals, such as the disturbance signal from the PZT actuator in SPM. It
means that it is theoretically possible to image the direct piezoelectric effect in this way. The
set-up of Fig.5-6 at the switch position (a) can measure the converse piezoelectric effect. By
comparison of the set-up of Fig.5-7 with the set-up of Fig.5-6 at the switch position (a), it is
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theoretically possible to compare direct and converse piezoelectric effect in near-field. One of
the resultsis shownin Fig.7-5.

The so-called piezoresponse mode of SPM [19,22,25,30~33] is based on such a principle: An
ac voltage is also applied between the conductive tip and the backside of the sample to
produce the vibration in near-field of ferroelectric samples. As the tip is in contact with the
sample surface, the near-field vibrations transmit also to the cantilever and the laser beam is
modulated by the vibration. The photodiodesin SPM demodulate the laser signal and form the
so-called T-B-signal, which is the difference of signals obtained from top and bottom diode
sections of a quadrant detector. It carries the information of vibrations in near-field. By
detecting the T-B signal, the information in near-field can be detected indirectly, as shown in
Fig.5-6 with switch to (b). The tip used is a commercia electrical conducting tip. The ac
voltage Vs used must be so small that the ferroelectric domains will not be affected.

In order to compare contrast between the set-up developed in this work and the piezoelectric
response mode, the same sample at the same environment is also imaged by both techniques
and the results are shown in Fig.7-8. Both of the two methods are proved to be able to image
ferroelectric domains in BaTiOs; materials [37]. Theoreticaly, for the study of ferroelectric
domains, both methods can be used principally. For the contrast comparison among different
near-field acoustic microscopy techniques, as it is done in this work, the system developed in
this work is advantageous, as the use of the transducer provide a unique base of the same
acoustic boundary condition so that the same acoustic treatment can be used. Because the
piezoel ectric response mode of SPM uses laser signal to detect the acoustic vibrations on the
cantilever of the tip and the cantilever has a very complicated vibration transmission function
[84], it would be very difficult to compare the contrast of this technique with other established
near-field techniques quantitatively. However, the piezoel ectric response mode would be very
advantageous to study the thermal dynamic behavior of ferroelectric domains, as the thermal
drift of acoustic properties of the transducer can be avoided. In this work, for the dynamic
study of ferroelectric domains in BaTiO3, both methods are used to image the ferroelectric
domains at given areas at first, and then the second method is used at the same areas to study
the same ferroel ectric domains dynamically.

The principle of dynamic study is shown in Fig.5-8. For thermal dynamic study, a thermal
element is used to raise the temperature of the sample and a temperature sensor is used to
check the temperature of the sample surface. At different temperature points, the ferroelectric
domain are imaged. For electric dynamic study, a bias dc voltage V is added to the source ac
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T-B Signal voltage V. This bias dc voltage will add a
) bias static electric field in near-field

Photodiode
N Topography-

feedback

besides the quasi-stationary field. By

changing the bias dc voltage, the change
of domains at different bias field can be

I 1 imaged dynamically [37].

Sample

5.3 Discussion of the signal and noisein
£ herma) 1 SNAM devel oped
element L
: As the SNAM is mainly used as an
Temperature imaging technique, spatia resolutions play
measurement

an important role. As discussed above,

LIA > PC both the lateral resolution and depth
penetration of SNAM are decided by the

Fig.5-8: Set-up of SNAM for dynamic study
parameter h which is the distance of the

equivalent charge of the tip to the surface. From the approximation in this work, this distance
is about 10 nm. According to the assumption of near-field for SNAM above, the lateral
dimension of the defined near-field can be calculated theoretically according to the field

distribution Eq. 5-17. At the surface z =0, the dimension of near-field in lateral direction has

aradius of h\/e?’——l =4.3h nm. That means the lateral resolution of the SNAM developed can
reach 86 nm, which is verified by the experiment results very well [36, 37]. The depth of
imaging would be the integration of the electric field in z direction in near-field for thick
samples and, according to Eq.5-20 and Fig.5-5, the depth of imaging by SNAM on thick bulk
BaTiO3; sample is about 200 nm.

The imaging time of the system is mainly dependent on the scanning speed of SPM. In order
to get a good topography, the scanning speed is usually slow, smaller than 1200 pixel/second.
For an image of 400X400 pixel, it takes about 1~2 minutes to take a picture.

The signal to noise ratio can also be estimated. Like in the case of SEAM, If the noise from

function generator, SPM, and the measuring circuit and lock-in amplifier are o5, 04, , and
0, it is necessary to add the signal to noise ratio of acoustic detecting system o, which is

composed of the acoustic transmission noise and the thermal noise of transducer. The total

noise 0, IS
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O'otal :\/OZ + O-EPM + Grzn + O-ZA Eq.5-28
The o5, 04y, O, ae given for a certain SEM system. Principally, because there is no
thermal noise in the near-field of o, compared to SEAM, the signal to noise ratio of SNAM

would be much better than that SEAM. But o, is aso very difficult to evaluate and can only

be decided experimentally. According to our experiments, typical values of signal to noise
ratio of the acoustic signal imaged after the lock-in amplifier can be measured by the line
measurement of the software of SPM. At 100 kHz, a typical value is in the range of 7~10
[36]. It can be expected that the contrast of SNAM acoustic images would be better than that
of SEAM under the same experiment condition.
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6 Experiment procedure

6.1 Description of Specimen

Asitisexplained in chapter 2, ferroelectric BaTiO3; materialshas the typical a and ¢c- domain
structures. BaTiO3; ceramics samples ACO was fabricated by the Institut fir Anorganische
Chemie, Martin-Luther-Universitét Halle-Wittenberg. One of a sample of single crystal for
SEAM study was provided by Lab. of function ceramics, Shanghai Institute of ceramics. The
single crystal sample for SNAM study was provided by Department of Applied Physics,
University of Electronic Science and Technology of China. The film sample for the SEAM
study was provided by Institut fur Schicht- und lonentechnik (ISI), Forschungszentrum Jilich,
Germany. The other BaTiOs film was provided by Max-Planck-Institut fur Mikrostruktur-
physik, Germany. All the samples had crude surface and no treatment was required for both
SEAM and SNAM studies. The ceramics sample ACO was sintered with excess 1 % mol of

TiO, and had an average grain size from 10 to 50 micrometer [86].

6.2 Specimen preparation and treatment

As both techniques, SEAM and SNAM, are nondestructive techniques, the surface of a
sample needs no handling and treatment. In order to study the same area of a sample with two
kinds of microscopy techniques, it is necessary that the surface topography and the other
properties of the sample be kept unchanged during the study. Furthermore, to make the
comparison study of two microscopes, the same sample must be studied in one of the
microscope, then be moved to the other microscope. As the area studied is usually smaller
than 100 micrometer and the samples have almost no peculiar surface characters, it results in
a very difficult task to find the same area after the change of microscopes. For SEAM, in
order to avoid the charge effect, a thin gold layer of about 10 to 50 nanometer is usually
coated on the surface of the sample.

To solve the problems above, the SEAM experiment is arranged at first. There are two
advantages to do so. Firstly, the SEAM is a relative stable and established technique.
Although it has a resolution of micrometers, its large scan range, which can reach several
hundred micrometers, provides a useful way to image the ferroelectric domains broadly.
Secondly, by the use of the strong interaction between the sample and electron beam, it is
possible to make some surface characters, such as orientation lines outside the studied area, so
that the same area can be located precisely for the later SNAM experiment.

There is but one problem with this procedure. For SEAM, to avoid the surface charge effect
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and thermal energy accumulation at every scan point, it is usually better to make a thin gold
layer on the surface of the sample. For the later SNAM experiment, the surface must be kept
as clean as possible. To solve this problem, the sample surface is exposed to wax vapor for
several seconds before it is coated with gold for SEAM study. The accurate thickness of wax
layer is difficult to estimate but SPM study on the sample surface showed there is no obvious
topography change before and after the wax layer. In this way, it is effective to make the
surface free from gold layer after SEAM study.

6.3 Schemes of measurements

6.3.1 Choice of frequency

As theoretically shown in Chapter 3, the acoustic near-field techniques have usually a strong
frequency dependence. It is always important for both techniques to select aright frequency to
get the contrast which resulted from the interaction in near-field. The usual experiment
procedure is to adjust other experiment parameters to the best state at first. With the line
scanning of the control software for SEAM and SNAM, the output signal can be analyzed line
by line. By changing working frequency of the signal generator, one can get the best contrast
at a certain frequency and the images can finally be recorded. This is the most effective way

to find the right acoustic contrast from near-field.

6.3.2 Amplitude and phase imaging

In most modern lock-in amplifiers, it is possible to obtain the amplitude and phase signal.
Both amplitude and phase signal, as shown in Chapter 3, are theoretically dependent on the
near-field interaction and detecting system. If aright frequency is chosen, the output signal of
the transducer is solely dependent on the interaction of the material with the stimulation

source in near-field.

6.3.3 Variation of parameters

If the system is optimized, the dependence of the output signal can be recorded with different
parameters, such as the frequency dependence, change of the signal with the source, and so on
[38]. Whereas the change of parameters is relative easy in SNAM based on SPM, the change
of parameters in SEAM s relatively difficult, as the SEM is relative complicated and the
change of one parameter will sometimes affects other parameters dlightly. This change will

result in contrast deterioration and should therefore be avoided during experiments.

6.3.4 Dynamicimaging

For dynamic experiments, it is aso necessary to carry out an experiment until all the

experimental parameters are stable. It is especialy difficult for thermal experiments, because
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ferroelectric samples usually have a poor thermal conductivity. Whereas the thermal effect
from the environment can be neglected in the vacuum chamber of SEAM, the thermal effect
from the air environment of SNAM is an important factor for thermal dynamic experiments.
One effective way to solve this problem is to wait so long a time until experimental
parameters such as the temperatures of the sample and the environment near the sample are
stabilized. A thermal isolation of SPM system in a vacuum chamber is also an effective way

to keep the results from external thermal disturbances.
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7 Results

This chapter shows some typical results by SEAM and SNAM and some explanation
respectively. The results of complementary study of ferroelectric domains by both techniques

aswell as the discussion will be presented in Chapter 8.

7.1 Singlecrysta

A single crystal of BaTiOs (from Shanghai Institute of Ceramics, P. R. of China) isimaged by
the SEAM [38]. Another single crystal of BaTiOs (from University of Electric Science and
Technology of China) imaged by SNAM technique and shown in Fig.7-2. The ferroelectric

domain contrast, which istotally different from topography, exists only in acoustic images.

- Surface defects #
.

100 pm

Surface defects

Fig. 7-2a: Topography of one single Fig.7-2b: The in situ acoustic image by
BaTiO3 crystal by SPM SNAM
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7.2 Ceramics

Ferroelectric BaTiO3 ceramics are aso imaged by both kind of techniques. One kind of
ferroelectric domains structure of BaTiOs; ceramics (from Martin-Luther-Uiversitdt Halle-
Wittenberg, Germany) are imaged by SEAM and results shown in Fig.7-3 [35, 36, 37]. The
same sampleis also imaged by SNAM and results shown in Fig.7-4 [36, 37].

From Fig.7-3, the surface defects are visible in both SE image and EA image. Domain
structures are imaged only in acoustic image. From Fig.7-4, there are only domain structures
of the ceramics in acoustic image by SNAM as well. By comparison of both acoustic images
on the same ceramics, it can be seen that the domain structures of the ceramics are imaged
principally the same by both techniques. The contrasts have the typical stripe structures of
laminated ferroelectric domains of BaTiOs But there is a difference between the acoustic
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Fig. 7-4a Topography of the same BaTiO; Fig.7-4b: Thein situ acoustic image of the
ceramics by SPM ceramics by SNAM
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contrasts of both techniques. At first, the acoustic contrasts from both techniques have
different widths. The SEAM show the bright stripes of about 10 um wide. The SNAM shows
the bright stripes with widths of several hundred nanometer. Further, the contrast of black
stripes in SEAM acoustic image is very narrow and the boundaries between the bright and
dark contrast is not clear. In acoustic image obtained by SNAM, there are clear periods
between the good periodical arrayed bright or dark structures at the area studied. The
boundaries between the bright and dark stripes are also clear.

Furthermore, as discussed in ‘ Experimental set-up’ of SNAM in Chapter 5, if the electric field
distribution in near-field is scattered by defects, the main contrast of SNAM will be
dominated by the defects. As shown in Fig.7-5, the defects at subsurface of one kind of
ceramics (from Shanghai Institute of Ceramics) can be shown by the check of direct and
converse piezoelectric response by SNAM [34, 35]. It must be noted that two kinds of
ceramics are imaged with the same SNAM technique but the acoustic images have a totally
different contrast (Fig.7-4b and Fig.7-5a). The same phenomena are also observed from other
ceramics. Why is there such a great difference between the acoustic images with the same
SNAM technique? It is still a question which requires further study. According to the model
presented in Chapter 3, the domain contrast can be explained only under two conditions. One
is that the external piezoelectric effect resulted from domain wall movements are neglected
(see EQ.2-28 and Eq.2-29); The other is that the source electric field is concentrated in near-
field and the materials in near-field is homogenous (see chapter 3). Only under such
conditions can the 90° domain structures be imaged clearly by SNAM and explained by the
model of near-field acoustics. If there are defects in the sample, such as air bubbles, structure
fractures, and mismatches of crystal lattice, which exist frequently in ceramics, these defects
will scatter the field distribution of source electric field as well as change electric and
piezoelectric properties in near-field in the sample. As aresult, the contrast of acoustic images
will be affected by these defects and will be the sum of all the effects, such as field scattering,
inhomogeneity of piezoelectric effect, and inhomogeneity of elastic and electric properties. A
clear domain contrast by SNAM could not be possible in this case, as shown in Fig.7-5a. It is
classified roughly as inhomogeneity [34]. Some similar results are also reported by SEAM
techniques [89]. If, however, a ceramics is highly homogeneous and has a very good
ferroelectric properties, the ferroelectric domains can be imaged by SNAM clearly, as shown
in Fig.5-4b. Because there are few literatures for the discussion of all these defects of
ceramics in micro- or nanometer range, a complete explanation for the defects imaged could

not be reached yet.
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Fig.7-5a The acoustic image by an ac Fig.7-5b: The voltage image by an

voltage between the tip and the bottom of modul ated force between the tip and the

the sample. sample surface.

7.3 Films

Ferroelectric films (Forschungszentrum Julich, Germany) are also studied by SEAM. The
thickness of the film was about 1 pm and the substrate material was MgO, which is not
ferroelectric. The substrate had a thickness of 1 millimeter. The accelerating voltage of the
primary electrons used was 20 kV. The typical results are shown in Fig.7-6 [35]. The defects
exist in both SEI and EAI, but there is some acoustic contrast which is not the same as the
secondary electron contrast. As the 20 keV for PE was used and the thermal diffusion depth is
about 2~3 pm in the sample, the acoustic contrast could contain both the information of
ferroelectric polarization and the thermal diffusion. Aslittle work on ferroelectric thin filmsis
documented in present literatures, there is no concrete evidence about the contrast mechanism
up to now. By comparison of the BaTiOsz film thickness and the thermal diffusion depth, it
could be possible that the thermal mechanism could play a main role for this acoustic contrast.
Therefore the contrast would be simply referred to the inhomogeneity of stressin thiswork. A

clear explanation of the contrast mechanism needsto be studied further.
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Fig.7-6b:Thein situ EAI of the film at
f=127 kHz

Ferroelectric domain
. ®

%

Grain boundary

T

Fig.7-7a: Topography of one BaTiOs film  Fig.7-7b:Thein situ acoustic image of the
by SPM film by SNAM at =89 kHz

Another ferroelectric BaBisTi4Oy5 thin film (Max-Plank-Institut fir Mikrostruckturphysik,
Halle, Germany) isimaged by the SNAM. The filmis 1 um thick and the substrate material is
the conductive LNO [32]. The typical results are shown in Fig.7-7. There is acoustic contrast
on one grain whose boundary is shown by an arrow. The same contrast is also presented by
other work with piezoelectric response mode of SNAM and the contrast is classified as

domains on one grain of the film [32].

7.4  Theimage mode comparison of SNAM

To compare the image contrast of the set-up developed in this work with other SPM based
techniques, the same structure of the same sample is studied by both the developed SNAM

technique and the piezoresponse mode of SPM. As described in Chapter 5, although this
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mode of SPM has a complicated transmission function of the cantilever in SPM [84] and is
not ideal to compare the contrast between different acoustic near-field techniques, this
experimental set-up provides a better thermal dynamic image possibility than the SNAM set-
up developed in thiswork, as the laser detection system, if the experiment time is not so long,
will not be affected by the thermal conduction in the sample and thermal element. To evaluate
both techniques, a comparison of contrast on the same structures with the same experiment
environment between the developed SNAM technique and the piezoresponse mode is studied
and only acoustic images are shown in Fig.7-8. The studied area is about the same as that
shown in Fig.7-4. The grain boundary and ferroel ectric domain structures are imaged in Fig.7-

8 with the same contrast at a certain frequency (f=131.1 kHz).
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Fig.7-8a acoustic image by SNAM witha Fig.7-8b: acoustic image by piezoresponse

transducer of the BaTiO3 ceramics mode at the identical areaas Fig.7-8a

7.5 Dynamic study of ferroelectric domain structures

To study the temporal stability of domains of BaTiOs, one BaTiOs; ceramics sample (from
Martin-Luther-Uiversitét Halle-Wittenberg, Germany) was imaged by SNAM developed in
thiswork in 1998 and the acoustic image is shown in Fig.7-9a[36]. After two years, the same
structures at the same area were imaged once more and the acoustic image is shown in Fig.7-
9b [37]. The grain boundary in both images can be seen clearly. The triangles in both images
are used as asign to identify the same structures. It is shown clearly that the domain structures
have amost no change for two years. It implies aso that the ferroelectric domains of the

ceramics studied are very stable.
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Fig.7-9a ferroelectric domain structure Fig.7-9b: The same structure imaged by
imaged by SNAM in 1998 SNAM in 2000

To study the thermal property of ferroelectric domains of the BaTiOz ceramics, the same
sample is thermally heated over 130 °C, the Curie temperature of BaTiOs, and then the
sample is cooled down to room temperature. The ferroelectric domain structures at the
identical area, as shown in Fig.7-9a and Fig.7-9b, was imaged by the developed SNAM
system once more after the thermal treatment. The acoustic image is shown in Fig.7-10 [37].
_ By comparison of the Fig.7-10 and Fig.7-

Grain boundary Struc-tures 9, it is clear that some structures at certain
changed places remained the same, as shown in the

\ triangle. But some changed, as shown by
arrows. It can be explained that the
thermal treatment changed the internal
energy of the ceramics. When the sample
was heated over the Curie temperature, the

symmetry of the sample was changed to

cubic and the internal energy was changed.
Fig.7-10: The structure at the same area after ~ \wnen the sample was cooled down from

the thermal treatment Curie temperature to room temperature,

the ferroel ectric polarization would change
the polarization in such a way that the internal energy had a minimum under the existed
thermal, elastic, and electric boundary conditions. The boundary conditions under which the

sample was cooled down were different from those when the domain structuresin Fig.7-9 had
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been established, so that some domain structures must change their distribution to ensure the
internal energy had a minimum value. Therefore, some areas had new structures shown by
arrows and some areas had no change of structures shown by the triangular in Fig.7-10.

To study ferroelectric domain structures near the Curie temperature, the same structures are
imaged by dynamic set-up of SNAM developed from piezoresponse mode by the use of a
thermal element and a temperature control unit. The experiment set-up is shown in Fig.5-8.
The acoustic images at different temperatures are shown in Fig.7-11. The studied area is the
same as that studied above. All the images in Fig.7-11 have the same dimension of 20 pm at
the same area and the grain boundary, which is not changed during the thermal dynamic
imaging, can be seen clearly from Fig.7-11b to Fig.7-11f. Therefore, the p-bar to show the
dimension of the images and the arrow to show the grain boundary are only noted in the first
acoustic image Fig.7-11a

When the sample was heated gradually from room temperature to Curie temperature of
BaTiO3 ceramics (130°C), the domain structures disappeared gradually, as shown from Fig.7-
1la to Fig.7-11d. At the Curie temperature, ferroelectric domains disappeared totally, as
shown in Fig.7-11d. When the same sample was cooled down gradually from Curie
temperature to room temperature, ferroelectric domains appeared gradually, as shown in
Fig.7-11e and Fig.7-11f. It must be noted that there is a contrast difference between the Fig.7-
1la and Fig.7-11f at the same room temperature. The ferroelectric domains changed their
polarization distribution if the temperature of the sample is changed. The same phenomenon
isalso shown in Fig.7-9b and Fig.7-10.

By the use of a bias voltage between the tip and the backside of the sample, the electric
dynamic property of ferroelectric domains of the same structures are imaged by SNAM
developed. The results are shown in Fig.7-12. The studied area is the same as that studied
above. All the images in Fig.7-12 have the same dimension of 20 um and the grain boundary
was imaged clearly in al the images. Therefore, the p-bar to show the dimension of the
images and the arrow to show the grain boundary are only noted in Fig.7-12a as well. In
Fig.7-12a, domain structures were imaged under OV bias voltage by SNAM developed. Under
40V bias voltage, the same area was imaged by the same set-up and the acoustic image is
shown in Fig.7-12b. Then the bias voltage was switched off and the same area was imaged
immediately once more, as shown in Fig.7-12c.

It is clear that most of structures disappeared when the area was scanned by a dc bias voltage
of 40V between the tip and the backside of the sample. After the dc bias voltage was

removed, some ferroelectric structures appeared once more but with changed structures.
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Because the ferroelectric structures at the top surface of ferroelectric BaTiOz materias, which
are believed to be different from the bulk structures [1~4], are little documented in literatures,
the phenomena could only be explained by the use of the theoretical model developed.

At first, it is necessary to note that a ceramics does not change its polarization totally in one
direction even when the ceramics is under an electric field which is much greater than its
coerce field. Some domains will change their polarization under the coerce field and some
remain always in the same direction, as the polarization direction is decided from the
minimum of the internal energy under the clamped conditions among different grains (see
Chapter 2).

When the 40 V dc bias between the tip and the backside of the sample was applied, according
to the calculation of the field intensity in Chapter 5, the field intensity has a value varied from
2000 kV/m at the surface to 50 kV/m at a depth of 6h=60 nm. Because the field intensity
within this depth is greater than the ferroelectric coerce field intensity of the BaTiOz; materials
[from 50 kV/m to 200 kV/m], if the clamped conditions alowed, some domains would
change polarization to the direction of the electric field within this depth. As a result, the
periodical array of & and c-domains in this area would be changed. The contrast, which
comes from the integration between the polarization and the concentrated field, would be
changed.

If the clamped condition of one area was so strong that the polarization of the domains at that
area could not be changed even under the same coerce field, the contrast of the SNAM at that
area would not change, so that the integration was the same as the integration without the dc
bias field. The contrast in this area would not be changed.

Naturally, this electric field intensity changed the internal energy of the area, where the
domains were changed. When the tip moved away from the area, the ferroelectric domain
structures at the recent scanned area would change in such a way that the internal energy at
the area would have a minimum under the new boundary conditions. These new boundary
conditions, such as the elastic and electric fields from the neighboring area which was just
being scanned, were naturally not the same as the boundary conditions when the domain
structures in Fig.7-12a had been established. Therefore, the change of polarization of the
ceramics would take place as soon as the tip moved away from the area studied. Finally, this
change of ferroelectric domain structures was imaged clearly in Fig.7-12c when the dc bias

voltage was switched off.
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8 Discussion of both near-field acoustic techniques

8.1 Quality of imaging compared to other techniques

The SNAM and SEAM imaging techniques have many advantages over other techniques to
image ferroelectric domains. The most exciting characteristics of both techniques are the
nondestructive imaging of ferroelectric domains with no sample preparation. The easy
development from commercial SPM or SEM systems is another advantage. SNAM has further
advantages over SEAM in these respects, such as no vacuum system, better resolution down
to nanometer, and flexibility of dynamic imaging of ferroelectric domains of materials. On the
other hand, SEAM has such peculiarities as large imaging depth and broad imaging area
which are also not so easy to obtain only by the use of SNAM. Therefore, both techniques

will be applied complementarily to study ferroelectric materialsin the future.

8.1.1 Speed of experiment

The imaging speed of SEAM is limited by the near-field establishing time in ferroelectric
materials. As it is discussed in Chapter 4, the time required to established the electric field in
near-field in SEAM depends on the charge accumulation in near-field and the properties of
materials. typical values for semiconductor and ceramics are in the range of 10 second. To
ensure good acoustic image of SEAM, the time at every pixel is usually chosen as 1 ms. For
one typical image with 400X400 pixels, it would take about 1~2 minutes to take one image.
SNAM technique has to scan the tip (or sample) by a piezoelectric scanning unit. Unlike
SEAM, it needs amost no delay time to establish the electric field in near-field. The imaging
time of the system is mainly dependent on the scanning speed of SPM. In order to ensure a
good topography, the scanning speed is usually slow, smaller than 1200 pixel/second. For an
image of 400X400 pixels, it takes about 1~2 minutes to take a picture. It is clear that both
techniques have amost the same image speed.

8.1.2 How quantitative

Generaly speaking, the SEAM and SNAM are both scanning imaging techniques which
record the relative variation among scanning pixels in a given scanned area. If physical
properties of one scan pixel or one area can be determined quantitatively, the rest of scan
pixels can hereafter be imaged quantitatively.

SEAM technigue has a very complicated interaction on the surface of ferroelectric materials,
when the primary electrons bombard the surface. Although much effort has been paid to

analyze interactions of primary electrons bombarding on metal materials, semiconductors, and
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some dielectric materials, both experimental and theoretical work on ferroelectric materials
are little documented in present literatures. A quantitative analysis requires the estimation of
parameters of experimental environments and their errors. If some basic parameters of SEAM
on ferroelectric materials, such as the accurate electric field intensity in near-field, the
accurate penetration depth of PE, the calculable relationship of different imaging mechanisms
and so on, are not quantitatively determined, the quantitative analysis of ferroelectric
polarization by SEAM would be impossible. Unfortunately, these important factors have been
sparsely documented in the present literatures. Therefore, the SEAM technique remains in
principle a qualitative imaging technique up till today.

Whether the SNAM or the related techniques are quantitative tools, is still a recent study
which is heavily debated today [31~33, 85]. To anayze the problem, it would be better to
review some basic approximations which are often used in the present literatures to
characterize ferroelectric materials by SNAM systems. Firstly, as discussed in Chapter 2, the
piezoelectric constant of ferroelectric ceramics depends on spontaneous polarization only
under the condition that external piezoelectric effect is neglected and polarization will not be
affected during the imaging; Secondly, to determine the electric field in the sample, al the
literatures assume that the sample is isotropic; Thirdly, only the main mode of the vibrations
in near-field is calculated and the acoustic mode conversions and nonlinear effects in near-
field are neglected; Finally, by detecting the near-field vibration through laser beam and
photodiodes in piezoelectric response mode, there exists a very complicated vibration
transmission function of the cantilever [84, 85] from which an accurate estimation of errors
would be difficult. On the other hand, by detecting the near-field vibrations through a
transducer, as it is done in this work, al the theoretical calculation must be under the
approximation of acoustic plane wave. Possible errors incurred under so many
approximations by the modeling of SNAM would be difficult to estimate at present as well. It
would be necessary to say that under all the approximations above, the theoretical model
developed for both SEAM and SNAM in this work can be used to calibrate the acoustic
contrast or domain structures quantitatively.

8.2 Comparison of SEAM and developed SNAM system

8.2.1 Image comparison and analyses
To compare the image of two kinds of microscopy techniques, it is necessary to compare the
properties at identical areas. As it is concerned with the nondestructive study of the

ferroelectric domains, the domain structures should not be damaged during the change of

71



8. Discussion of both near-field acoustic techniques

microscopes. The method is
already described in Chapter 6. By
the use of optical microscopy, one
area of sample ACO, from the
University of Hale, Germany, is
imaged as a standard to compare
topography, as shown in Fig.8-1.
The same area is imaged by
SEAM, as shownin Fig.8-2.

From SEAM images of Fig.8-2,
the contrast of domain structures

Fig.8-1: Optical image of one area of sample ACO

are imaged only in acoustic images. The contrast in acoustic images has typical 90° striped
structures with the width from 5 to 10 um. By the comparison to the optical image Fig.8-1 in
which the grain size are usually from 10 um to 50 pm, the contrast from ferroel ectric domains
in acoustic images of SEAM has naturally no relationship with grain sizes.

After the ceramics was studied by SEAM, two typical coarse grains were chosen to be studied
complementarily by SNAM. One grain, which has a diameter of 30 um, is marked as point 1
in optical image Fig.8-1 and in SE images of Fig.8-2c and Fig.8-2e. The acoustic contrast of
the grains by SEAM are marked as a white insert with dashed line in SEAM acoustic images
Fig.8-2d and Fig.8-2f. The other grain, which has a diameter 60 um, is marked as point 2 in
optical image Fig.8-1 and in SE images of Fig.8-2c. The acoustic contrast of the grain by
SEAM is marked as awhite insert with dashed line in SEAM acoustic image Fig.8-2d.
Domain structures are shown clearly by the acoustic images of Fig.8-3 and Fig.8-4. The
contrast from domain structures have widths from one hundred to several hundred nanometer.
It has the same order of domain size which is calculated theoretically by other works [6~10].
Furthermore, it is shown in Fig.8-3f that some domains have correspondence of contrast, as
shown at the lower part in Fig.8-3f. This can be explained as that the sample in this area has
the a structure of domain structures of coarse grains in BaTiOs [6]. The same structures can
also be seen clearly at the upper side in Fig.8-4f. Some domain structures such as those
imaged in the upper part of Fig.8-3f, have no correspondence of contrast. This can be
explained asthe y domain structures of ferroelectric domains discussed in Chapter 2.

It must be noted, If the acoustic images by SEAM in Fig.8-2 and the acoustic images by
SNAM in Fig.8-3 and Fig.8-4 on the both grains are compared, it can be seen clearly that the
acoustic contrasts on the same grains by both techniques are totally different.

72



8. Discussion of both near-field acoustic techniques

-™ Surface defect

Domalns

Fig.8-2a: SE image of thesamesampleas  Fig.8-2b: SEAM in situ acoustic image of
Fig.8-1 Fig.8-2a

50 pm' \ Surface defect." *  Surface defect

H— )

Fig.8-2c: SE image of theinsert with black  Fig.8-2d: SEAM in situ acoustic image of
linein Fig.8-2a Fig.8-2c

-

Fig.8-2e: SE image of theinsert with black  Fig.8-2f: SEAM in situ acoustic image of
linein Fig.8-2c Fig.8-2e

73



8. Discussion of both near-field acoustic techniques

Domaigg -

.

Fig.8-3a: Topography of pointlin Fig.8-1  Fig.8-3b: SNAM in situ acoustic image of
by SPM Fig.8-3a

' Romains

S um Grain boundary
|—| .:-

Fig.8-3c: Topography of theinsertin Fig.8- Fig.8-3d: SNAM in situ acoustic image of
3aby SPM Fig.8-3c

Domains

2.5 uym Grain boundary
1

Fig.8-3e: Topography of theinsertin Fig.8- Fig.8-3f: SNAM in situ acoustic image of
3c by SPM Fig.8-3e

74



8. Discussion of both near-field acoustic techniques

Fig.8-4a Topography of the areanear the Fig.8-4b: SNAM in situ acoustic image of
point 2 in Fig.8-1 by SPM Fig.8-4a
-
™ Grain boundary

= =

=3 Grqi_n bounda!_ry

vy

: ~ =+ Domains
. 2
Fig.8-4c: Topography of the point 2 in Fig.8-4d: SNAM in situ acoustic image of
Fig.8-4aby SPM Fig.8-4c

Domains

Fig.8-4e: Topography of theinsert in Fig.8-4f: SNAM in situ acoustic image of
Fig.8-4c by SPM Fig.8-4e

75



8. Discussion of both near-field acoustic techniques

8.2.2 Explanation of the results

The contrast difference of acoustic images by SEAM and SNAM at the identical areas (point

1 and point 2) can be explained as the depth difference of near-fields of both techniques. Asiit

is explained in Chapter 4 and Chapter 5 theoretically, the contrast of both near-field acoustic

imaging techniques (SEAM or SNAM) comes from interaction between the average
piezoelectric effect in near-field and the electric field formed by injecting electrons (SEAM)
or the concentrated field of the scanning tip (SNAM). As it is not well understood up to now
how the domain wall movements contribute to the piezoelectric, elastic and dielectric
properties of ferroelectric ceramics extrinsically [8, 11~13] and how many kinds of domain
structures of BaTiOz ceramics exist totally [9, 10], an accurate theory of average piezoelectric

effects in near-field area for both techniques on BaTiO3; materials would be impossible. As a

result, a clear explanation of contrast of both near-field acoustic methods seems also difficult

at present. The following would be an explanation which bases solely on the present theory
and experimental facts:

* The typical domain structures in ceramics have the typical width of several hundred
nanometers for coarse grains, as predicated by present theories and experimental methods
[9, 10];

* The dectric field in the near-field is so weak that it produces only vibration through
intrinsic converse piezoelectric effect and small movements of domain walls but no
change of the whole domain structures [13];

By SEAM, the near-field dimension is aimost 1-2 um wide and 2-3 um deep at 20 keV
accelerating voltage for PE, and the interaction area is not homogeneous [57]. For the typical
domain structures which are clear to us [9], such as shown in Chapter 2, the domain width is
usually several hundred nanometer. Here, we would take a coarse grains of BaTiO3 ceramics
as an example. The typica domain structures have been studied [9, 10]. The domains have
typically four structures, shown as structure 1-4 in Fig.8-5.

As shown in Chapter 4, the acoustic amplitude contrast of SEAM of every scan point comes

from the average interaction between the electric field formed by injecting electrons and the

average piezoelectric effect in the whole interaction area. For scan point N and any other scan
points in area of structure 1, there is no difference of the average integration in near-field.

That means that there is no contrast difference by SEAM in the area of structure 1. With the

same argument, there is no contrast difference for any scan point M in the area of structure 2.

Similarly, any scan point in the areas of structure 3 or 4 has no contrast difference with any

other pointsin the same structure respectively.
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Fig:8-5: The contrast mechanism of SEAM on the ceramic sample

Furthermore, according to Eq.2-24 in Chapter 2, the piezoelectric effect of ferroelectric

ceramics is dependent on the polarization and extrinsic effect. If the electric field in near-field

areain SEAM is small enough, the extrinsic effects (mainly of domain wall movements) can
be neglected [13]. Thus the piezoelectric effect in near-field area of SEAM is solely

dependent on the spontaneous polarization. We can draw qualitatively the spontaneous

polarization for structure 1-4 which contribute to acoustic longitudinal wavesin z direction in
near-field of SEAM system as Fig.8-6.
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Fig.8-6b: Structure2  Fig.8-6¢: Structure 3  Fig.8-6d: Structure 4

Because the output signal of transducer is the integration between the converse piezoelectric

effect and the source electric field in near-field area according to Eq.3-38, after the linear

amplification of the lock-in amplifier, the output signal of the lock-in amplifier is proportional
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8. Discussion of both near-field acoustic techniques

to this integration. As only amplitude signal of the lock-in amplifier is used as the imaging
signal of SEAM, the gray lever of the acoustic image of SEAM is naturally proportional to
amplitude of this integration as well. As shown in Fig.8-6a and Fig.8-6d, the average
polarization in structure 1 and structure 4 has the same value but only changesits sign. If the
source electric field is kept the same during scanning, the amplitudes of the integration
between the converse piezoelectric effect and the source electric field in these two areas have
the same absolute value but only different signs. That means these two areas have the same
gray lever in acoustic image of SEAM.

According to the same reasoning, there would be no contrast difference between structure 2
and structure 3 either.

At the base of reasoning above, there are only two structures, structure 1 and structure 2
shown in Fig.8-6a and Fig.8-6b above, in which the scanning pixels, such as the pixel M in
structure 2 and pixel N in structure 1 shown in Fig.8-5, have possibly different contrast in
acoustic image of SEAM. In other words, under the present knowledge of domain structures
in ferroelectric BaTiOs; ceramics, the acoustic image of SEAM would image only the
difference between different laminated areas. The imaged ‘domain wall’ could be the wall
between different 90° domain laminated structures of BaTiOs ceramics.

If the same structures are studied by SNAM technique, the contrast can be analyzed in the
same way. Because of the form of the tip, most of the source electric field is concentrated just
beneath the contact point under the tip, as it is discussed and calculated in Chapter 5 in this
work, so that the near-field area of SNAM is as small as severa hundred nanometer (see
Eq.5-18 and Fig.5-5). Under the same week field approximations discussed above and
according to Eq.5-20, the output signal of the transducer in SNAM is proportiona to the
Integration between the converse piezoelectric effect and the source electric field in near-field
area of every scan points of SNAM. After the linear amplification of the lock-in amplifier, the
output signal of the lock-in amplifier is proportional to this integration as well. As only the
amplitude signal of the lock-in amplifier is used as the imaging signal of SNAM, the gray
lever of the acoustic image of SNAM is naturally proportional to the amplitude of this
integration. Two scan points in area of structure 1 shown in Fig.8-7 are taken as an example.
The scan point N has a polarization paralel to the source electric field. The converse
piezoelectric effect in near-field in the direction of the field is non-zero. The integration
between the converse piezoelectric effect and the field is non-zero too. The contrast in
acoustic image of SNAM at this point has a non-zero gray lever.

On the other hand, the scan point M has the polarization perpendicular to the source electric
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8. Discussion of both near-field acoustic techniques

field in near-field and the converse piezoelectric effect in near-field in the direction of the
field would be zero. The integration between the converse piezoelectric effect and the field
would be zero as well. This means that the contrast at this point in acoustic image of SNAM
has a zero gray lever. Asthe point N and M are arbitrarily chosen in the area of structure 1, if
the source electric field is kept the same during scanning, any scan point which has a
polarization in the direction of the source electric field in structure 1 has the same non-zero
gray lever in acoustic images of SNAM; Whereas any point which has a polarization
perpendicular to the direction of the source electric field has the zero gray lever.
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Fig.8-7: The contrast mechanism of SNAM system developed

In other words, the contrast of acoustic image of SNAM comes from difference of
ferroelectric polarization directions of 90° domain structures. It can be seen easily that the
reasoning is also valid in area of structure 2, 3, or 4. By comparison of Fig.8-5 and Fig.8-7, it
is clear that the 90° degree domains will show different width and totally different contrast by
SEAM and SNAM techniques.
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9 Conclusions

Investigations of ferroelectric domain structures are essential for both fundamental and
applied perspectives since they determine, to a large extend, the macroscopic response of
ferroelectric materials. In microscopic range, they dominate the behavior of amost all
ferroelectric devices in the microelectronic industry. The results presented in this work on
ferroelectric BaTiOs; materials show the fascinating world of this kind of materials. The
dimension of the imaged ferroelectric domain structures by SNAM provides experimental
evidence for the theory of these structures in coarse grained BaTiO3 ceramics, which are only
proved by destructive methods such as the chemical etching techniques before now.

Temporal behavior of ferroelectric domain structures at an identical area of BaTiO3; ceramics
has been imaged at submicrometer range for the first time. The domain structures of the
ceramics remain unchanged for two years. It implies that ferroel ectric polarization of thiskind
of ceramicsis very stable and it would be an ideal medium for applications such as memory
devices.

Therma dynamical properties of ferroelectric domain structures at an identical area of
BaTiO3 ceramics are imaged by SNAM at submicrometer range. When the temperature of the
ceramics is over Curie temperature, the domain structures disappear totally. The ferroelectric
domains change their polarization distribution if the temperature of the sample changes.
Electrical dynamical study of ferroelectric domains at an identical area of BaTiO3; ceramics
has also been studied. With a bias voltage, the change of the same structures are imaged
clearly. Based on the developed theoretical model, the field intensity under the tip and the
physical process of polarization change on the sample surface are analyzed. These dynamic
investigations lays the foundations for future dynamic analysis of ferroelectric domains of
other materials by SNAM.

The system developed for dynamic research of ferroelectric domain structures in this work
can be easily modified from a commercia SPM system. For the further study of other
ferroelectric materials and devices, this system is easy to use, with submicrometer or
nanometer resolution, and high thermal and electric stability if simple control units are used.
It presents an ideal tool for the non-destructive dynamic testing and modeling of both
ferroelectric materials in material engineering and ferroelectric devices in microelectronic
industry.

The explanation of the contrast from acoustic non-destructive imaging systems remains
always a challenge for researchersin this area. The SNAM system developed by the use of an

acoustic transducer provides a base for both theoretica and experimental complementary
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analyses of the acoustic contrast among different kinds of acoustic near-field systems. As an
example, the complementary analysis of SEAM and SNAM reveas the acoustic contrast
mechanisms of both near-field techniques. The different contrast which are revealed by
complementary analysis at identical areas can be well-explained using the current theory for
BaTiO3 ceramics. The experimental methods developed for the complementary analysis can
be further applied to analyze other properties of materials and devices among different
microscopy systems.

The theoretical modeling of SNAM analysis, i.e. the Green’s function to determine the quasi-
stationary fields in the system and the transmission line mode of acoustic longitudinal waves
within the sample, is applied successfully for the first time to characterize eectrical and
mechanical field distributions of BaTiO3; materials studied by SNAM. Based on the theoretical
solutions presented in this work, other ferroel ectric materials can be analyzed similarly.

Under the same theoretical approximations as those of SNAM system, the contrast of SEAM
system on ferroelectric materials has been characterized by these theoretical techniques as
well. Although only acoustic plane wave modes are analyzed, the simple solution reveals
some basic behavior of SEAM system on ferroelectric materials. The modelling technique

would be also applicable to other beam injecting acoustic imaging systems.
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10 Futureaspect

The characterization of ferroelectric materials at submicrometer or even in nanometer range,
both in lateral direction and in depth profiling, is of vital importance for the development of
future ferroel ectric materials and integrated devices. Unfortunately, the present knowledge of
ferroelectric domains at this resolution range is not enough to predict the so-called ‘domain’
influence on the materials. Whereas common methods have different limitations for this
purpose, the non-destructive methods based on SPM provide a new breakthrough for this
goal. Although much effort on this technique has been given and many results are presented
for different ferroelectric materials by different techniques based on SPM, from our point of
view, a clear relationship between these domain effects and properties of ferroelectric
materials require further investigations.
The quantitative description of energy change of ferroelectric domains during switching
processes is not well understood. As discussed in many literatures [1~13], this energy change
Is a process including thermal, electrical, and elastic energy. Although this work has shown
some changes of domain structures by external thermal and electrical influences, the accurate
relationship among the thermal, elastic, and electrical energy changes should be further
investigated. To understand this process as accurately as possible, different non-destructive
methods at this resolution range, such as thermal and acoustic near-field techniques, should be
used complementarily.
The thermal behavior of ferroelectric domains of BaTiOj; is another problem which needs
further study as well. Although current literatures present many theoretical and experimental
results on this effect [1~5], a quantitative study of thermal behavior of domain structures of
BaTiOs; at submicrometer or nanometer resolution is still not reached. Even though some
thermal dynamic investigation has been presented in this work, a quantitative relationship
between ferroelectric domain structures and the external thermal energy change has not been
obtained yet. To achieve this goal, a complementary anaysis on ferroelectric BaTiOs; by
thermal and acoustic near-field techniques would be ideal.
The metal-doped BaTiOs is widely used in industry for different purposes [86]. Although
some work has been done to reveal the relationship among grain sizes, electrical, elastic, and
piezoel ectric properties, ferroel ectric domain structures from doped BaTiO; materials are little
studied. The theoretical relationship between grain sizes and ferroelectric domain structures
for doped BaTiOsis not achieved either. The presented SEAM and SNAM techniques are the
best non-destructive tools for experimental investigations and basis for the modeling and
manufacturing of this kind of materials.
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Ferroelectric thin films are used intensively in the micro-electronic industry and some
properties of thin films are also intensively studied [4, 22, 31~35]. But, from our point of
view, ferroelectric domain structures and their formation process under externa influences
needs to be studied further. Problems such as how the domains change their structures during
switching processes, how much is the switching time of different structures, what are the main
sources of the fatigue of the ferroelectric polarization and so on require further study. To
answer all the questions, a thorough understanding and modeling of ferroelectric thin films,
both experimentally and theoretically, would be necessary.

Although this work has presented a systematic theoretical method to study the electrical and
acoustical field distributions from different sample structuresin SNAM system, there is till a
lot of work to do to characterize all the field components quantitatively. Whereas the electric
field distributions in the system can be determined by the Green’s functions, the acoustic field
solutions are only based on plane wave modes. For quantitative characterization of
ferroelectric materials by SNAM, it is necessary to analyze the acoustic fields more
accurately. The acoustic field mode conversion in near-field and the non-linear effects of
ferroelectric materials should be further studied.

Recent literature [87] points out that modern chip industries face severe problems for
modeling of devices and failure analysis as multilayered systems are used intensively in the
nanometer regime. The characterization of electrical, thermal, and acoustical field
distributions in these systems is of vital importance to develop new devices. As the structures
of these devices have nanometer dimensions, some basic conditions for present
phenomenological theories cannot be fulfilled any more. New basic theoretical backgrounds
including a combination of quantum-mechanics and quantum-electronics for the
characterization of these devices must be thoroughly developed. However, the systematic

phenomenol ogical methods are foundations for this future advancement.
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Al: Solution of one-dimensional piezoelectric stiffened plan wavein BaTiOzand PZT

The piezoel ectric strain and stress relationships are:

X :SIE,J X,;+d, ; E; Eq.A-1
D =d, XJ+8i5,zj E, Eq.A-2
><| :CIE,J X; _é,j Ej Eq.A-3

— X

Eq.A-4
To characterize the typical near-field acoustic system of present work on BaTiOg it is
necessary to discuss at first the coupling between electric and acoustic fields generally in both
PZT transducer and BaTiOz sample in one dimension. The polarized PZT ceramics can be
analyzed by a crystal lattice of 6mm and the crystal lattice of single BaTiOz with only c-
monodomain is 4mm [53]. The piezoelectric tensor and dielectric tensor for both material
systems have the same form but different values of components. This alows us to treat the
coupling in transducer as well as in near-field theoretically together. Only if quantitative
values of each material are concerned, actual values of the tensor components will be used
respectively.

If z direction is chosen as the transmission direction, the differential ai and ai areequal to
X y

zero if the lateral dimension is unlimited. Only ai is non-zero for every electric and
z

mechanic field components.
From Maxwell equation Eq.3-1, if there are no conducting and source currents ( J . and js) in

a given material, electromagnetic fields and waves which transmit only in z direction will be
described as[53]:

o 5 4
z 0y
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The equations above can be written as:
oH, O0E, 0D, o4H,
Ho%at “ oz ot oz

Eq.A-7

_OH, 0E, oD, _ 0H,
Ho7ot "9z ot | oz FaA-8

9D, = oH, =0 Eq.A-9
ot ot

Eq.A-7 and Eq.A-8 describe two electric magnetic waves and Eg.A-9 two quasi-stationary

fields.

If the body torque is neglected under the small signal approximation, the basic acoustic

equationsin materials are:
62
at’

ja|

—

-F Eq.A-10
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I
]
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Eq.A-11
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in which X and X are strain and stress in the materia respectively, and p, G, and F are
density of the material, displacement field, and body force respectively.
Thesignsof [ Oand O, mean the followings:

Bi O 0 O i i
PX 0z 0dy[]
O 0 0 04
- 0 — 0 — 0 —fg
DD(:S dy 97 GXBX Eq.A-12
Eo 0o L9 Q-OE
0z 0dy OX
19 o of
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Lo i o U
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] aD
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.0 0z O H
x=Uu=pn, 0 00,0 Eq.A-13
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Here the Voigt's notation for stress and strain tensors is used and the stress and strain tensors

are written as:
)2 :(X1’ Xz; X3; X41 X5! XG)
X:(X1’X2’X3’X4’X5’X6)

If the velocity of aparticlein solidsis V=48,V, +a,Vv, +a,V,, it can be written as

9
v=—7--Uu Ea.A-14
ot a

If there is no body force, the acoustic equations Eq.A-10 and Eq.A-11 can be written by the
use of particle velocity as:

0X; 0V ov, 0X%;

4 Z

oz Pt ™z ot

Eq.A-15
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ax, 0v, v, 9ax,
= d—:
oz "ot ™57 ot

0 X, :pavx and v, _9X%s
0z ot 0z Ot
Eq.A-15 describes one longitudinal acoustic plan wave; Eq.A-16 and Eq.A-17 describe two

Eq.A-16

Eq.A-17

shear acoustic waves.
According to piezoelectric coupling equations Eq.A-1 to Eq.A-4 and piezoelectric tensor of

BaTiOg3, the electric and acoustic coupling can be written as:

D,=¢, E,+€;5X% Eq.A-18
D, =€}, E, +&,; X, Eq.A-19
D,=¢€}, Ex+€s % Eq.A-20
X3=Cy3 X3 —€,5 E, Eq.A-21
X,=Cy X, — €5 E, Eq.A-22
X5=Cyy X5 — €5 E, Eq.A-23

From electromagnetic wave equations Eq.A-7 to Eg.A-9, acoustic equations Eq.A-15 to
Eq.A-17, and electric and acoustic coupling Eq.A-18 to Eq.A-23, the general coupling of
electric and mechanic field components in BaTiO3; can be analyzed. The acoustic longitudinal
wave described by Eg.A-15 will be studied with detail in the following.

According to Eq.A-9, the electric displacement D, is a constant. For a harmonic study of
fields, D, can be treated as zero. From Eq.A-18, the quasi-static electric field [53] in z

directionis;

3
- EEX?’ Eq.A-24
Y4

Form EQ.A-24 and Eg.A-21, the stressin z directionis:

2
e

X3=( C33+_ZS3 ) %3 Eq.A-25
8ZZ

2
The constant cp:c33+e—z3 is the so-called piezoelectric stiffened stiffness. If EQ.A-25 is
3

yz4

combined with Eqg.A-15, the so-called piezoelectric stiffened wave equations for the stiffened
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longitudina wave (v, , X,) are:

0 X, _ pavZ EQA-25
0z ot '
v, _1 0%, Eq.A-27
0z ¢, ot '

Eg.A-26 and Eq.A-27 describe a stiffened acoustic wave in BaTiOs single crystal without

source. It can be rewritten as the wave equation:
2 2

0%, p 0%, _

0z> c, ot

Eq.A-28

The physical meaning of the equation above can be explained by piezoelectric theory as the
stiffened effect [53]. It seems that this wave behaves as if the elastic stiffness c,, were

2
: e : : : : . :
increased to ¢, =c,,+—=>. The electric and acoustic coupling for this wave is the coupling of

s
z3

the quasi-static electric field and the acoustic longitudinal wave (v, , X,).

The coupling of longitudinal waves in PZT transducer is the same, if only the material
constants in all the expressions above should be changed to material constants of PZT

ceramics.
If there is a harmonic source electric field in z direction E.=E_ a,, the total electric field in z
direction in the BaTiOs crystal studied can be written as:

Eoa =E, + E Eq.A-29

total

E, isthe coupled stiffened electric field in the crystal. Because only the harmonic stable state
will be studied and the acoustic field (v,, X;) must satisfy the same stiffened condition, the

coupled stiffened electric field in the crystal is the same as the field without source.
Form EQ.A-18 and Eqg.A-21, the stress in the crystal with source:

o2
z3

Xa=( C33+€T) X3- €,5 Eg Eq.A-30
z3

2

: . e . : — :

in which the constant ¢, =c,,+—= isthe piezoelectric stiffened stiffness.
z3

Because of the source electric field E;, the wave equations for acoustic longitudinal waves

can be obtained in the same way:
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0X; pavZ ——
0z ot &
ov, 10X, €, 0E EQ.A-32
dz ¢, ot «c, ot
Eq.A-31 and Eq.A-32 can also be written as the wave equation with source:
2 2
0v, po°v, e; d0E, A2

2 . A+2
dz° ¢, 0t c, at
The same process can be applied to the other two coupled waves Eg.A-16 and Eg.A-17 in the

crystal studied. The coupling equations are:

0°E, e 0°E, e 0°v,
aZEy S aZEy aZVy s s
F—HOEW atz = uoexg,m (SW:EXX for BaT|03) ECIA'35

At the first sight, the coupling mechanism seems almost the same as the coupling discussed
above. But a detailed discussion [53] shows that these kinds of coupling are much more
complex than the stiffened electric and mechanic coupling. A detailed discussion is beyond

the scope of the present work and some discussion can be found in other works [53, 54].

A2: Transmission line mode of acoustic wavesin near-field

In near-field of piezoelectric materials, the electromagnetic and acoustic coupling phenomena
are even more complicated than the coupling in the transducer, because the acoustic wave
here is the piezoelectric acoustic wave with source electric field E, =&, E_. Under the

assumption described in Chapter 3, the acoustic transmission can be compared to the
transmission of voltage wavesin atransmission line with source [53].

If there are plane longitudinal harmonic acoustic waves (Vv:, X3) produced in the near-field in

the crystal studied, the equations according to Eq.A-31 and Eg.A-32 are written as the

followings:
aX: v
37 =p ot Eq.A-36

ov, 1 6X31,+e23 0E,

o0z c, ot c, ot

Eq.A-37
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Here, the suffix ‘1’ at the top right corner indicates the near-field areain the sample.

As a comparison, the equations of transmission line with sources V and | ; will be discussed:

oV (zh)_ _, 21z

+V_ + Rl (zt Eq.A-38

0z ot (20 !

d1(z1) —__C oV (zt) +1,+GV(zt) Eqg.A-39
0z ot

Here (V(zt),1(zt)) is a solution of a voltage or current wave of a one-dimensional

transmission line and has the form:

V(zt)=V e/ Eq.A-40

1 (zt)=1 e/ Eq.A-41
where V,, and |, are amplitudes of the voltage and current wave which are decided by the

source and boundary conditions.

In the case of atransmission line without loss, the equations can be written as:

ovzy __ 91y

57 - 51 i EQ.A-42
d1(zt) aV(zt)
9z ot s EQA-43

If the one-dimensional transmission line with a source limited in the area z,<z<z,, agenera

solution of the equations Eg.A-42 and Eq.A-43 aboveis.

V(zt)=(a"(2)+a (2))/2 Eq.A-44
| (z,t)=(a"(2) —a (2))/2Z, Eq.A-45
a‘(z) =e® }(\/s +Z,1.)e"dl +a (2)e " (z>2) Eq.A-46
a”(2)=-e" [(V, - Zyl )& Mdl +a™ (2,)e" ™ (2<z,) Eq.A-47

where R, = % is the characteristic resistance of voltage wave of transmission line.

By comparison of EQ.A-42 and Eg.A-43 with EQ.A-36 and Eq.A-37, if the following
comparison is made:

V(zt)=—X;: the voltage wave is compared to negative stress in z direction of the
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longitudinal wave,
| (z,t) =V, : the current wave is compared to velocity of the particle;

L =p: theinductance is compared to density of the sample;
C=lc,=1(cy + e’,/€,): the capacitance is compared to reciproca of the stiffened

elastic stiffness;

e, 0E
= CL3 a—tS : the current source is compared to the time differential of source electric field;

p
Eqg.A-36 and Eq.A-37 will have the same solution as that of Eq.A-42 and Eq.A-43.
For the near-field system shown in Fig.5-1 with an electric field source in near-field, the

stable harmonic solutions of the longitudinal wave in near-field can be written from above
comparison as.
X:=—(a" +a")e’ /2 Eq.A-48

vi =(a" -a")e' /27, Eq.A-49

z
a’ =al’ (ze’* +a" (0)e’ ",

ezS

Cp

a'"=al (2e" +a*" (d)e

i 0E.. .
inwhich &% (2)= [ (Z, a—ts)eJkZ d¢ (0<z<d) Eq.A-50
0

¢ _ e 0E. _.
inwhich a5 (2)= [ (Zo C—SW)G Mdl (0<z<d) Eq.A-51
z p

Here .’ (z) and a (2) are termsresulted from source in near-field. Z,= pc, istheacoustic

characteristic resistance of wave (v:, X;) in near-field and a* (0) and a* (d) are constants

which can be determined by boundary conditionsin Fig.5-1.

The acoustic waves outside the source area can be compared to the transmission line mode
without source. The acoustic wave outside the near-field but still in the sample is governed
only by the wave equations without source Eq.A-26 and Eq.A-27, and the solution can be

written as (v, X2 ):
XZ=—(a" +a’)e'/2 EQ.A-52
Vi =(a* -a*)e'"/2z, Eq.A-53
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a2+ — a2+ (d)e—jkz(z—d) ECIA-54
a®” =a” (d)e'=? EQ.A-55
Where a** (d) and a* (d) are constants which can be decided by the boundary condition of

the system, w the angular frequency, and k, acoustic longitudinal wave number in z direction
in the sample outside the near-field. It is clear that the wave number and acoustic
characteristic resistance inside and outside the near-field in the sample are the same, that is
k=k, and Z, =Z,. The suffix ‘2’ at the top right corner indicates the area outside the near-
field but still in the sample.

The final solution of the acoustic waves can be obtained by matching of boundary conditions
in different areas. The acoustic boundary conditions for the typical system shown in Fig.3-1

are generally the same.

X3=0 ifz=0; Eq.A-56
2 1 .
Xs=X3 ifz=d; Eq.A-57
2 1 .
vV, =V, ifz=d; Eq.A-58
X3=X2 if z=D, Eq.A-59
3 2 .
V,=V, if z=D, Eq.A-60
a® (D) =Ra*(D,)e?""  ifz=D,+D, Eq.A-61

here R isthe acoustic reflect constant of the longitudinal wave at the interface between PZT
transducer and the copper electrode. The backside of copper electrode is well matched
acoustically so that there is no more reflection after the copper electrode.

Although the SNAM based on SPM technique has a constant force of the tip at z =0, for the
discussion of harmonic solutions of acoustic waves, it plays no role for the harmonic
solutions. At this base, a generally discussion of solutions of different scanning near-field
acoustic microscopy systemsis possible.

At boundary z=0, there is only one boundary condition Eq.A-56 for X3,
a;"(0) +a" (0) +a, (0)+a" (d)e =0
al’ (0)=0

a(0)+al (0)+a* (d)e =0 Eq.A-62
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At the boundary z = d, there are boundary conditions Eq.A-57 and Eq.A-58 for both (Vv%, X3)
and (v?, X2):

al" (d)e ™ +a* (0)e ™ +al (d)e’ +a' (d)=a® (d)+a* (d)

ay (d) =0

al’(d) e™+a" (0)e’™ +a" (d)=a® (d)+a* (d) Eq.A-63

Zi{[a?(d)e_jkd +a1+(0)e—jkd] } [ai_(d)ejkd +a1—(d)]}zzi{ a2+(d)_a2—(d)}

al" (d)e™ +a* (0)e ™ _a" (d)=a* (d)-a* (d) Eq.A-64

At boundary z= D, , the boundary conditions Eq.A-59 and Eq.A-60 are

a* (D)) {1+Re P 1=a* (d)e ™ +a* (d)e ™ Eq.A-65

Z | | |

Z—° a* (D,){ 1-Re "1 =a* (d)e ™ _a* (d)e/ > Eq.A-66
3

If the source field in near-field is given, a;" (d) and a. (0) are two source integration terms
in near-field and are given from Eq.A-50 and Eq.A-51 respectively.

There are six constants a**(0), a“ (d), a*(d), a* (d), a*(D,), and a* (D,) . There are
six independent linear equations from Eqg.A-61 to Eq.A-66. There is only one single solution

for al the constants. All the constants can be written as the functions of a"(d) and a. (0).

1_ e—2jkD1 1_ Re—Z]k3D2
Let al:m, GZZHRG——zingZ’ The final expression of a* (D,) can be calculated as
the following:

z _ ez,0E .
From Eq.A-59; a; (z):g(Zofa—ts)e‘kZ d (0<z<d),
p

we can get the expression of a; (d) :
d e, 0E. ;

a; (d)=J(Z, ﬁ—ats )e'“dg

0

Cp
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d ez dE .
From Eq.A-60, @, (z):j(ZOCLSa—tS)e Kdg (0<z<d),
z P

we can get the expression of a; (0):

d e.0E ,
-0 =[(Z.-2Z=s)e K
al (0) g( °C at) q.

If the source field is given, theterm @ (d) and @ (0) are obtained.

From Eq.A-71, we can get the term a" (0) :

" (0)=—[ag (0) +a" (d)e ]

If we add and subtract Eq.A-72 with Eq.A-73, we can get theterm a°* (d) and @ (d) :
a® (d)=al*(d) e™+a™ (0)e

a® (d)=a' (d)

If we put the term @ (0) into the term @ (d) above, we get the following expression:

a”(d)+a” (d) e*"=[a;," (d)-a; (0)]e

The term at the right side of the equation above is the source integration in near-field.
If we add and subtract Eq.A-74 with Eq.A-75, we can get the following expression:

a3+ (Dl) { [1 + Re_zjk3D2]+Ba [1_ Re—ijaDz]} :2 a.2+ (d) e_jk(Dl_d)
a*(D,) {[1 +Re™*]-B,[1- Re?*P]}=2a% (d) (P
We can diminate the @°"(d) and @° (d) terms in the equations above and get the

relationship between the term @ (D;) and the source term:

1 2. (d) -a, (0)]e” "™

a*(D,) = - -
( 1) (1+ e—Z]le)(1+ Re—ijgDz) 1+ala ZBa

e_ jle

Eq.A-67

1_ e—ijDl 1_ Re—ij3D2 ZO Z
1+ 2K0: a2:1+ Re 2Dz yand B,=5 =

2
Here O, = - .
' Zy Z4

Eqg.A-67 can be simplified as the followings:
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d kZ - kg
. €, 0E, e ¢!

1+ _ Al —Jlez 7 z3 —jkD d

2a’ (d) - a¥ (0)]e 4 ocp Iat 5 C

e 10E, e —g e da
— Jle d z3
=44 Iat 2] d=4c

P

P 0

k)d
1 g s n(kg) g

e Re T Lo,

a” (D) =

The output signal of the transducer under the open circuit condition is:

o SOE, O 1k pet
Vs =2 ) 3 SR B G 0 Wy )

Eq.A-68
A3: Solution of SEAM
A3.1 The acoustic boundary condition of SEAM can be written as:
X3=0 if z=0; Eq.A-69
2 1 .
X3 =X3 ifz=d, Eq.A-70
2 1 .
vV, =V, ifz=d; Eq.A-71
X3=X2 if z=D, Eq.A-72
3 2 .
V.=V, if z=D, Eq.A-73
a® (D) =Ra*(D,)e?""  ifz=D,+D, Eq.A-74

A3.2 The source electric field in the near-field of SEAM and output signal of transducer
The source electric field in the near-field of SEAM can be obtained by using the image charge

and solving the Possion’s equation at the given electric boundary conditions in the sample.
Based on the assumption in Chapter 4.1, the electric field under every scanning point can be

written as [74]:

E.=A(z-d)e' (0<z<d, x* +y*<a’)
E.=0 (z>dand z<0, X* +y* =a®) Eq.A-75

(l_rIE)IO
m’e_d

zZ

-Te

here A = e
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in which n. is the backscattering constant, |, the beam current, t, the charge accumulation

time, a istheradius of the primary electron beam.

e, 0E , e e, 1-n)l.
z3 S:A(Z—d) e"*’t,and A:J(A)ﬁ A,:j(.k) z3 ( nE)
c, ot c, c, Tl d

EQ.A-76

The source term in near-field of SEAM is;

€s (OB L rgnikd) —
2 [5Sn(Q)dg = 5 [sin(kd) - kd]

p

The output signal of PZT transducer under open circuit conditionis:

PIT 1 11— ikD: B,
Output _2A [sm(kd) kd] %PZT% )(1+e 5, )(1+alq2l3 Ye jkD,

. ezS (1 r]E)I PZT%]- e JaD2 B —Jle

c, Traze;d —[ in(kd) —kd] 5+ 1+ e 2 )(1+0(10(2l3 )e

& A-ng)l, i %”ZT E(sn(kd) kd)(l e kD ' B.e ™ )
pes,  ma’d o w? 1+e 2 Mt a,a,B,
Eq.A-77
l_e—ijDl 1_ Re—ij3D2

in which p is the density of BaTiOs material, O, and

"1+ g2 %27 T pe?ikDs

ZO
=

3
A4: Solution of SNAM developed from SPM

A4.1 The acoustic boundary conditions of the system
The boundary conditions for SNAM developed in this work are amost the same as those of

SEAM system. The only difference is at z=0 plane. The actual acoustic boundary conditions

are.

X3=Fip ifz=0; Eq.A-78
XZ2=X; if z=d Eq.A-79
V=V, if z=d; Eq.A-80
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X3=X2 if z=D, Eq.A-81
3 2 .

V.=V, if z=D, Eq.A-82

a® (D) =Ra*(D,)e?’"  ifz=D,+D, Eq.A-83

here R has the same meaning as that discussed before. The contact force F;, is kept constant

by the feedback control unit of SPM and has atypical value from several nN to several mN. It
Is actually a constant force which acted on the z =0 boundary of the near-field. For the
harmonic solutions of near-field acoustics, it plays no role in the solution, as the time
differential is zero.

A4.2 Green’'sfunction of the model

The eectric field distribution of the system can be obtained by solving the Poisson’s equation
with a point charge under the given electric field boundary condition of the simplified model
shownin Fig.5-1.

If the potentia in the region - o <z<0 is V0 and in the region 0<z<D, is V1, the electric field

boundary condition can be written as:

Atz=0:

VO=V1 Eq.A-84
oV0 _aVi1

W - g Eq.A-85
Atz=Dq:

V1=0 Eq.A-86

The field distribution of a point charge at (0,0,-h) in cylindrical coordinate system can be
obtained as [80~82]:

q ° ~B|z+h|
=—— 1J.(Br)e d .
V Ine, { o(Br) B Eq.A-87

Herethe J,(Br) isthe Bessel's function of zero order. 3 isthe spatial periodical constant in z

direction. The potential V is also called the Green’s function of a point charge in cylindrical
coordinate system. The Green’s function for the simplified SNAM system can be written as:

In the region - oo <z<0;
vm%[IJO(BF)G'BZ”"dB+zA(B)Jo(Br)eBZdB] Eq.A-88

In the region 0<z<Dj;

97



11. Appendix

vi=— 3 [ }B(B)Jo(sr)e‘ﬁzdﬁ + ?C(B)JO(Br)eBZdB] Eq.A-89
4me, o 0

In Eq.A-88 and Eq.A-89, A(B), B(B), and C(B) are constants which are only dependent
on the system geometry and variable . These constants can be solved by the three

independent equations from electric boundary conditions Eg.A-84, Eq.A-85, and Eq.A-86.
The constants are solved in the following way.
According to Eq.A-84 and Eqg.A-85:

At z =0:
ePhy AB)=B([B) +C(B) Eq.A-90
-e"+ AB)=[-B(B) +C(B) 1€, Eq.A-91
According to Eq.A-86, at z = Dy
B(B) e +C(B) €™ =0 Eq.A-92
(srl _1) . .
If welet N,= (€, +1)’ the constants A(B), B(B), and C(3) can be obtained by solving
ri
Eq.A-90, Eq.A-91, and Eg.A-92. The constants are:
A) =1, " e — PO EqA-93
1 1+ nle_ZBDl 1+ nle—stl q.

a() = 2eF" 1

(B) (8r1 +1) 1+ nle—ZBDl EqA'94

2ePh 1

C(B) = = e_ZBDl -2BD, EqA'95

(,,*+D 1+n.e
The Green functions for the system shown in Fig.5-1 are obtained according to Eq.A-88 and
Eq.A-89if all the constants are known.

To see the physical meanings of the Green’s function more clearly, we can discuss the
Green’s function in the following way.

The Green’s function in region - 0 <z<0, according to Eq.A-88:

_ 9 7 Bzt g QT z
vo_41TEO gJo(Br)e dB+ Ine, gA(B)Jo(Br)e‘B dB

The first term of VO isthe potential of apoint charge q at (0, 0, -h).

The second term of VO is further composed of two terms:
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Thefirst part of

q ° ZAQ -
ame, gA(B)Jo(Blf)eB dB s

e 3, (BB
41'[80 I (-ny)e —28D, Yo

1+n,e
According Taylor series %—1+ XTXFXT. Eq.A-96
+ X
1 . |
Theterm 1+ nle_ZBDl can be expanded into Taylor series[88]:
; —_ -2BD; -2BD; 2 -2BD; \3
1+n,e 0 - [1-ne ™ —(ne™ )" —(ne™ )] Eq.A-97

Then, thefirst part of

e, AL BN is

L p -2ph ; Bz
ATe, g (-n,)e :I__|_nle—2[3Dl J,(Br)edB
p z- q ® z-(2D,+
=—4fjgog (- 1) 3a(B) @ VB 2 [ 0] o (Br)t O p
41350 M4y, (Br)edp Eq.A-08

The terms at the right side of Eq.A-98 can be treated asimage charges Q,,=-Nn,09, Q.,=N: g

, ... a the position of (h, 2D;+h, 4D;+h,...) at z axis.

The second part of

e, BB is

1 52
oo, Jo(Br)e™dp

-B(2D1+h)
L e

4, ¢

According to Eq.A-97, it can be written as the following:

=97 (1) 3,Br)ef @ gg 4

q < Bl2-(4D,+h)]

2 g B0 4 13,(Br)edp Eq.A-99

4n£0
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In the same way, terms at the right side of Eq.A-99 can be treated as the image charges Q,,=
-0, Q,=n,q ..., a the position of (2D;+h, 4D1+h,...) a z axis. The distribution of image
charges for the Green’s function of VO is shownin Fig.5-2.

The Green’s function V' 1 in the region 0<z<D; according to Eq.A-89 is:
V1-4— j B(B)J,(Br)e*dp s IC(B)J (Br)e™dB

From Eq.A-97, the first term of V 1 can be written as:

T I B(B)J, (Br)e'Bde— [ 3o(Br)e™dp -

(Erl +1)
q r] I J (Br)e—B[Z+(2Dl+h)]dB
4T[EO (Erl +1) !
: ’ [ [ (n, e )2-.]3,(Br)e ™ dp Eq.A-100
4-,-[80 (Er1+1) 3 r]l 0 q -
- __ 2 _ 2 o
Theimage chargesare Q,,= (€. +1) a Qy €.+ n,q, ... a the position of (-h, -(h+2D,),
..) a zaxis.

From Eq.A-97, the second term of V 1 can be written as;

1 IC(B)'J (Br)eBZdB_—( 1) (8 +1) I J (Br)eB[Z (h+2D1)]dB+

q [z-(h+4D,)
e r— n,f 3o(Br)e "B +
q \ ,
ane, ) [ (€5 (n, €72 )%+ ] 3,(Br)e"dp Eq.A-101
- __ 2 2 .
The image charges are Q;,= —(Srl D (o} le——(srl D n,q, ... a the position of (2D1+h,

4Dy+h, ..) at z axis. The distribution of image charges for the Green’s function of V1 is

shownin Fig.5-3.

A5: Material constantsof PZT and BaTiO3

The elastic tensor of BaTiOssingle crystal with a monodomain:
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By S S 0 0 0f
B, Sy S5 0 0 0(Q
s S S 0 0 0
<00 0 0 s, 0 0D
Jo 0o o 0's, OF
0 0 0 0 O seeﬁ

S,,=8.05x 102 m?N, S, =-2.35x 102 m?N, S3=-5.24x 10 m?N,

S =15.7 x 102 m?N, S,,= 18.4x 10 m%N, Sgs=8.84x 102 m¥N

Ecu c, ¢z 0 0 O B
T, Cy G 0 0 0Q
%’ls Cs ¢ 0 0 O S

€=00 0 0 c, 0 0O
0

Jo 0 0 0 ¢ O
ﬁo 0 0 0 0 cg @
C;;=27.5x 10" N/m?, C;,=17.9 x 10" N/m? C;3=15.1 x 10" N/m?

C33=16.5 x 10" N/m?, C,, = Ce5 =5.43 x 10" N/m?, Cge=11.3 x 10" N/m?

If only the elastic or piezoelectric properties of polarized BaTiO3; ceramics are studied, the
polarized BaTiO3 ceramics can be described as material with 6mm crystal lattice and the

elastic tensor is;

%11 C12 C13 O O O H
£, Cu G 0 0 0Q
%3 ClS C33 O O 0 S
€=00 0 0 ¢, 0 OO

Jo 0 0 0 ¢ oOF
ﬁo 0 0 0 0 cg @
C,;=15.0x10"°N/m?, C,,=6.6x10"°N/m?, C;3=6.6x10"°N/m? Cs3=14.6x10"°N/m?,

Cyy =4.4x10"N/m?

The eastic stiffness tensor of PZT ceramics has the same form as that of BaTiOz ceramics.

The values of tensor components of PZT ceramics are:
C,;=12.6x10"N/m?, C,,=7.95x10"°N/m?, C;3=8.41x10"N/m?, Cg3=11.7x10"°N/m?,
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Cy4=2.3x10"°N/m?

The piezoel ectric tensor of BaTiO3 for both single crystal and ceramics
HO 0O 0 O dg OH

g-00 0 0 d, 0 0g
. d, dy 0 0 0f

d, =-345x 10 CIN, d,,=85.6 x 102 C/N, d,;=392x 102 C/N

0 0 0 0 g 0Of
=00 0 0 e 0 Opg
&zl ezl ezS 0 O OH
€, =-2.74 CIm?, €,,=3.70 C/ m?, €,=21.3C/ m?

The piezoel ectric tensor of PZT ceramics has the same form. The component values:

d2* = -274x 10 C/N, d27T =593 x 102 C/N, d)7" = 741 x 102 CIN

el =-65C/m? €' =oc/m? €' =9.8C/ m?
The dielectric tensor of BaTiO3 materialsis:
X
i 0 0f
X:SO € (3( EI eX =2020€,, €% =168¢,
[ 0 0 822[

P

here the X at the top right corner denotes the diel ectric tensor under constant stress.

F= 0 Of
gx-00 ¢, 00O
Jo 0 &F
Here the x at the top right corner denotes the diel ectric tensor under constant strain.
The dielectric tensor of PZT ceramics has the same form as that of BaTiO3z ceramics but

different values of tensor components. The correspondent values are:
er?"* =3130¢,, €777 =3400¢,

PZT ,x PZT x

€ " =1700€,, €, *=1470€,
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