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Introduction

1.1  Dielectric materials and their properties

Dielectric materials are electrical insulators, exhibiting an electric dipole structure,

in which positive and negative electrically charged entities are separated on a molecular or

©
®

Fig. 1.1. Schematic representation of an electric dipole generated by two electrical charges of

atomic level [1] (see Fig. 1.1).

magnitude ¢ and separated by a distance d, giving a dipole moment p = gd. The asso-

ciated polarisation vector p is also shown.

When an external electrical field is applied, the atomic or molecular dipole moments will
align to the field direction. The polarisation is defined as the dipole moment per unit vol-
ume, denoted by P. For many dielectric materials, P is proportional to the electric field

strength £ through the relationship:
P=D-¢g E=(e-¢)E=¢,(,-1)E (1.1)
where D = €F is the dielectric displacement, € the permittivity of the dielectric material,

€o the permittivity of the vacuum and &, the field-independent dielectric constant of the ma-

terial, defined as:

Dielectric materials are characterised by a high dielectric constant, which is always greater

than unity and represents the increase in charge storing capacity by insertion of a dielectric
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medium between two plates of the capacitor. The €, values of some dielectric materials are

listed in Table 1.1.

Table 1.1.  Dielectric constants of various dielectric materials [2].

Dielectric constant

Material
60 Hz 1 MHz
Ceramics
Titanate ceramics - 15-10,000
Mica - 54-8.7
Soda-lime glass 6.9 6.9
Porcelain 6.0 6.0
Fused silica 4.0 3.8
Polymers
Phenol-formaldelhyde 53 4.8
Nylon 6,6 4.0 3.6
Polystyrene 2.6 2.6

In general, the polarisation comprises four components:

P=P,+P;, +P,+ P (1.3)
The first component is the electronic polarisation, P,., which arises from a displacement of
the centre of the negatively charged electron cloud relative to the positive nucleus of an
atom by the electric field. The second one is the ionic polarisation, P;, which originates
from the relative displacement or separation of cations and anions from each other in an
ionic solid. The third contribution is the orientation polarisation, P,, which is found only in
materials with permanent dipole moments. This polarisation is generated by a rotation of
the permanent moment in the direction of the applied electric field. The final source, P;, is
the space charge polarisation. This type of polarisation results from the build-up of charges
at interfaces of heterogeneous systems. The different polarisation mechanisms are sche-
matically illustrated in Fig. 1.2a, while the frequency-dependent contribution to the permit-
tivity is schematically shown in Fig. 1.2b.

When an alternating current is applied to a dielectric material, the dipoles are no longer
able to follow the oscillations of the electric field at certain frequencies. This results in an

energy dissipation, called the dielectric loss:
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tan 8= (1.4)
€

noting that the dielectric constant € of a materials is a complex quantity:
e=¢ +ig” (1.5)
where ¢ and &” are the real and imaginary parts, respectively.

No field Field applied No field Field applied

~—F ~F

Electronic polarization

Atomic polarization

(DWW OANMNAC)

Space charge polarization

®O® OO0
O®O ®O®®O
®O® OOG®OO
©O®E OOOOG

Orientation polarization
— « @
21 N o/ ©
N ly ®
©

(@)

permittivity

frequency, f

(b)

Fig. 1.2. (a) Schematic illustration of different mechanisms of polarisation [3].

(b) Variation of the permittivity with frequency of the alternating electric field. Elec-
tronic, ionic, orientation and space charge polarisation contributions to the permittiv-

ity are indicated as a., a;, a, and ay, respectively [2].
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Dielectric ceramics and polymers are used as insulators. Dielectric materials for capacitors
must have a high dielectric constant, low dielectric loss, high breakdown voltage, etc.
The highest dielectric constants so far have been observed in ferroelectric perovskite ce-
ramics, among which typical examples are barium titanate (BaTiOs;), lead titanate

(PbTi03), lead zirconate titanate (Pb(Zr,Ti)O;, usually denoted as PZT).

1.2  Ferroelectric materials and their properties

Ferroelectric ceramics were discovered in the early 1940s when the phenomenon of ferro-
electricity was found to be the source of the unusually high dielectric constant in ceramic
barium titanate capacitors. Since that time, they became very important for many industrial
applications, ranging from high-dielectric constant capacitors to later developments in pie-
zoelectric transducers, sensors, actuators and thin film memories. These ferroelectric
memories are expected to replace magnetic core memories, magnetic bubble memory sys-

tems and electrically erasable read-only memories in the near future [4-7].

1.2.1  Ferroelectricity

Ferroelectric materials are dielectric materials characterized by a reversible spontaneous
polarization. The polarization behaviour in an electric field is highly non-linear and exhib-
its an hysteresis loop (P-E loop), as shown in Fig. 1.3a. The hysteresis loop is character-
ised by two important parameters, including the coercive field E. (or coercivity) and the
remanent polarisation P, (or remanence). The coercivity is the field required to reduce the
polarisation P to zero, the remamence is the polarisation at zero applied field. The value
obtained by extrapolating the polarisation in the high field region to zero is called the satu-

ration polarisation P;.

Ferroelectricity results from the presence of permanent dipole moments that align in the
direction of an external electric field. For example, in Pb(Zr,Ti)Os, the dipole moment is
caused by the displacement of either the Ti*" or Zr*" cations relative to the centre of the
oxygen octahedron around the cation. The two-stable off-center positions correspond to the
two different orientations of dipole moment. Adjacent dipoles tend to orient themselves in
the same direction, which induces a spontaneous polarisation. Regions of uniform polari-
sation are called domains, separated by domain walls. In ferroelectric materials, the do-
main walls are extremely narrow, often not more than one or two lattice layers. The re-

sponse of the domains to the applied electric field, as shown in Fig. 1.3b, determines the
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shape of the hysteresis loop. In the absence of an electric field, the domains are randomly
distributed, resulting in a net zero polarisation. In an electric field, the domains tend to
align in the field direction by movement of the domain walls and rotation of the dipoles,
and the polarisation reaches the maximum value P;. When the electric field is removed,

domains cannot return to their original states, yielding a non-zero polarisation P,.

AL EEEE 11 41
A1 DR E RS
~ 0 ML i
/4 SR T T
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l E
(a) (b)
Fig. 1.3. (a) A typical ferroelectric hysteresis loop. The positive and negative saturation

polarisations correspond to the two “up” and “down” states of the crystal [5].
(b) Orientation of dipoles under applied field: (1) without electric field, P = 0;
(2) domains align in the field direction, P = P;; (3) the electric field is decreased to

zero, P=P,.

Different from normal dielectrics, in ferroelectrics the dielectric constant is a non-linear
function of applied field, and can be evaluated from the derivative of the polarisation to the
applied field. Basically, there are two contributions to the dielectric constant: the intrinsic
component, which involves the switching of the dipole configurations, and the extrinsic

component, which involves the domain wall motion [8, 9].

A necessary condition for a crystal to exhibit ferroelectricity is that the crystal structure is
non-centrosymmetric. The ferroelectric state is usually a low temperature condition, asso-
ciated with the non-centrosymmetric phase. A structural phase transition from non-
centrosymmetric to centro-symmetric upon heating, induces a transition from the ferroelec-
tric-the paraelectric state. The temperature at which this transition takes place is called the

Curie temperature, denoted by Tc. At T, the dielectric constant € exhibits a maximum
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value. Above T¢, the relationship between € and the temperature follows the Curie-Weiss

law:

= (1.6)

0

where C is the Curie constant and Ty the Curie-Weiss temperature, which in most cases

equal to or slightly different from 7

P-E loops can be used as a fingerprint to identify the material. Typical hysteresis loops
obtained for various ferroelectric ceramics are presented in Fig.1.4: a) a linear tracing from
a BaTiOs capacitor; b) a non-linear loop from a memory ferroelectric PZT; ¢) a narrow
non-linear loop from a relaxor (Pb,La)(Zr,T1)Os; (PLZT) and d) a double loop typical for an
antiferroelectric Pb(Sn,Zr)O; (PSZT).

P p. |P
E rE

J\Ec +

(B)

- + -
(A)
P P
E E
— + - +
©) (D)
Fig. 1.4. Typical hysteresis loops from various ferroelectric ceramics: linear BaTiO; capacitor

(a), ferroelectric PZT (b), relaxor 8/65/35 PLZT (c), antiferroelectric PSZT (d) [4].

Antiferroelectric materials belong to one class of deformation in the ferroelectric crystals,
which has neighbouring lines of ions displaced in opposite directions. The energy differ-
ence between antiferroelectric and ferroelectric states is very small, therefore a large ap-

plied field can switch the crystal from the former to the latter.

Ferroelectric relaxors are characterized by a diffuse and dispersive phase transition where
the temperature 7y at which a maximum dielectric obtained does not coincide with the

structural transition temperature Tc. The remanence disappears at temperatures above a
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freezing temperature 75 which is notably less than 7). The mean square of polarization,
however, is non-zero up to 200-300 K above Ty. The unusual dielectric properties of re-
laxors are believed to be a consequence of the small dimension of ferroelectric regions
(10-50 nm) dispersed in a paraelectric matrix. Reviews about ferroelectric relaxors can be

found in Refs. [10-12].

1.2.2  Other related properties and applications of ferroelectric materials

Electro-optic properties. By varying the ferroelectric polarisation with an electric field,
one produces a change in the optical properties of the ferroelectrics. The most important

ones are the quadratic electro-optic effect and the biased quadratic electro-optic effect [4].

Pyroelectricity. This property relates to the ability to produce electric charges perpendicu-

larly to the polar axis on the crystal faces as a result of a temperature change [2, 3].

Piezoelectricity. Piezoelectricity is the ability of certain crystals to produce a voltage when

subjected to mechanical stress.

Ferroelasticity. A crystal that has two of more stable orientational states and can be

switched from one to the other with an external mechanical stress is called ferroelastic.

Various potential applications of ferroelectric materials in commercial devices, exploiting
their special properties, are presented in Fig. 1.5. These include high-dielectric constant
storage capacitors, piezoelectric microactuators, infrared sensors, electro-optic light valves

and thin film memories.

f] Microactuator

DRAM
storage capacitor

Piezoelectricity

/ Polarizability NVFRAM

FERROELECTRIC memory cell
FILMS

High permittivity

4

Electro-optic activity Py“’ele“id‘y

Thermal

infrared T
switch ’ e

Infrared sensor

Fig. 1.5. Applications of ferroelectric materials [7].
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The promising prospect of ferroelectric memories (FERAM) in the market for memory de-
vices is shown in Fig. 1.6, where the FeERAM offers lower power consumption and faster
speed of writing (rewriting) than other kind of memories. Ferroelectric materials have been

integrated into a 64 Mb DRAM devices to replace the stack/trench Si;N4/SiO, [13].

Semiconductor memory {(speed, power consumption)

@ ——
o
3 f/lt‘i‘l-ia{:\]\
e
g " {\4 ——
2 /< L S e L/{R*‘_“)
5 \Flawh memory H“JJT"ELJ){“\ / // N
g 2 DRAM [~ f’wlmw
8 / W / v
By ! Fd ;.{_\_ iy
] | 4 =
E
=2
Ry 13 FeRAM /
_ D:Volatile memory ‘, “|11L
E ( _:) Non-volatile memory
3] -
Slow ¢ Speed (rewriting) Fast
Fig. 1.6. Characteristics of memory devices [13].

Other applications relate to the high frequency response of certain ferroelectric materials.
Emerging applications are in consumer portable communications, radar systems and phase

array antennas, which exploit the high tunability of these materials [14].

1.3  Typical ferroelectric materials

Ferroelectric compounds are numerous, for example, potassium dihydrogenphosphate
(KH,PO,4), Rochell salt (NaKC4H406.4H,0), potassium nitrate (KNOs), lithium niobate
(LiNbO3), barium titanate (BaTiO3), polymer compounds based on polyvinylidene fluoride
(PVF,) and ferroelectric liquid crystals. History displays a continuous succession of new
materials from various ceramic formulations, their forms (bulk, film), fabrication tech-
niques as well as functional properties. Among them, perovskite oxides such as

Pb(Zr,Ti)Os, BaTiO3 and Sr(Bi,Ta)Oy, have dominated the field.

1.3.1 Lead Zirconate Titanate (PZT)

Pb(Zr,Ti)O3 (PZT) can be regarded to date as the best ferroelectric material for various ap-
plications in technology, especially for ferroelectric memories. It has the highest polarisa-

tion (= 36 pC/cm?) and lowest coercive field (> 20 kV/cm) [15]. In PZT crystals, lead and
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oxygen atoms appear at the corners and face centers, respectively. Octahedrally co-
ordinated titanium or zirconium ions are located at the centre of the unit cell. Solid solu-
tions containing less than 45 mole percent PbTiO; are rhombohedral, while those contain-
ing more than this amount are tetragonal [16]. Curie temperatures can vary from 220 °C to
490 °C, depending on the composition of PZT [15]. The phase diagram in Fig. 1.7a shows
the structural changes at the Curie temperature and the morphotropic phase boundary
(MPB), separating the rhombohedral and tetragonal structure at about 45 mole percent
PbTiO;. Very large values for the dielectric constant and the piezoelectric electromechani-
cal coupling factor are observed near this phase boundary (see Fig. 1.7b) [17]. For large
polarisation, the composition near the MPB is preferred. It is believed that the tetragonal
phase with six equivalent domain states (in the <100> directions) and the rhombohedral
phase with eight domain states (in the <111> directions) co-exist for these compositions,

resulting in 14 possible different directions of alignment over a wide temperature

range [18].
= T T T | ASE A AR G
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. 40405
s00F | "R’ e | T T T T T T o oW ‘ o
2 ° .—o/~ S o
—\ Ar o ./ 7 N
450} 220} E c / B e 1400 5
210} Frum) ° X o
A - &
400F 200} :\ g ./ T 5 1200} > 10.30 5,
wol 1 8 4 Prat @ k £
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e o 1000 8
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3 2505/, e = A 800 ’ 2
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150}, ~e. \ ] :&. " o
ol b ‘/' N L 400 C e 10w
100~ 2 S
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! '\ x/
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(@ ®)

Fig. 1.7. (a) Phase diagram of Pb(Zr,Ti)O; system [15] and (b) Composition dependence of

the dielectric constant and the electromechanical coupling factor in PZT [17].

Recently, the discovery of a new monoclinic phase in PZT system in the vicinity of the
MPB has been reported [19, 20]. The monoclinic structure can be considered as a “bridge”
between the tetragonal and rhombohedral phases in PZT. The piezoelectric strain occurs,

not along the polar axes but along the directions that induce the monoclinic distortions.
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Initial studies of PZT were mainly focused on the anomalous behaviour of the dielectric
constant and piezoelectric coupling of the bulk materials around MPB. Since the onset of
ferroelectric memory application, extensive work on PZT thin films have been conducted
in a wide composition range. The results indicate that nano-structured PZT thin films ex-
hibit properties different from PZT bulk materials. They display higher coercive fields and
somewhat lower remanent polarisations than bulk materials [6]. The hysteresis characteris-
tics of the thin films depend on composition crystal structure, morphology, particle size

and distribution, etc., and, therefore, are strongly dependent on the film fabrication.

1.3.2 PZT film fabrication

PZT thin films can be deposited either by chemical or physical vapour deposition methods.
Solution chemistry approaches include sol-gel [21-24] and metal organic decomposition
(MOD) [25, 26]. The sol-gel method employs alkoxide precursors in 2-methoxyethanol,
whereas hydrolysis of the precursors initiates metal-oxygen-metal bond formation. During
MOD, carboxylate or b-diketonate precursors are dissolved in a solvent such as xylene.
The solution is relatively stable but can require higher temperature processing to remove
residual organic components. The thin film is formed on a substrate by a spin or dip coat-
ing procedure, followed by firing in an oxygen-containing atmosphere. PZT requires crys-
tallization at 550-650 °C. The phase sequence is from amorphous to the intermediate pyro-
chlore phase, and, subsequently, to the desired perovskite. In any case the pyrochlore
phase should be prevented since it exhibits an inferior ferroelectric performance. Excess
Pb is usually added to the solution because of the loss of Pb during thermal processing. Ef-
forts are also on-going to use chemical vapour deposition (CVD) [27] or metal-organic
chemical vapour deposition (MOCVD) [28, 29]. In principles, the MOCVD technique

leads to faster deposition rates and to epitaxial growth of films.

Physical vapor depositions include sputtering [30-32], ion beam sputtering [33] and laser
ablation [34-37] from either single or multiple targets. Sputtering has been used exten-
sively due to its simplicity and ability to produce large uniform coatings. Pulsed laser abla-
tion meanwhile has been used mainly at laboratory scale to rapidly explore the viability of
material integration, the effect of various deposition parameters and microstructural pa-
rameters on the ferroelectric performance. The composition of films prepared by laser ab-
lation can be ensured closely to that of the target. Another advantage of this technique is

the high kinetic energy of the ablated species, resulting in highly epitaxial films. In all
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techniques, oxygen (or a mixture of oxygen and argon) is frequently used as the deposition
ambient to maintain the film fully oxidized. 5-10 mol % additional lead or lead oxide
(PbO) is commonly added to sputtering targets to compensate for losses during processing
and to ensure the desired stoichiometry in the final film. PZT films can be deposited at
substrate temperatures from 250 °C to 600 °C, with an increasing need to subsequently
crystallize the film by post-deposition annealing as the substrate temperature lowered.
High substrate temperatures are necessary for epitaxial growth, but lower temperature
deposition followed by conventional furnace annealing can produce equal or improved
ferroelectric properties. The phase sequence upon annealing is similar to that observed for
solution deposition, i.e., from the amorphous to the intermediate pyrochlore phase, and,

subsequently, to the desired perovskite.

1.3.3  Other alternative oxides

Recently, a family of layered perovskite oxides,
such as SrBi;TayOy, SrBi,NbTaOy and
SrBi,Ti4015, has been explored [5, 7]. Their gen-

Bismuth oxide
layer

eral chemical formulas are represented as

ABi1,B,09 and ABi1,B40;5, where A is a divalent

Perovskite
layer

metal such as Sr, Ba or Pb, B a metal of valence

Bismuth oxide
layer

+5, usually Nb for the former, and of valence +4,
usually Ti, for the latter. The layered structure of

this kind of material is shown in Fig. 1.8.

Perovskite
. . layer
These materials have demonstrated a high endur- i

ance during electrical cycling with excellent im-

proved fatigue-free properties up to 10 switch-

ing cycles. This very good fatigue behaviour is

SrBi,Ta,O,
believed to be due to the oxygen-rich bismuth LAYERED PEROVSKITE

layer preventing degradation of the polarisation.  Fig. 1.8. Layered perovskite structure [7].

Other materials of interest are based on BaTiO;, for example BaTiO; or Ba(Sr,Ti)O; (BST)
with high dielectric constants in the range of 10* [4, 7]. They can be used as high-density
capacitor for storage in DRAM. The materials do not contain toxic lead, which is an im-

portant environmental aspect.
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Pb(MgNb)O; (PMN) is best known as a “relaxor” ferroelectric with a partially ordered
perovskite structure [4, 15]. Very large dielectric constants (> 25000) and electrostriction
coefficients are observed in a broad range of temperature. The dielectric constant drops
rapidly with frequency (hence, it is named a “relaxor”) because it takes time for the polari-
sation fluctuations to respond. As “relaxor” ferroelectrics, PMN-based materials have
found the most successful application as high-strain electrostrictive actuators and high di-
electric constant capacitors. However, PMN ceramics are somewhat difficult to prepare in

pure form.

1.3.4 Seeking for new materials

To meet stringent requirements of applications, ferroelectric ceramics have been modified
in various ways. To increase the electrical resistance of the material, PZT is doped with
aliovalent donors, such as Nb>" replacing Zr*", or La®" replacing Pb**. Ceramics produced
with these additives are characterised by excellent dielectric and ferroelectric properties
such as a high dielectric constant, high dielectric loss, high polarisation and low coercive
field. For applications exploiting pyroelectric properties, dopants such as Fe** or Sn*" for
replacement of Zr*" or Ti*", respectively, or Ba®" or Sr** for replacement of Pb**, are used

to reduce the dielectric constant and dielectric loss [4].

Recently ferroelectric composites have been engineered to develop high performance in
advanced technology. Ceramic-polymer composites, for example polivinylyden fluoride
(PVDF)-PZT, nylon 11-PZT, combining a large piezoelectric effect of the ferroelectric ce-
ramic with flexibility of the polymer, are widely used as acoustic devices or hydrophones
[38-40]. Magnetic-ferroelectric composites like CoFe,O4-PZT, PVDF-PZT or
CoFe,04-BaTiO; [41-43] exhibit magneto-electricity by coupling electrostrictivity of the

ferroelectric phase and magnetostrictivity of the magnetic phase.

Metal-ferroelectric composites offer better mechanical properties by exploiting the ductil-
ity of the metallic phase. The metallic component should not react nor dissolve in the
ferroelectric phase. Hence, noble metals are most commonly utilized. Enhancement in the
fracture toughness was observed for PZT-Ag, PZT-Pd-Ag and PZT-Pt composites [44-49],
and was attributed to the “bridging” effect of the metallic phase behind an extending crack
[42]. Resistance to fatigue after several electrical cycles can also be significantly enhanced

by the ductile behaviour of the metallic phase [48].
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Studies on the effect of metallic particles on the dielectric properties are quite controver-
sial. Several authors observed the negative effect of reducing the dielectric constant, for
example, from 2300 to 1700 with only 2 mol % Ag addition in PZT bulk [46], or from 400
to 100 with 5 mol % Ag addition in PbTiO; thin film [50]. Meanwhile, Maher et al. [45]
reported the increase of dielectric constant from 2540 to 5100 at 10 vol.% Ag for PLZT.
A similar trend has been found in other metal-ferroelectric composites. For example, an
enhancement factor has been observed of 4 at 30 vol.% Pt for PZT-Pt [51] and a factor of
20 at 20 vol.% Ag for Nag sBiysTi03-Ag composites [52].

To deal with the behaviour of electrical properties in composites, the effective media theo-
ries and percolation theory are most common. The best-known examples of effective me-
dia theories are the Maxwell-Garnett theory and the Bruggeman theory, which has been
reviewed by Meredith and Tobias [53]. These theories assume that the inhomogeneous sur-
rounding of a particle can be replaced by an effective medium. Maxwell-Garnet theory
works well in a topology referred to as separated-grain-structure. Here, the particles of
one phase are randomly dispersed in a continuous host and are not in contact with each
other. The theory is restricted to very dilute systems. If the space is filled by a random
mixture of two or more constituents, then we have an aggregate structure, which can be
described by the Bruggeman theory. This theory treats each constituent of the mixture on
an equal basis. The metal-insulator transition is predicted at a critical volume fraction

V. =1/3 of the metal.

Percolation theory has been reviewed by Landauer [54], while a more recent and thorough
discussion is given by Sahimi [55]. The paper discusses the phenomenological equation for
the conductivity of a composite system near the metal-insulator transition. In percolation
theory, the two-phase composite is modelled as a lattice built up of sites and bonds. There
is a probability P, for bonds or P for sites when an infinite cluster forms, causing a con-
ducting path and giving rise to a finite conductivity. P and P are called percolation
thresholds. It is predicted that all transport properties (conductivity, dielectric constant,
etc.) obey a power-law relation to the volume fraction V as v- Ve /", when approaching
from the conductive side, and as Jv- Ve /'S, when approaching from the insulative side.
Usually they are referred to as scaling laws, with parameters ¢ and s as scaling exponents.
Percolation theory further predicts a critical volume fraction V., = 0.16. The difference in
the predicted values of V. between percolation theory and effective medium theory is due

to the different particle size ranges considered in these models.
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In the vicinity of the percolation threshold fraction (or critical volume fraction), the dielec-
tric constant is increased significantly. The value of the critical volume fraction depends
strongly on the shape, spatial distribution of the conducting phase [56] and particle sizes of
the two phases [57]. Among all ellipsoids, V. displays a maximum value for spherical par-
ticles. In the case of overlapping spheres, an even higher value of ¥, is obtained, since they
require a higher area of coverage in order to percolate. With respect to particle size, V- is

inversely proportional to the size ratio of conducting over insulating particles.

In addition, the ferroelectric properties of metal-ferroelectric composites are modified in
the presence of a metallic phase. The dispersion of Ag into PZT increases the Curie tem-
perature, because the ductile behaviour of the metal particles leads to the relaxation of the
transformation-induced internal stress and to modification of the paraelectric-to-
ferroelectric phase transformation [49]. In PZT-Pt composites, the remanent polarisation
does not much differ from monolithic PZT, but the coercivity decreases remarkably [51].

The origin of this phenomenon is not clearly understood.

14 Aim and outline of the thesis

The aim of the research described in this thesis is focused on the preparation and charac-
terisation of dual-phase PZT-Pt composites. The basic idea is to enhance the dielectric and
ferroelectric properties of PZT by dispersion with Pt. The high dielectric constant of such
composites is promising for application in super-capacitors or for DRAM devices, while

the low coercivity suits low-voltage operation for applications like non-volatile memories.

This thesis consists of seven chapters. In Chapter 1, a general introduction is presented.

Properties and applications of dielectric and ferroelectric materials are described.

In Chapter 2, I present an overview of the defect chemistry of PZT, followed by a discus-
sion about the electronic and ionic conductivities measured by impedance spectroscopy.
The type of charge carriers that exist in the composites as well as their concentrations are
crucial to understand the insulating properties and their effect on domain switching, fatigue

or imprint after many used cycles.

Chapter 3 presents a study on the preparation and characterisation of PZT-Pt bulk compos-
ites. Several models, including the effective medium theories and the percolation theory,

have been employed to explain the dependence of the dielectric constant on Pt content.
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In Chapter 4, I investigate the influence of deposition parameters on the growth of PZT-Pt
films by Pulsed Laser Deposition (PLD). Understanding the role of each parameter aids to
obtain the desired film structure through controlling the deposition conditions.

In Chapter 5, a study on the microstructure and the electrical properties of PZT-Pt films is
presented. The mutual dependence between the microstructure and the electrical properties
is discussed.

A severe problem for PZT-Pt thin films is the high leakage current. In Chapter 6, a conduc-
tion mechanism is proposed for PZT and PZT-Pt films to explain the influence of Pt dis-

persion on leakage current.
In Chapter 7, recommendations for future research are given.

At the end of this thesis a summary is provided, while in Appendix the influence of film

thickness on P-E loop of PZT thin films is given.
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Investigation of ionic and electronic contributions to the con-

ductivity in lead-zirconate-titanate by impedance spectroscopy

2.1 Introduction

The transport properties in solids involve the transport of charged ionic and electronic
defects. In ferroelectric materials, the movement of charged defects can change the opera-
tion device characteristics. The motion and switching behaviour of domain walls can be
influenced by the presence of defects [1, 2]. Charged defects may also induce enhanced
degradation for fatigue, imprint and retention, or even may lead to ultimate failure. It is

therefore imperative to determine the concentrations and mobilities of these species.

In the widely-used Pb(Zr;Tix)O; (PZT), the mobile charged species include electrons,
electron-holes and oxygen vacancies. The concentrations of these are determined by the
prevailing defect equilibria, impurity content and sample history. Unless the content of
volatile PbO can be carefully controlled, relatively immobile lead vacancies are introduced
during preparation in PZT, which act as acceptor centers. Charge compensation occurs by
creation of oxygen vacancies or by a change in the concentration of electrons and electron
holes, depending on temperature and oxygen partial pressure. At room temperature, PZT is
an almost pure dielectric material with a total conductivity of less than 10™"° S.cm™. Above
about 150 °C, the conductivity becomes appreciable, albeit that there are doubts regarding
the relative ionic and electronic contributions to the total conductivity of PZT. In quenched
samples, Raymond and Smyth [3] suggested a predominantly ionic conductivity at low

temperatures.

Few electrochemical impedance studies have been performed on PZT and related composi-
tions. Las et al. [4] have studied the influence of the calcining and sintering temperatures
on the electrical properties of PZT. The complex impedance spectra were deconvoluted
and analysed in terms of electronic conduction hindered by a grain boundary effect. Peldiz

Barranco et al. [5] investigated lanthanum-doped PZT. The complex non-linear least-
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squares (CNLS) analysis, however, did not yield a clear separation between ionic and elec-
tronic conductivity. They also studied the complex PZT-PbCuNbOj; system [6] but here the
frequency dispersion was analysed with a simple (RC) circuit, which showed a rather poor
match with the experimental dispersion. In this chapter, impedance spectroscopy under
various conditions of oxygen partial pressure and temperature is used to investigate the
conductivity in PZT. The data are subjected to CNLS analysis using equivalent circuits,

which include transport paths for both ionic and electronic charge carriers.
2.2 Defect chemistry of PZT

2.2.1 Band gap characteristics

PZT has a band gap of 3.4 eV. The valence bands are mainly made up of oxygen 2p states,
while the conduction bands are formed by the empty d states of either Ti*" or Zr*".
The main characteristic that distinguishes PZT from other perovskite titanates is the elec-
tronic structure of the Pb”>" ions. These retain their 6s electrons, the so-called inert pairs in
the valence band. Using the tight-binding method, Robertson et al. [7, 8] calculated that

the upper valence band states are actually made up of O 2p and Pb 6s.

The conductivity becomes appreciable at temperatures above 150 °C due to the existence
of donor and acceptor levels inside the band gap. The location of the Pb 6s orbitals in the
upper valence band allows Pb*" sites to serve as shallow acceptor levels for holes. Evi-
dence of Pb®* centers has been reported from illumination experiments with UV band gap
light [9]. The Pb*"/Pb>* level is assumed to lie about 0.3 eV above the valence band edge
[8, 3]. The hopping of holes via Pb*" sites is considered to be more favoured than free hole

conduction in the valence band [8]. Lead vacancies, denoted as V,,, and which exist in a

significant amount in PZT due to the high volatility of PbO, are believed to act as acceptor

levels. The V,,/V,, acceptor levels are assumed to be located about 0.9 eV above the va-

lence band [3]. Acceptor levels at this depth should also be effective hole traps at high
temperature. Donors are considered to be Ti*"/Ti*", the level of which lie about 1 eV below
the conduction band [3]. Evidence of Ti’" centers has been also reported from illumination
experiments [9]. Experimental data on the n-type conductivity are scarce due to ease of
decomposition of PZT at low oxygen activities. A tentative band structure of PZT together

with estimated acceptor and donor levels is given in Fig. 2.1.
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conduction band

A A
Lev donor levels Ti*/Ti*
E,=3.4¢eV
acceptor levels Vp, '/ Vpy
0.3eV 0.9eV  acceptor levels Pb?*/Pb3*
v v 2
valence band
Fig. 2.1. Schematic band structure for PZT.

2.2.2 Defect chemistry

The tightly packed perovskite structure does not allow any type of interstitial ionic defect,
besides protons [3]. Important defects in phase pure PZT therefore include oxygen vacan-
cies, lead vacancies, electrons and electron holes. Oxygen vacancies are the result of

equilibration with the gas phase:

0, +2h° = %oz Vs 2.1)

with the mass-action constant:

2

P
K = 2.2
o R)lz/z[VO..] (2.2)

where the well-known Kroger-Vink notation is used for the notation of defects. V" denotes

a doubly positively charged oxygen vacancy, /" an electron hole (p =[4"]).

Lead vacancies are formed due to the high volatility and tolerance of the PZT structure to-

wards deficiency of PbO [10]:
Pb,, + O, 2 V,, + V5 +PbO(g) (2.3)

where Pbpy, denotes lead at a regular lattice site, and (g) the gas phase. The doubly negative
charge of the lead vacancies is compensated by the formation of oxygen vacancies, in ac-

cord with the charge neutrality condition:

2V J+n=2[V5 |+ p (2.4)

where n is the electron concentration.
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Other equilibria include the intrinsic ionization across the band gap, leading to the genera-

tion of electrons and holes:

nil=e +h' K. =np (2.5)

1

as well as the ionization/trapping equilibrium of the lead vacancies:

v, =V, k, =Unlp 2.6)
[V

By solving the above equations together with the appropriate mass conservation equations,
the defect concentrations can be calculated as a function of oxygen activity. A schematic

diagram of the concentrations of various defects is given in Fig. 2.2.

LOG RELATIVE DEFECT CONC

LOG RELATIVE Py,

Fig. 2.2. Schematic diagram of the defect concentrations as a function of oxygen partial pres-
sure for PZT in the presence of deep acceptor levels, V,,/V;,, before and after

quenching from high temperature (HT) to low temperature (LT). Adapted from [8].

Two main regimes are recognized in Fig. 2.2, corresponding to oxidizing and reducing
conditions. The hole and electron concentrations are dominant in the oxidizing and reduc-

ing regimes, respectively. When the electron concentration is much lower than the lead va-

cancy concentration (n <[V, ]), while the hole concentration is much lower than the oxy-
gen vacancy concentration ( p < [V;"]), the following relation is deduced from Eq. (2.4):

[V."1=[V,, ], describing the regime where the major defects are oxygen vacancies and

lead vacancies. A constant line in the defect diagram represents the oxygen vacancy con-
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centration, if we assume that the lead vacancy concentration is not dependent on oxygen
partial pressure in this regime. Meanwhile, two straight lines with a slope of 1/4 and -1/4
represent the calculated hole and electron concentrations, respectively.

The above descriptions, however, apply when the rate of reaction (2.1) is fast compared
with the time scale of the experiments. When the oxidation reaction is too slow to attain
equilibrium (for example, at low temperature or after quenching), the oxygen vacancy con-
centration is “frozen-in”. Under these conditions, the defect concentrations should be cal-
culated without taking into consideration the corresponding mass-action equation (2.2).
Accordingly, in case of acceptor impurities, ¥}, /V;, in Fig. 2.2, the electron concentration
is little affected by the quenching, but the hole concentration is significantly lowered by
trapping at these deep acceptor centers. The order of decrease is proportional to the accep-
tor ionization energy. At about the point of intersection between the extrapolated lines of

the free n-type charge carrier concentration, n, and the trapped hole concentration, [VP'b],

sharp minima occur [11, 12]. The transition point from the high-temperature (HT) to the
low-temperature (LT) regimes relates to the equilibrium rate of the oxidation reaction. For
the titanate perovskites, it is in the range of 400 °C to 600 °C [11], but strongly depends on

the geometry and microstructure of the sample, and on the time scale of the experiments.

2.2.3 Conductivities

The electrical conductivity (6) is the sum of the electronic (G,)) and ionic (o;) contribu-

tions:
0=0,+t0,=0,16, 10, 2.7)
where the subscripts e and h and correspond to electrons and holes, respectively. Both are

determined by the concentration #;, charge ¢; and mobility ; of the involved charge carri-

ers:
O, =nmqu,; (2.8)

In perovskite materials, the ionic conductivity is mainly due to oxygen vacancies since

these are the only ionic defects that have a significant mobility.

2.2.3.1 High-temperature conductivity

The results of several studies evidence the p-type conduction (hole conduction) of PZT at

high temperature (7 = 500-1000 °C) in a broad range of oxygen partial pressure
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(pO, = 1-10" atm) [13-15]. Information about the n-type conductivity is difficult to obtain,
because PZT is not chemically stable at oxygen partial pressures where it becomes an
n-type semiconductor. It is only possible to infer n-type contributions from the transition
from p- to n-type conduction at about 10™ atm, leading to a deviation of straight line be-
haviour in the plot of logc vs. log(p0-) [13]. At high temperature, the contribution of ionic
conductivity is small, as illustrated by the small ionic transfer numbers found. These are in

the range 0.01-0.02 [13, 14].

The activation energy of p-type conductivity in the high temperature regime is reported to
be in the range of 0.6 [13] to 0.71 eV [14, 15]. The activated behaviour originates from the
thermally activated mobility in conjunction with the presence of deep acceptor centers.
From the temperature dependence of the d.c conductivity, Smyth ef al. calculated an acti-
vation energy for the hole mobility of 0.3 eV and for the ionisation energy 0.87 eV [14].
The hole mobility is in good agreement with the value of 0.26 eV obtained by Prisedsky
and Shishkovsky [13]. The value of 1.3x10 cm?/Vs observed at 600 °C is consistent with

a small-polaron mechanism for holes via Pb*" sites.

2.2.3.2 Low-temperature conductivity

Exploratory studies performed on the conductivity of PZT at low temperature are scarce.
The p-type conductivity is regarded not to be significant at low temperatures due to the
presence of deep trapping levels for holes [3, 16]. The conductivity of samples quenched
after equilibration at 700 °C in the intermediate range of pO, from 1-10"* atm is found to
be constant [3]. This has been attributed to ionic contributions to the conductivity of PZT.
The corresponding activation energy is about 1.1 eV, which is in agreement with that of
hopping of oxygen vacancies [11, 17]. Oxygen concentration cell measurements on re-
lated pervoskite titanates, such as BaTiO; and SrTiOj; single crystals, which are expected to
show similar conduction behavior, reveal very low ionic transport numbers [18, 19].
The low mobility found for oxygen vacancies, 6x10° ¢cm*/Vs at 250 °C [8], when com-
pared with that of electron holes 1.3x10™ ¢cm?/Vs [10], would not support either a signifi-
cant contribution of ionic conductivity. Acceptor impurities, either deliberately added or,
in the case of PZT, due to volatility of PbO, enhances the concentration of oxygen vacan-
cies. According to Waser [11], the association equilibrium between oxygen vacancies and
the acceptor centers could play a decisive role in determining the extent of ionic conductiv-

ity in these solids at room temperature:
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A+vy ={4-v,} (2.9)

A+vy; ={4-1,} (2.10)

2.3  Experimental

Samples were prepared from commercial PZT powders (TRS Ceramics, State College, PA,
USA) with Zr/Ti atomic ratio of 53:47. The composition of the starting powder was ana-
lysed by using a X-ray fluorescence (XRF, Philips PW 1840). The powder was pressed
into pellets with a diameter of 10 mm, first by unaxial pressing, followed by isostatic
pressing at 4000 MPa. The samples were sintered in air at 1150 °C for 2 h. During sinter-
ing the samples were embedded in PbTiO3; powder in a closed Pt crucible in order to
minimize Pb loss. The relative densities of sintered samples were 98-99 % of the theoreti-
cal density. The average grain size was in the range of 5-10 um. Afterwards the samples
were cut to cylinders of about 8.0 mm in diameter and thickness of 1 mm (thin sample) and
2.95 mm (thick sample). Both sides of the cylinders were polished with diamond paste. For
impedance measurements, gold electrodes were deposited on both sides of samples by d.c-

sputtering, followed by applying additional gold paint layers, which were cured at 700 °C.

The oxygen partial pressure during the impedance measurements was regulated between
1 Pa (= 107 atm) and 75 kPa (= 0.75 atm) using two gas-flow controllers. Nitrogen was
used as a balance gas. The actual oxygen partial pressure was measured directly at the vent
of conductivity cell by an oxygen sensor (Systech, model ZR 893/4). For most measure-

ments a mixture of 80/20 N,/O, was used.

Impedance data were collected in the frequency range from 0.1 Hz to 65 kHz using a fre-
quency response analyser Solartron 1250 in combination with high impedance differential
pre-amplifiers. An amplitude of 50 mV (rms) was used. After each change of temperature
or oxygen pressure, the samples were allowed to equilibrate for a substantial amount of
time (minimum of 3 to 4 h). The impedance data were validated using a specially devel-
oped Kramers-Kronig test program [20] and subsequently analysed with the CNLS-fit pro-
gram “Equivalent circuit” [21, 22].

The samples were slowly heated in a N,/O; gas stream to 603 °C. At this temperature, the
pO; dependence of the impedance was measured. Next the impedances were measured as

function of temperature down to 200 °C in the same gas mixture. Subsequently, the sample
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was heated again to 603 °C at pO, = 1 Pa (in nitrogen gas flow) and subsequently cooled
down to room temperature by placing the measurement cell outside of the furnace. Finally,
the impedances were recorded as a function of temperature in an oxygen partial pressure of

about 1 Pa, using a nitrogen gas flow.
2.4  Results

2.4.1 Sample purity

XRF analysis on the starting powder showed a composition of PbggsZrgs3T194703. Haf-
nium was found as the major impurity (0.4 wt.% HfO,). A small amount of iron was also
detected, about 2x107 wt.% Fe,0;. Al, Mg, Na and Si were not found, but the limit of de-
tection was rather insensitive (respectively, 0.13, 0.25, 0.4 and 0.1 wt.%, based on the ox-
ides). XRD analysis at room temperature on the sintered samples showed only reflections

of tetragonal PZT.

2.4.2 Data analysis

The impedance spectra measured in air in general showed a large, somewhat depressed
semi-circle. With varying the temperature and oxygen pressure, an extra semicircle contri-
bution appears at low frequencies. Impedance data obtained at different temperatures is
provided in Fig. 2.3. The data was first validated using a Kramers-Kronig transform test
program check for systematic errors (which may originate from non-equilibrium condi-
tions, non-linear response, slowly drifting temperature, aging or degradation of the cell).
After that, the data was analyzed by using the equivalent circuits presented in Fig. 2.4.

Solid lines in Fig. 2.3 represent the corresponding CNLS-fits.

For measurements carried out at high temperature and high oxygen partial pressures, the
circuit of Fig. 2.4.A was mostly used. In this circuit, Cgeom represents the dielectric re-
sponse of the material, from which the dielectric constant of sample is deduced. Rejectr and
Rionic represent the electronic and ionic resistances, respectively. Cionic represents the block-
ing capacitance associated with ionic conduction. Other measurements required addition of
extra (RQ) circuits to be included in the ionic path, which are tentatively assigned to grain
boundary dispersion R, or to Warburg diffusion associated with charge transfer

(see Fig. 2.4B-C).
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Fig. 2.3. Impedance plots measured at different temperatures and at pO, = 20 kPa for the thick
(L) and thin (S) samples.
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Fig. 2.4. Equivalent circuits used in the analysis of the impedance data.

2.4.2.1 Dielectric constant

The dielectric response (Cgeom) can be represented by a constant phase element (CPE):

Y(®) = Yo(jo)" 2.11)
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At room temperature, n is found almost 1, indicating purely capacitive behaviour. At
higher temperature, n decreases to about 0.7-0.8, i.e. departing from the ideal dielectric re-
sponse. The apparent dielectric constant was calculated as follows:

Yol/nd
E=
Ag,

(2.12)

where d is the sample thickness, A4 the electrode surface and €, the vacuum permittivity.
Corresponding results are plotted versus temperature in Fig. 2.5. A clear peak is observed
around the Curie temperature at 400 °C. An identical response was obtained from data of
measurements in oxygen and nitrogen atmospheres. The inset of Fig. 2.5 shows that the

Curie-Weiss law is obeyed over the temperature range 400-520 °C.
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Fig. 2.5. Real part of the dielectric constant as a function of temperature in air and in nitrogen.

The inset shows the Curie-Weiss law behaviour for the thick (L) sample.

2.4.2.2 Conductivity

a. Electronic and ionic conductivity

The partial electronic and ionic conductivities were calculated from Rionic and Rejectr, respec-

tively, using:

o=A_1 (2.13)
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In Fig. 2.6, the electronic and ionic conductivities, measured at 603 °C as a function of
oxygen partial pressure, are presented. The ionic component is found independent of oxy-

gen partial pressure, while the electronic conductivity shows a (pO,)"*’ dependence.
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Fig. 2.6. Oxygen partial pressure dependence of the electronic and ionic conductivities meas-

ured at 603 °C. Solid lines present linear fits to the data points.

The relative ratio between the ionic and electronic conductivities is evaluated through the
ionic transfer number ¢; = Gi/(G; + Ge1). At 603 °C, ¢; has a small value of 0.025, which indi-
cates that the electronic conductivity is predominant at this temperature. The obtained
value is in agreement with results from Prisedsky and Shishkovsky [10] and Schwitzgebel
et al. [11]. With decreasing temperature, the ionic transfer number gradually increases.
At 150 °C, the ionic conductivity becomes more dominant. With o; = 5x10™ S/cm and
Gelee = 2x10™ S/cm, ¢ is calculated to be 0.71. Arrhenius plots of the electronic and ionic

conductivities are displayed in Figs. 2.7 and 2.8, respectively.

For both ionic and electronic conductivities, two regions with different activation energies
can be discerned. This is in accordance with literature [4, 5]. The transition from the low-
to high-temperature regime coincides with the Curie temperature (see Fig. 2.7), at which
the paraelectric-ferroelectric transition (corresponding to the cubic-tetragonal phase transi-
tion) takes place. The obtained values for the activation energies together with correspond-

ing values from literature are listed in Table 2.1.
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Fig. 2.7. Arrhenius plot of the electronic conductivity measured for the thick (L) and thin sam-

ple (S). The dielectric constant (solid points) is given for comparison.
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Fig. 2.8. Arrhenius plots of the ionic and grain boundary conductivities.

Table 2.1.  Activation energies of electronic (£,eec) and (£, ionic) 10nic conductivities of PZT as

measured in air for the thick sample.

Activation energy Eycec (€V) Eyionic (€V)
Low T high T low T high T
Our data 1.22 (T<T¢) 0.85 (T>T¢) 1.02(T<T¢) 0.61(T>T,)
Branco et al. [5] 1.95 (T'>500°C) 1.03 (T'<500 °C) -
Las et al. [4] 1.10 (T<T¢) 0.70 (T>T¢) - -

Prisedsky et al. [13] 1.0 (300 °C) 0.60 (950 °C) - -
Smyth et al. [3, 14] - 0.71 (T > 500 °C) 1.10 (constant with 7T)
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b. Grain boundary conductivity

Even though significant scatter is present in the data, a clear activated behaviour is ob-
served in the grain boundary conductivity (see Fig. 2.8). Its Arrhenius behaviour resembles
that of the ionic conductivity, clearly showing two distinct temperature regimes. The grain
boundary conductivity in the low-temperature region is up to a factor of about 5 smaller

than the ionic conductivity.

c. Conductivity of samples in N,

The temperature dependence of the partial conductivities was measured in flowing nitro-
gen (pO, ~ 1 Pa) after equilibration at 603 °C and cooling to 200 °C. Arrhenius graphs for
the ionic and electronic conductivities are given in Figs. 2.9 and 2.10, respectively. Again,
both clearly demonstrate two activation regimes. The activation energies are identical
within experimental error to those obtained for the samples measured in air. It is seen from
Fig. 2.10 that the ionic conductivity above the Curie transition temperature is almost inde-
pendent on the measurement ambient, as is in concordance with the pO, dependent meas-

urements at 603 °C presented in Fig. 2.6. Below the transition a significant drop is ob-

served.
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Fig. 2.9. Arhenius graph of the electronic conductivity, measured in N,, in comparison with

that measured in air. Lines represent the linear fitting.
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Fig. 2.10. Arrhenius graphs of the ionic conductivity, measured in N,, in comparison with that

measured in air. Conductivities above the Curie transition are identical within the ex-

perimental error.

d. Equilibration kinetics

The conductivities of the thick and thin samples measured at high temperature, above ap-
proximately 400 °C, showed no difference (see Figs. 2.6 and 2.7). At lower temperatures,
the thin sample exhibits a higher conductivity, about a factor of 1.25 for the electronic con-
ductivity and a factor of 1.6 for the ionic conductivity. Impedance measurements were con-
ducted on the thick and thin PZT samples at 360 °C, following a pO, step change from
20 kPa to about 1 Pa. Figure 2.11 shows that over two weeks of time are required to com-

plete equilibration with the gas phase at this temperature.

0.4

T=2360°C
Po,->1Pa
0.2

0.0 ' ' ' ' ' '
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Fig. 2.11. Response of the electronic conductivity on a pO, jump from 20 kPa to 1 Pa. Solid

lines present fits to the data points, using a diffusion-limited response model [23].
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2.5 Discussion

The pO, dependencies of the electronic and ionic conductivities observed at 603 °C
(see Fig. 2.6) are in good agreement with the defect chemistry described in Section 2.2.2.

A constant ionic conductivity suggests that the concentration of oxygen vacancies is de-

termined by the concentration of lead vacancies, due to PbO loss: [V, ]=[V,, ]. The ex-

ponent for the oxygen partial pressure is close to 1/4, which is characteristic for p-type
conductivity. It should be noted that n-type contributions are beyond the experimental
range of oxygen partial pressure. The present results are consistent with data of the total
electrical conductivity obtained by other researchers [13-15], and also assure trustworthi-

ness of the analysis of the impedance data using equivalent circuits.

At 603 °C, the electronic conductivity is found to be predominant, in spite of oxygen va-
cancies being the majority defect species. The ionic conductivity is about two orders of
magnitude smaller than the electronic conductivity. This can be attributed to the large dif-
ference between the mobility of the electron holes (1.3x107 cm?/Vs [11]) and that of the
oxygen vacancies (6x10” cm?/Vs [13]). At about 200 °C, the values of the ionic and elec-
tronic contributions to the conductivity are comparable (see Figs. 2.7 and 2.8). This dis-
agrees with observations made by Raymond and Smyth [3], who found the ionic conduc-
tivity to be dominant at low temperature. A simple explanation is the difference in sinter-
ing conditions in both studies. The volatility of PbO, which determines the concentration
of oxygen vacancy, is difficult to control during sintering at high temperature. In our study,
care was taken to prevent loss of PbO during the preparation (see the experimental sec-

tion). No further details are given in the paper by Raymond and Smyth [3].

Las et al. [4] attributed the different activation energies observed below and above the
Curie transition temperature to the different mobility of p-type charge carriers in two
phases, which differ in either electrical (paraelectric-ferroelectric) or structural (cubic-
tetragonal) configuration. Another explanation, at least one contributing to the different
activation energies in both phases, is the observed slow equilibration kinetics for oxygen
exchange between the gas phase and the oxide at reduced temperature. Conduction in PZT
is assumed to occur via a small polaron mechanism [13]. The apparent activation energy of
p-type conduction in PZT comprises contributions arising from the ionisation/trapping
equilibrium (Reaction 2.6), the oxygen exchange reaction (Reaction 2.1) and the thermally

activated mobility:
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Ey = Eion - AHox/2+ Ea,m (2 14)

’

where Ej,, denotes the ionisation energy of V,, ,

AHox the oxidation enthalpy, and F,,n,
stems from the thermally activated small polaron mobility. If the oxygen exchange reaction
is no longer active at reduced temperatures, the oxygen stoichiometry of PZT is frozen,
and also the (negative) enthalpy term AH,/2 cancels in this expression. Assuming that the
oxygen exchange reaction is reversible above and is blocked below the Curie temperature,
we calculate a value of -0.74 eV for 4H,. This value ought to be compared with the -0.49
eV estimated from comparison of data of conductivity at elevated temperatures with those
obtained from measurements carried out at constant oxygen stoichiometry using sealed cell
techniques [14]. Even though the agreement is not perfect, the present analysis shows that

the slow equilibration of oxygen affects the activation energy of the electronic conductivity

in the tetragonal phase.

The trapping equilibrium (Reaction 2.6) leads to a significant reduction of free holes at re-
duced temperatures, and increases the concentration of the singly-charged lead vacancy

vV, (trapped hole). If it is assumed that oxygen vacancies at reduced temperature form

immobile defect associates with the remaining doubly-charged lead vacancies, according

to reaction:

SV

Vo +V5 =V =V} R
Pb 0

(2.15)

where K .. 18 the corresponding equilibrium constant, this leads to a decrease in the con-
centration of mobile oxygen vacancies and, hence, in ionic conductivity. Accordingly, the
concentration of mobile oxygen vacancy can be linked to the concentration of electron

holes:

oo Ka:sou "
Vo1~ (PK—j (2.16)

won

From this relation it follows that a decrease of the electronic conductivity by a factor of
100 leads to a decreases of the ionic conductivity by a factor of 10. This is in fair agree-
ment with the experimental observations (see Figs. 2.9 and 2.10), suggesting that defect

association would reduce the ionic conductivity in the low-temperature tetragonal phase.
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2.6 Conclusions

Using complex impedance spectroscopy, the electronic and ionic conductivities of PZT
were investigated in the range of oxygen partial pressure 100 kPa - 1 Pa and temperature
150-630 °C. The results are in agreement with defect chemical considerations, suggesting
that lead and oxygen vacancies are the majority lattice defects. At high temperature, the
p-type conductivity is found dominant. Below the Curie transition temperature, where the
cubic-tetragonal phase transition takes place, a significant contribution of ionic conductiv-

ity is observed.

For both ionic and electronic conductivities, two regions with different activation energies
can be discerned. The slow equilibration kinetics of the oxygen exchange reaction between
the gas phase and the oxide for the tetragonal phase, contributes to a higher value of acti-
vation energy than observed for the high-temperature cubic phase. Defect association be-
tween lead vacancies and oxygen vacancies in the tetragonal phase reduces the concentra-
tion of mobile oxygen vacancies and thus the ionic conductivity. A model is presented in
which the concentration of mobile oxygen vacancies is linked with the concentration of

free electron holes.
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Synthesis and characterization of bulk PZT-Pt composites

3.1 Introduction

Ferroelectric ceramics are widely used in a variety of applications, ranging from capaci-
tors, sensors, actuators to memory devices. The physical properties can be tailored to meet
the requirements for a specific application, e.g., by varying the synthesis conditions, dop-
ing with a foreign element or adding a second phase. A survey was provided in Chapter 1

of this thesis.

Dual-phase metal-ferroelectric composites may offer improved mechanical properties, ex-
ploiting the ductility of the metallic phase. For example, enhancement in the fracture
toughness was observed for PZT-Ag [1-3], PZT-Pd-Ag [4] and PZT-Pt composites [5].
In addition, the electrical properties are modified by the presence of the metal phase.
The ferroelectric-paraelectric transition of PZT-Ag [6], PZT-Pd-Ag [4] shifts to higher
temperatures in the presence of small amounts of Ag [13]. Most remarkable is the en-
hancement in the dielectric constant of PZT-based composites by dispersion with Pt [14].
The increase in the dielectric constant is attributed to the formation of multiple capacitors
inside the composite. At metal concentrations just below the percolation threshold, the
transition associated with formation of a continuous path for electrical transport, the capac-
ity reaches extremely large values due to creation of, so to say, “infinitely large surface
area for the capacitor electrodes and a small spacing between them”. The percolation
threshold depends on the shape and spatial distribution as well as the size of the conduct-
ing particles relative to that of the insulating particles [15]. Materials exhibiting a high di-

electric constant offer perspectives for application in super-capacitors or dynamic RAM.

In this chapter, we focus on the synthesis of PZT-Pt composites by different chemical
routes. The dielectric and ferroelectric properties of the prepared composites are measured

and the results obtained are discussed in view of their microstructures.
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3.2  Experimental

3.2.1 Synthesis route

The following synthesis routes were used to prepare ceramic PZT-Pt composites. All three
routes started with commercial PZT powder with a Zr:Ti ratio of 53:47 (grain size 1-2 um,
3 N, TRS Ceramic USA), but differed in the way of introducing the Pt phase, as presented
below. The concentration of Pt in the composites was varied between 0 and 30 vol.% per-

cent.

3.2.1.1 Route I: Solid- state- reaction

PZT powder was mixed with commercial Pt powder (grain size 0.8-2 um, 3N, ACROS
Organics, USA) and wet-milled in ethanol using YSZ balls (@ = 2 mm) for 5 h. After dry-
ing, the powder was pressed at 4000 MPa into a pellet with a diameter of 10 mm and a
thickness between 1-2 mm. The thus obtained pellets were sintered at 1150 °C for 2 h in a
closed crucible. During sintering, the pellet was embedded in PbZrO; powder to prevent

PbO evaporation.

3.2.1.2 Route II: Chemical reduction

PZT powder was dispersed in water and stabilised with 15 wt. % of Darvan C (ammonium
polymethacrylic acid, R.T Vanderbilt Co., Norwalk, USA). A solution of H,PtCle, ob-
tained via dissolution of Pt metal in aqua regia, was added to the suspension. A film evapo-
rator was used to remove water and to keep the suspension homogeneous. The dried pow-
der was reduced in a hydrogen gas atmosphere at 400 °C for 2 h to obtain metallic Pt. The

pressing and sintering procedures were similar to those described in Section 3.2.1.1.

3.2.1.3 Route III: Sol-precipitation

An aqueous solution of H,PtCls was reduced to form nano-sized Pt particles by using hy-
drazine, sodium boronhydrate, methanol or sodium citrate as a reducing agent. More de-
tails about the synthesis of nano-sized Pt particulates by precipitation from aqueous solu-
tions can be found in Refs. [9-11]. Polyvinylpyrolidone (PVP) was added as a protective
agent against agglomeration. Subsequently, commercial PZT powder was added to the so-
lution, which was stirred thoroughly to ensure good mixing. The composite powder was
obtained by filtering the suspension through a 0.1 um filter. PVP was burnt out at 400 °C
for 2 h. The pressing and sintering procedures were similar to those described in Section

3.2.1.1. A flow chart for this scheme is given in Fig. 3.1.
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Fig. 3.1. Flow chart for the sol-precipitation method (Route III).

3.2.2 Measurement techniques

XRD analysis was performed on a Philips PANanalytical diffractometer using CuK,, radia-
tion. The density of the disk-shaped samples was determined using the Archimedes method
by immersion in water. The samples were examined by back-scattered electron imaging
using scanning electron microscopy (SEM, JEOL 5800 JSM) and transmission electron
microscopy (TEM, Philips CM30 Twin). Prior to the SEM investigations, the sample disks
were first polished, using a 3 wm diamond emulsion, and then etched with a HF:HCI solu-
tion to reveal grain boundaries. Prior to electrical characterisation, samples were polished
before sputtering of gold electrode layers on both sides. The dielectric loss and hysteresis
loop measurements were carried out at room temperature at a frequency of 100 Hz, using a

Radiant RT6000HVS-2 High Voltage test system at Yageo Europe B.V.
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The dielectric constant and electrical conductivity of samples were measured by imped-
ance spectroscopy, using a frequency response analyser (Solartron 1255, in combination
with a Solartron Electrochemical Interface 1287). Impedance data were collected in the
frequency range 1 Hz - 65 kHz, at 50 mV (rms) amplitude, from room temperature up to
500 °C. Data analysis was performed using the CNLS-fit program ‘Equivalent Circuit’ [19,
20].

3.3 Results and discussion

3.3.1 Phase analysis and microstructure

3.3.1.1 Solid state reaction (Route I)

Samples prepared by the solid state reaction (Route I) exhibited a bad homogeneity.
The SEM investigations demonstrated the presence of large irregular agglomerates of Pt
particles of about 10-50 um, as shown in Fig. 3.2. The observations are attributed to poor
mixing obtained by wet milling of the powders, which is being enhanced by the large dif-
ference in density between PZT (7.8 g/cm3) and Pt (22.4 g/cms).

Fig. 3.2. SEM picture of PZT-Pt10 sample prepared by conventional route [7]. The bright
phase indicates Pt agglomerates with irregular size of about 10-50 wm and the dark

phase represents PZT matrix.

3.3.1.2 Chemical reduction (Route II)

To provide a better homogeneity and, through that, a smaller size of Pt particles inside the

composite, a route was exploited based upon reduction of H,PtClg (Route II). This route
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has been applied successfully for YSZ-Pt, YSZ-Pd [14] and Cey3Gdy,0;9-Au [15].
The preparations yielded an additional phase, as confirmed by the XRD (see Fig. 3.3) and
SEM investigations. In the SEM picture of Fig. 3.4, the bright coloured regions correspond
to Pt, the grey phase to PZT, whereas the dark phase corresponds to the third unknown
phase. No attempt was made to determine its composition and structure. Most likely, the

acidic H,PtClg solution dissolved some of the lead from PZT, leaving a lead-deficient PZT

phase.
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Fig. 3.3. Comparison of XRD diagrams observed for  Fig. 3.4. SEM picture of PZT-Pt prepared
PZT-Pt prepared by chemical reduction by chemical reduction (Route II).
(Route II) and pure PZT.

3.3.1.3 Sol-precipitation (Route III)

Using PVP as a stabilisation agent, the colloidal suspension of Pt nano-particles obtained
after reduction forms a dark brown sol that is stable at room temperature for several
months. As can be seen from Fig. 3.5a, the Pt sol consists of well-separated, nearly spheri-
cal particles with an average size around 5 nm. The TEM image was obtained by placing a
drop of this sol onto a carbon grid, followed by evaporation of the solvent. The similarly
prepared image of PZT-Pt powder is presented in Fig. 3.5b. Here, the Pt particles appear as
grey particles covering the entire surface of a PZT grain. The clear colourless filtrate ob-
tained upon filtering the PZT-Pt suspension suggests that all H,PtCls had been reduced to
Pt and all Pt adsorbed on the PZT powder.

Figure 3.6 shows the XRD patterns of sintered monolithic PZT and the PZT-Pt composite
with 10 vol.% Pt (henceforth denoted as PZT-Pt10). All reflections can be assigned to PZT

and Pt, i.e., no evidence of third phase formation is found. This proves that no unwanted
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side reactions occur between Pt and PZT in the composite and that the alkaline environ-
ment in the sol does not lead to decomposition of PZT. Note in Fig. 3.6 the splitting of the

PZT peaks due to tetragonal distortion of the perovskite structure.

Fig. 3.5. TEM picture of as-prepared Pt particles with PVP as protective agent (a) and as-
prepared PZT-Pt mixture: Pt particles are adsorbed on PZT (b).
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Fig. 3.6. XRD patterns of PZT and PZT-Pt10 samples prepared by sol-precipitation route
(Route III).

The relative densities of the samples obtained by the sol-precipitation route are listed in

Table 3.1. As can be seen, the density decreases with Pt content, but remains high and
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above 95 %. The decrease in density may indicate that grain boundary motion is impeded

by the presence of Pt in the composite.

Table 3.1.  Relative densities of PZT-Pt composites with different Pt contents. The theoretical
density of PZT is taken to be 7.6 g/cm’.

Pt (vol.%) 0 5 10 15 20 25 28 30
Density (%) 99 97 97 96 95 95 95 95

SEM micrographs of sintered PZT and PZT-Pt10 specimens are presented in Figs. 3.7a and
b, respectively. That of pure PZT shows large grains in the range of 5 -10 um. As is appar-
ent from Fig. 3.7b, the round-shaped Pt-particles are spread over the PZT surface with a
preferred location at the grain junctions. The average size of PZT grains is estimated to be

2-3 um, while that of Pt particles is between 100 and 500 nm.

JEOL
(a)

Fig. 3.7. SEM picture of (a) pure PZT and (b) PZT-Pt10 composites, prepared by sol-

precipitation route (Route I1I).

Even though the particle size of Pt in the sol is of the order of a few nm (see Fig. 3.5a),
during sintering of the composite they grow to a few hundred nanometer (see Fig. 3.7b).
This can be attributed to a very high mobility of Pt, which favours the agglomeration of Pt
particles. When the Pt content increases, the shape of Pt particles changes from spherical to
irregular aggregates (see Fig. 3.8). The average particle size increases from 2 pum for
15 vol.% Pt to 5 um for 30 vol.% Pt. Meanwhile, the grain size of PZT decreases almost
five times, from 5-10 um in pure PZT (see Fig. 3.7a) down to 1-2 um in PZT-Pt30

(see Fig 3.8b). The sample with 30 vol.% Pt already forms conductive paths as was con-
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firmed by electrical measurements. The observed decrease in grain size of PZT with in-
creasing Pt content can be explained by the two-phase system model [16]. During sinter-
ing, second-phase Pt particles tend to segregate at PZT grain boundaries. When such a
boundary moves in order to enable grain growth, it must drag the second phase along with

it, thereby slowing down the grain boundary motion, hence, impeding grain growth.

Do —— s JEOL T T JEOL

(@) (b)
Fig. 3.8. SEM picture of (a) PZT-Pt15 and (b) PZT-Pt30, prepared by sol-precipitation route
(Route III).

Concluding this section on different routes for the preparation of PZT/Pt composites, the
solid-state reaction route (Route I) leads to a poor homogeneity of samples showing large
Pt aggregation. Chemical reduction (Route II) improves homogeneity and reduces the av-
erage size of Pt particles, but results in phase decomposition of PZT. Only the sol-
precipitation route (Route III) provides both the proper phases and a homogeneous phase
distribution. In the next section, we will present the electrical properties of samples pre-

pared by this route.

3.3.2 Electrical properties

3.3.2.1 Dielectric constant

The apparent dielectric constant, €, of the composites was calculated from the capacitance,
C, using the well-known equation:

Cd
g=—0
€8

3.1)
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where d is the real sample thickness, S the geometrical electrode surface area, and
g0 = 8.854x10™"? F/m the permittivity of vacuum. Figure 3.9 shows the room temperature
value of € as a function of Pt content. The increase of € with Pt content tends to follow a
power law. A six times enhancement of € is at composition 28 vol.% Pt over that observed
for pure PZT. At 30 vol.% of Pt, the sample turned to be conductive as confirmed by
measurement. The observed enhancement of € with Pt content can be explained by the
change in the effective values of d and S in Eq. (3.1) as a result of the dispersion of Pt in-
side PZT. The value of € maximizes at near-percolative conditions. Dubrvov et al. [17]
gave the following qualitative interpretation: each pair of nearby clusters of Pt inside PZT
forms a capacitor, whose effective surface tends to infinity near the percolation threshold.

An effective-medium approximation (EMA) can be used to give a more quantitative inter-
pretation. Several EMA models, among those proposed by Maxwell, Claussius-Mossoti,
and Bruggeman [18], and percolation theory [19] can be used to model the observed diver-
gence of € with increase of Pt content in the composites. The effective-medium approxima-
tions consider a two-phase system as a random mixture of spherical grains, each grain be-
ing surrounded by a mixture of both phases that has the mean or effective value for the

medium.
The first effective media for spherical inclusions were due to Maxwell. For dilute disper-
sions of spheres (¢ < 0.1) in a host matrix,

1

Sm = 81 (1_—% (32)

where €, is the effective permittivity of the composite, € the permittivity of the host insu-
lating medium, and ¢ the volume fraction of the conductive phase. The well-known

Claussius-Mosseti relationship is expressed as:

En€l _ . £

m

e 1t2¢ = g, +2¢

(3.3)

where €, is the dielectric constant of the more conductive phase. Upon assuming that the

conductive phase has an infinite dielectric constant, i.e. €, = o0, Eq. (3.3) reduces to:

€, =€

BT (3.4)
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When the terms €, €, € are replaced by 6., 6, and oy, respectively, Eq. (3.4) corresponds
to the famous Maxwell-Wagner equation for conductivities of two-phase composites.
In this case, the composites can be visualized as built-up of a space-filling array of coated

spheres.
Bruggeman’s asymmetric media equation can be presented as:

(gmg_gl) :(1_¢)3 (SI_Sh) (3.9

m 1

and for the extreme case of a conductor-insulator composite, one can transform Eq.(3.5) to:

1
8m: 3
(1-9)

Similarly, the general Bruggeman symmetric equation:

g (3.6)

8h_gm 81_8m
kU v 3.7

can be simplified to:

€n ™8 m (3.8)

hence, reducing to the simple Maxwell equation. If the dielectric constant is replaced by
the conductivity, both Maxwell’s and Bruggeman’s symmetric equations predict an infinite

conductivity, corresponding to an insulator-conductor transition at ¢, = 0.33.

In practice, effective media theories work best for lower values of @ where the spheres are
further apart. When the system consists of conducting spheres, of just sufficient size to
touch their nearest neighbours, randomly placed on the sites of a 3D lattice, it is more usu-
ally described by percolation theory. The volume fraction at which the more conductive
phase is found to produce a conductive percolative path or network throughout the system
equals 0.16. Below this so-called percolation threshold, the dielectric constant of the com-

posite follows the scaling law [27]:

gmz(¢c¢f j gh (39)

where ¢@. presents the critical volume fraction at which percolation occurs and s is called

the critical exponent.
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In Fig. 3.9, we present data of fitting the EMA and the percolation equations to the ex-
perimental data. It is seen that Bruggeman’s symmetric equation and the simple Maxwell
equation give a fair agreement with the experimental data. Both equations coincide due to
the assumption €, = . The best fit, however, is obtained for the percolation equation,
Eq.(3.9), using the following fit parameters: ¢.= 0.29 £ 0.01, s = 0.50 = 0.05. According to
site-bond percolation theory, ¢. = 0.16 is obtained when all particles occupy a regular lat-
tice and nearest-neighbours are well connected, shifting to higher values if grain-to-grain
contact fails due to incomplete wetting. It should be noted that ¢.= 0.29 is close to the per-
colation threshold value ¢ = 0.33 predicted by the Bruggeman symmetric and/or the Max-
well equation. The fitted value for the critical exponent s is found somewhat lower, com-
pared to s = 0.76 predicted by site-bond percolation theory. The available theories predict
that close to the percolation threshold ¢@. very high dielectric constants may be obtained. In
practice, however, this may be difficult to achieve. Local inhomogeneities in the distribu-

tion of Pt and size effects may cause failure at compositions lower than ¢, due to electrical

shortcut.
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Fig. 3.9. Dielectric constant of PZT-Pt composites as a function of Pt content. The drawn lines

represent the fit of the experimental data to Egs. (3.2), (3.4), (3.6),
(3.8) and (3.9).
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3.3.2.2 Dielectric loss

In Fig. 3.10, the dielectric loss measured at 100 Hz is plotted as a function of Pt content.
With Pt addition, the dielectric loss increases from 0.8 % for pure PZT to 2.2 % for
PZT-Pt25. The dielectric loss measured for bulk ceramic PZT is in good agreement with

results reported in literature [20, 21].

The loss tangent ' (tan §) is the quotient of the real and imaginary components of the im-
pedance. To a first approximation, the dielectric loss can be described in terms of a simple

equivalent parallel RC circuit, and thus can be represented as [22]:

tand=

oo (3.10)

where ¢ is the conductivity, fthe frequency and € the relative dielectric constant of the ma-
terial. Equation (3.10) shows that the loss tangent is a function of conductivity o, fre-
quency f and permittivity €. Accordingly, at fixed frequency, changes in the loss factor of
the PZT/Pt composites with increasing Pt content are balanced by corresponding changes
in ¢ and €. Accurate analysis of impedance spectra of PZT/Pt composites obtained above
~150 °C made clear that the conductivity in Eq. (3.10) is a lumped parameter, comprising

both ionic and electronic contributions [23].

25
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Fig. 3.10. Dielectric loss measured at 100 Hz of PZT-Pt composites as a function of
Pt content.

' The dielectric loss is defined as tand=— and is related to the power dissipation of an insulating material.
€

(See also Chapter 1 of this thesis).
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3.3.2.3 Hysteresis loops

Ferroelectric hysteresis loops measured for samples with Pt content in the range 0-23
vol.% are shown in Fig. 3.11a. Measurements on samples with higher Pt contents were not
possible due to break down as saturation was neared. All samples show quite square hys-
teresis loops, suggesting a good grain size uniformity as well as homogeneity. The ob-
served high symmetry of the hysteresis loops further indicates the absence of space charge
layers at the electrodes. The dielectric response dP/dE (derivative of the hysteresis loop) of

the measured hysteresis loops are shown in Fig. 3.11b.
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Fig. 3.11. (a) Hysteresis loops of PZT and PZT-Pt composites with different Pt contents, and
(b) calculated slopes of the hysteresis loops.
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Fig. 3.12. Dependence of maximum and remanent polarisation (a) and coercive field (b) in

PZT-Pt composites on the Pt content.
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The variation of the remanent polarisation with Pt content is presented in Fig. 3.12a.
The value increases from 15 uC/cm” observed for pure PZT to a maximum value of 34
uC/cm2 for PZT-Pt5, decreasing upon further addition of Pt to 18 uC/cm2 for PZT-Pt23.
The results are in good agreement with observations made by Ning et al. [7]. The curve
obtained departs from a linear mixing rule. This is attributed to a major contribution of
space charge polarization at the PZT/Pt interfaces to the total polarization. Such a contri-
bution is predicted to be proportional to the specific surface area Ay, of the inclusions.

Assuming spherical Pt inclusions with a diameter d, the following relationship holds [24],

Ay =2 4,00-6,) 311

In the experimental range of ¢p, Eq. (3.11) thus predicts an increase of Agp.. with ¢p, How-
ever, as can be judged from Figs. 3.7 and 3.8, the average Pt grain size is not constant but
rather increases with Pt content, from a value of 500 nm for 10 vol.% Pt to 5 um for
30 vol.% Pt. Hence, the actual contribution of space charge polarization at the interface of
PZT/Pt will diminish at higher Pt contents. The coercive field increases from 8.5 kV/cm

for pure PZT, to 14.5 kV/em for PZT-Pt5 and to 9.5 kV/em for PZT-Pt23 (Fig. 3.12b).

The dielectric response, dP/dE, which relates to the dielectric constant €, can be used to

estimate the tunability, defined by:

€ —&
tunability = 2 "0 % 100% (3.12)

€(£=0)
The tunability is highest for PZT-Pt5, reaching a value of 90 %, compared to 45 % for pure
PZT. The larger dielectric tunability exhibited by the composites compared to pure PZT is
promising for voltage-tunable microwave devices such as resonators, filters and phase

shifters [25, 26].

3.3.2.4 Impedance spectroscopy

Typical impedance data obtained for the PZT-Pt composites measured as a function of
temperature are presented in Fig. 3.13. The shape of the impedance diagrams changes from
an almost purely capacitive behaviour at room temperature to a slightly depressed semicir-
cle at elevated temperature, arising due to onset of electronic conductivity. CLNS-analysis
of the high temperature data resulted in a simple equivalent circuit: a parallel combination
of the dielectric capacitance response Qg the electronic resistance R, and the blocked

ionic path presented by a series combination of the ionic resistance R;,, and capacitance
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due to interfacial polarization Qiy. The circuit description code (CDC) reads [19]:

(Qdiel Rel [Rion Qint])'
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Fig. 3.13. Impedance spectra for PZT-Pt10 measured under air at different temperatures.

In the CNLS-fit analysis, the bulk capacitance showed non-ideal behaviour and had to be

replaced by a constant phase element (CPE) with admittance:
Y(@) =T, (jo)’ (3.13)

where j is the imaginary unit, ® the angular frequency and »n the frequency power. For
n = 1, this represents a pure capacitance. The value of n was found to decrease from almost
1 at room temperature to about 0.95 around the Curie temperature. To calculate the pseudo

dielectric constant, a different representation of Eq. (3.13) was used:
Y(@) = (Y00 (3.14)
with ¥, = ¥,”". The dielectric constant was calculated according to:

e=tlaXd (3.15)
g, XS

As seen from Fig. 3.14, the dielectric constant maximizes at the Curie temperature 7.
For pure PZT, Tc is found at 400 °C, slightly increasing upon addition of Pt up to a tem-
perature of 410 °C for PZT-Pt25. The shift in Curie temperature is tentatively explained by
internal stress [27]. It is unlikely that the shift is due to incorporation of Pt into the PZT
lattice because of the large difference in electro-negativity of Pt*" ions (2.28) and Ti*"

(1.54) or Zr*" (1.33) ions. The difference in the thermal expansion coefficients of PZT



56 Chapter 3

(13x10°%/ °C) and Pt (9x10°/ °C) may cause high tensile stress in the PZT matrix after

sintering.
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Fig. 3.14. Effect of Pt content on the Curie temperature of PZT-Pt composites: monolithic PZT
(a), PZT-Pt5 (b), PZT-Pt20 (c), PZT-Pt25 (d).

Figure 3.15 shows the temperature dependence of the electronic conductivity for PZT-Pt5.
Clearly two different regions with activated behaviour can be discerned. The activation
energy is 0.7 eV, increasing to 1.14 eV below 7¢. The transition region to low tempera-
ture-activated behaviour coincides with the width of the Curie peak in the dielectric con-
stant. Similar observations have been made for pure PZT and the other PZT-Pt composites.
For pure PZT, the results are consistent with those obtained by Las et al. [28], who found

an activation energy of 0.71 eV for 7> T¢ increasing to 1.1 eV for 7 < T¢.
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Fig. 3.15. Arrhenius plot of the electronic conductivity of PZT-Pt5 sample.
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Table 3.2.  Activation energies of the electronic conductivity of PZT and PZT-Pt composites.

PZT PZT-Pt5 PZT-Pt20 PZT-Pt25
E, (V) 1.22 1.14 1.05 1.0
E,(eV) 0.85 0.7 0.88 0.86

Activation energies for PZT and PZT/Pt composites obtained in this study are listed in
Table 3.2. The decrease in activation energy observed upon addition of Pt in PZT is tenta-
tively assigned to the role the space charge regions at the PZT/Pt interface, providing a

faster pathway for conduction of electron holes.

34 Conclusions

Dual-phase PZT-Pt composites can be prepared successfully by the sol-precipitation route,
in which PZT powder is wet mixed with a sol containing Pt nano-particles. The use of a
suitable stabilization agent prevents agglomeration of the Pt particles in the sol. The wet
mixing ensures a homogenous phase distribution. After sintering, no decomposition of

PZT is traced. The presence of the dispersed Pt significantly reduces grain growth of PZT.

The dielectric constant of the PZT-Pt composites at room temperature increases with in-
creasing Pt content, reaching a 6-times enhancement at 28 vol.% of Pt relative to that ob-
served for bulk ceramic PZT. The observed enhancement of the dielectric constant with
increase of the Pt content in the composites can be fitted with either the Maxwell and
Bruggeman symmetric equations or the normalized percolation equation. Both the polari-
sation and the coercive field are found maximum at 5 vol.% of Pt. The observations are
tentatively explained by the role of space charge at the PZT/Pt interface in the composites
and the diluting effect of non-ferroelectric Pt phase. The dielectric constant is found
maximum at the Curie temperature 7¢, which is found to range for the composites between
400-410 °C. Above T¢, the activation energy for electronic conduction is significantly

lowered, suggesting a change in mechanism for the transport of electron holes.
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Pulsed laser deposition of PZT-Pt thin film composites

4.1 Introduction

As presented in Chapter 3, dispersion of Pt in PbZr53Ti94703 (PZT) phase enhances the
di-and ferroelectric properties of the bulk composites. The enhancement of the dielectric
constant is most significant in the vicinity of percolation threshold fraction (or critical vol-
ume fraction). The percolation threshold was found dependent on the shape, spatial distri-
bution as well as the size of the conducting particles relative to that of the insulating parti-
cles [1, 2]. In bulk samples it is difficult to control the particle size of both PZT and Pt due
to massive growth of grains at high sintering temperature. Even though 5-10 nm sized-Pt
particles were used as a starting material, micron-sized Pt aggregates appeared in the sin-
tered samples after sintering at 1150 °C. An alternative way to obtain the particle size of

both phases in nanometer scale is to fabricate the material in the form of thin film.

There are various ways to make composite films, including chemical methods such as sol-
gel method [3-5], suspension spraying [6], liquid-phase deposition [7] and physical meth-
ods such as sputter deposition [8-10], electron beam deposition [11] and pulsed laser depo-
sition (PLD) [12-17]. Among these techniques, PLD is well known as a method to provide
a stoichiometric transfer from target to thin films. With a variety of tuneable deposition
parameters, high deposition rates and high kinetic energies of the adatoms, it permits a

high degree of tailoring the microstructure of the film.

The principle of PLD is illustrated through Fig. 4.1. In general, the formation of a thin film

by pulsed laser deposition includes three major processes as follows:

- The ablation of target.

Under the interaction of the laser beam material is removed from the target. A plasma is
formed, which contains various kinds of species such as atoms, ions, molecules and even
large aggregates. In this stage, the interaction between the laser beam and the target is the

most important factor, since it determines the amount of ablated materials, their existence
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type and kinetic energy. The appropriate value for laser energy density hence depends on

the chemical and physical properties of the target.

- The transportation of ablated material towards the substrate.

After being removed from the target, the ablated species accelerate forwards and gain huge
kinetic energy (from several eV up to 10° eV). During the transport, they interact dynami-
cally and chemically with each other and with gas molecules in the chamber. The kinetic
energies of the ablated species thus are strongly affected by the ambient gas pressure and

the distance from the target to the substrate.
- The deposition and growth of material on the substrate.

The ablated species will be adsorbed upon arriving at the substrate, resulting in formation
of a thin layer of material. In this process, the substrate properties, the substrate tempera-

ture and the laser frequency play important roles on film growth.

The nucleation and growth of the film actually involves several processes, including diffu-
sion, agglomeration, dissociation and re-evaporation of the adatoms. The growth mecha-
nism is thermodynamically governed by the surface interaction between film and substrate,
but it also can be altered kinetically by changing the supersaturation through the substrate
temperature and arrival rate of the adatoms. All the mentioned processes influence the

growth and hence the properties of the film.

Laser beam

Port with
quartz window

Target

carrousel Heatable
. sample stage
Substrate
!
Laser plume
Rotating target Vacuum chamber
Fig. 4.1. The sketch of a PLD system.

In order to make a composite thin film by PLD one can use a composite target or alternat-

ing targets. The component compounds are ablated simultaneously in the former and in
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sequence in the latter method. In order to get a homogeneous film, and especially homoge-
neous phase dispersion, using a composite target is simpler and also more effective. In case
of metal-oxide composites, since oxides and metals ablate differently [18], care should be
taken to have the desired composition in the thin film. The ablation threshold, which is de-
fined as the lowest laser fluence to remove a substantial amount of material, is quite low
for oxides, for e.g. 0.6 J/em® for PZT but very high for metals, e.g. around 4 J/cm® for
Pt [19].

In this chapter we first study the ablation process of the composite PZT-Pt target. The key-
role of the laser energy density on the surface modification of the target and the resulted
composition of the film will be discussed. Next we will investigate the influence of other
deposition parameters such as the ambient gas pressure, the target-to-substrate distance,
the substrate temperature and the laser frequency on the structural properties of films. Un-
derstanding the deposition process is important to minimize PbO loss, prevent pyrochlore

(non-ferroelectric) phase during film growth and control the film microstructure.

4.2  Experimental

The laser ablation experiments were carried out with a KrF excimer (4 = 248 nm) laser
beam (Compex 205, Lambda Physik) with pulse duration of 25 ns (FWHM). The
PbZry 55 Ti94703 and PbZry 53 Tio4705-Pt targets were obtained after sintering the green pel-
lets at 1150 °C for 2 h (for more details see Chapter 3). The average particle sizes of PZT
and Pt in the target are 5-10 um and 1-10 pum, respectively. One-side polished, single-
crystal (001) SrTiO; substrates were used in experiments. The substrate temperature (7)
was held constant during deposition and ranged from 400 °C to 700 °C. The target-to-
substrate distance (d) was varied from 35 to 65 mm. The energy density of the laser (F)
was in the range of 1.5 J/em® to 6 J/cm”. The laser frequency (f) was varied from 1 Hz to
10 Hz. Films were deposited in oxygen environment with the ambient pressure (pO:) rang-
ing from 0.05 mbar to 0.4 mbar. After deposition, films were cooled down to room tem-
perature in an oxygen flow. In some cases, films were in-situ annealed in the deposition
chamber or ex-situ annealed in a PbO environment to promote the crystallinity of PZT

phase.

The morphology and chemical composition of the ablated areas in the targets were investi-
gated by scanning electron microscopy (SEM) and energy dispersive X-ray (EDX), respec-
tively. The crystal structure of films were analysed by a X-ray diffractometer (XRD) using
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CuK, wavelength. The film microstructure was examined using a SEM and an atomic
force microscopy (AFM). The film thickness was quantified using a cross-section image
obtained by SEM. The film composition was determined by an X-ray fluoresence (XRF)
and X-ray photoelectron spectroscopy (XPS).

4.3 Results and discussion

4.3.1 Target ablation

The formation of a thin film by pulsed laser deposition is initialised by the ablation of the
target under interaction with laser beam. The surface modification during laser ablation of
PZT target has been discussed by Auciello et al. [20]. It involves the formation of cones on
the surface, which reduces the deposition rate at the beginning of the ablation, accompa-
nied with a marked decrease in plume size. Generally, the shielding effect of vaporisation-
resistant impurities is responsible for cone formation. In the PZT target, it is due to the
formation of Zr (and/or Ti)-rich regions, resulting from the incongruent melting and solidi-
fication of PZT. In a PZT-Pt target, one can regard Pt as “an impurity” having a higher
melting point and lower laser energy absorption, resulting in less preferential ablation.

A question hence arises: is the ablation of PZT-Pt stable with time?

4.3.1.1 Time dependence of the plasma

The ablation of PZT-Pt targets took place in high vacuum of 10" mbar at a laser frequency
of 1 Hz. The same area of the target was irradiated during ablation. The produced plasma
was pictured after every minute (i.e. 60 pulses) by a digital camera. As an example, we
show the pictures obtained for PZT and PZT-Pt15 targets in Figs. 4.2 and 4.3, respectively.
The laser energy density used was 2.5 J/cm” and the laser spot size (4) was 3 mm? in both
cases. From Fig. 4.2 it can be seen that the plasma observed for PZT shrinks after 1 minute
of ablation but later becomes quite steady. The time-dependence of the plasma is more no-
ticeable for the PZT-Pt15 target (see Fig. 4.3). The produced plasma gradually shrinks with

time and after 5 minutes of ablation the plasma size reduced by almost a factor of two.

The decrease of the plasma size was more evident with increasing Pt content in the targets.
Beside the Pt content, the laser energy density (E) under which the target is exposed also
influence the stability of the plasma. In Fig. 4.4 we illustrated the time-dependence of the
plasmas produced from PZT-Pt18 target under different E. For E ranging from 2.5 J/cm® to
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3.5 J/em® the plasma size change significantly with time. Meanwhile, for E higher than

4 J/em? it is time independent.

Ablation starts t=2’
t=3’ t=4’ t=5’
Fig4.2. Plasmas produced from PZT target using E = 2.5 J/cm® (4 = 3 mm®). The ablation

time (7) is indicated below each image.

Ablation starts

t=3 t=4 1=5

Fig. 4.3. Plasmas produced from PZT-Pt15 target using E = 2.5 J/em® (4 = 3 mm®). The abla-

tion time (¢) is indicated below each image.
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E=2.5J/lcm’
(A =3 mm’)

E =3.5J/cm’

(4 =3 mm’)

E =4 J/em’

(4 = 2.4 mm’)

Ablation starts t=5’

Fig. 4.4. Plasma produced from PZT-Pt18 at different energy density. The ablation time (¢) is

indicated below images.

According to Ref. [20], the time-dependence of PZT plasma in the initial stage is consid-
ered due to surface modification of the target, resulting from incongruent melting and so-
lidification of PZT. However, as soon as the target surface reaches a steady state, the
plasma becomes stable. The above observation indicates that under mentioned conditions
the steady state of PZT plasma is obtained after approximately 1 minute (corresponding to
60 pulses). A pre-ablation of the PZT target before deposition is therefore strongly recom-

mended.
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For PZT-Pt targets, since the ablation does not cease after 1 min at £ = 2.5 J/cm?, another
factor but the incongruent melting of PZT should be responsible for surface modification
of the target. The most likely one is the different ablation behaviour of Pt with respect to
PZT. As mentioned in Section 4.1, the energy required to ablate a metal is higher than to
ablate an oxide. While the threshold ablation for PZT is only 0.6 J/cm?, the threshold abla-
tion for Pt is up to 4 J/ecm®. Since at E = 2.5 J/em® PZT is preferentially ablated over Pt,
more Pt than PZT is left in the target after every pulse. As a consequence, a preferential
enrichment of Pt over PZT in the target is expected, transforming the target surface to

more metallic with time.

Another evidence of surface modification in PZT-Pt targets is the change of the plasma
colour with time when the deposition ambient is changed from vacuum to oxygen. In oxy-
gen atmosphere, the plasma consists of a white shell and a blue core, which actually is due
to oxidized and non-oxidized species, respectively [20]. What we observed for ablation at
low energy densities is the gradual decrease of the white shell relative to the blue core with
ablation time. The decrease of the white shell hence implies the presence of more non-
oxidized Pt species in the plasma.

The above reasoning can be applied to explain why the PZT-Pt plasmas are time-
independent at high energy densities. When E is above the threshold ablations of both PZT
and Pt (E > 4 J/cm®), the difference in preferential ablation of PZT and Pt is minimised.
Because no modification of the target composition occurs, the stability of the plasma is af-
forded. Using energy densities above the threshold ablation of Pt keeps the plasma size un-

changed for at least 30 minutes.

4.3.1.2 Energy density dependence of PZT and Pt contents in the target upon ablation

To confirm the dependence of target surface modification on laser energy density, we ana-

lysed the microstructure of the ablated targets at different laser energy densities.

SEM images of the ablated areas after 5 minutes of ablation (i.e. 300 pulses) at different £
are shown in Fig. 4.5 for PZT and PZT-Pt15 targets. All images show structure of pillars
that protrude from the surface. For PZT target, the pillar patterns exhibit almost no change
with changing energy density (see Fig. 4.5 a-c). At higher E, there is only a slight increase
in pillar length, reflecting a larger removal of material. Meanwhile, not only the length but
also the shape of the pillars changed for PZT-Pt targets. The top of the pillars is quite flat
at low E while becoming globular at higher £, as shown in Fig. 4.5 d-f.
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Signal A= InLens [10.7] EHT = 1.00kV ignal A = InLens
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(e)
Fig. 4.5. SEM images of the ablated areas for a PZT target after 300 pulses at £ = 1.5 J/cm®

(a), E = 2.5 J/em® (b) and E = 4 J/em® (c); PZT-Pt15 target at £ = 1.5 J/em® (d),
E=2.5J/em’ (¢) and E = 4 J/en?® ().

al A
Mag= 200X . Photo No. = 9445

In order to evaluate the change in composition of the target upon changing F, we carried
out the EDX analysis on those ablated areas. The results are presented in Tables 4.1 and
4.2 for PZT and PZT-Ptl5, respectively. Since the surface of the ablated area is very
rough, the obtained composition over the average area is not quantitatively precise. It can

however give a clear trend for the changes of composition as a function of energy density.

The results clearly present a drop in Pb content after ablation in both targets, which is
mainly due to the high volatility of PbO. Pb-deficiency can be seen clearly from analyzing
the tip of the pillar. As seen from Table 4.1, the composition of the PZT target does not
change with changing E. We can therefore assume that the composition of the PZT film
does not depend on E. The energy density influences only the amount and kinetic energy
of the ablated species, hence will influence the deposition rate and the film properties, e.g.
the film roughness.

For the PZT-Pt15 target the dependence of either Pb, Zr or Ti contents on £ was not ob-

served, as shown in Table 4.2. However, a clear trend of decreasing Pt content with in-

creasing £ was noticed. This tendency implies that a lower energy density removes less Pt
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from the target or, in another word, leaves more Pt in the target. As seen also from
Table 4.2, the enrichment of Pt mostly concentrates on the tip of the pillar. The more Pt-
enrichment of the target at lower energy densities is consistent with Section 4.3.1.1, which
described the instability of the plasma at low E as a result of surface modification of the

PZT-Pt target.

Table 4.1.  Variation of composition of the PZT target with different laser energy densities.

at.% Pb at.% Zr at.% Ti
Before ablation 80.6 12.9 6.5
Ablated at 1.5 J/cm® 64.3 26.0 9.7
Ablated at 2.5 J/cm® 65.1 25.8 9.1
Ablated at 4 J/cm® 61.9 27.3 10.7
Tip of the pillar (E = 4 J/cm®) 34.1 50.0 15.9

Table 4.2.  Variation of composition of the PZT-Pt15 target with different laser energy densities.

at.% Pb at.% Zr at.% Ti at.% Pt
Before ablation 4.8 16.0 53.4 25.8
Ablated at 2.5 J/cm® 4.5 16.2 43.5 35.7
Ablated at 3 J/em® 4.8 15.1 44.9 35.2
Ablated at 4 J/cm’ 5.7 17.4 44.2 32.7
Ablated at 5 J/em® 5.9 16.8 44.4 32.9
Ablated at 6 J/cm’ 5.7 17.3 45.7 31.3
Tip of the pillar (4 J/cm®) 3.2 13.3 25.5 57.9

4.3.1.3 Energy density dependence of the Pt content and the morphology of produced
PZT-Pt films

From the above analyses we conclude that the laser energy density has a strong impact on
the ablation of the target, as illustrated in the surface modification of the target and hence
the un-stability of the plasma. As a result, the properties of produced films are expected to

be strongly dependent on the energy density.

Firstly, because the laser energy density determines the ablated amount of PZT relative to
Pt, it should also influence the composition of the film. XRF analysis was carried out on
films deposited from a PZT-Pt10 target at different energy densities. The results are shown
in Table 4.3.
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Table 4.3.  XRF analysis of films deposited from PZT-Pt10 target at different energy densities (7
=600 °C, pO, = 0.1 mbar, /=5 Hz).

E (J/em®) 1.5 25 3.5 4
vol.% Pt 3.6 4.1 4.5 5

As can be seen from Table 4.3, the Pt content increases with increasing E. This observation
is in agreement with EDX results obtained on the ablated areas of the PZT-Pt target.
A strong dependence of film morphology on E was revealed from the AFM images, pre-
sented in Fig. 4.6 for films deposited at £ = 1.5, 2.5 and 4 J/em®. The film thickness is in
the range of 150 to 220 nm. With increasing E the film roughness significantly increases.
The film deposited at £ = 1.5 J/cm* shows the footprint of the terrace structure of SrTiOs
substrate, indicating a very smooth surface (see Fig. 4.6a). For the film deposited at
E = 2.5 J/cm®, grains with an average size of around 70-100 nm are visible in the image
(Fig. 4.6b). Columnar growth of the film was revealed from a cross-section SEM image
(not presented here). At E = 4 J/cm?, instead of mono-sized grain morphology, smaller

grains appear between large grains. The average grain size also decreases (Fig. 4.6¢).

/ ufz\ﬂ\d // \\\\ P -
I [ | <Qumay ] T
(a) (b) (c)
rms = 0.6 nm rms = 2.0 nm rms = 5.5 nm
Fig 4.6. AFM pictures of films deposited at different energy densities using PZT-Pt10 target

E =15 J/em® (a), E = 2.5 J/em® (b), E = 4 J/em® (c) (pO, = 0.1 mbar, /=5 Hz). The

root mean square (rms) of roughness is also indicated.

The roughness of the PZT-Pt film is attributed to the heterogeneous growth of PZT in the
presence of Pt. The non-wetting behavior of Pt towards PZT, the difference in the diffusion

coefficient and mobility between Pt and PZT enhances the phase segregation and surface
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roughening. The surface roughness of the film thus increases with Pt content, which in turn
increases with £. The decrease in grain size of PZT-Pt films with increasing E is opposite
to that observed for PZT films. It can be explained only by the increase in number of Pt
particles located at the grain boundaries of the PZT particles, which prohibits the grain
growth of PZT.

The instability of the plasma, as mentioned in Section 4.3.1.1, raises a question about the
stability of the deposition rate as a function of E. In Fig. 4.7, the deposition rate is plotted
versus the deposition time for £ = 1.5 and 4 J/cm® using a PZT-Pt10 target. The deposition
rate is constant at £ = 4 J/cm?, in consistency with the stable plasma observed. Meanwhile,
it drops with time at lower energy density of 1.5 J/cm? in agreement with the decrease of

plasma size with time.
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Fig. 4.7. Time-dependence of deposition rate at 1.5 J/cm® and 4 J/cm® using a PZT-Pt10 target
(pO, = 0.1 mbar, f=5 Hz, d = 45 mm). The lines are for eyes guiding.

Furthermore, due to the change of the target composition as a function of time, one can ex-
pect a gradient of the Pt content for films fabricated at low energy density. Two films de-
posited from a PZT-Pt15 target at £ = 1.5 J/cm® and E = 4 J/cm® were analysed by XPS
sputter profiling to get the depth profile of the Pt concentration. The obtained results are
shown in Fig. 4.8. As seen from this figure, the film deposited at 1.5 J/cm® demonstrates a
gradual decrease of the Pt content from the film surface to the film-substrate interface.
This observation can be interpreted as an increase in Pt content with increasing deposition
time. It is understandable from the Pt enrichment of the target under a low laser energy

density, as discussed above. In contrast, the film deposited at 4 J/cm? shows a rather steady
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Pt content along the film thickness. The Pt content indeed decreases slightly from 8 at.% to
7.5 at.% near the expected interface. However, at the interface the Pt content does not drop
to zero but shows a tail with a noticeable amount of Pt at a distance of 20 nm away from
the interface into the substrate. The tail is probably due to the rough surface after sputter-
ing profiling (rms ~ 2.5 nm as taken from AFM picture) or due to diffusion of Pt in to the
substrate [21]. However, the latter assumption is unlikely since at 600 °C a metal is not

expected to diffuse into an oxide single-crystal substrate with such a deep penetration.
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Fig. 4.8. Depth profile of Pt concentration in films deposited from a PZT/Pt10 target at 1.5 and

4 J/em® (pO, = 0.1 mbar, /=5 Hz, d = 45 mm). The lines are just for eye-guiding.

In conclusion, extremely smooth films are obtained at a low laser energy density. The film
however has a gradient of Pt content along the film thickness and a lower Pt content com-
pared to the target. Furthermore, the deposition rate decreases with ablation time. A higher
Pt content film is obtained only by a long pre-ablation and at the expense of very low
deposition rate. Rougher films are grown at high laser energy density. However, a closer
stoichiometric transfer from the target to the film and a stable film deposition is realised.
The effect of the energy density on the electrical properties will be investigated later in

Chapter 5.

4.3.2 Material transport towards the substrate

4.3.2.1 Influence of the gas pressure

When an ambient gas is present in the deposition chamber, it scatters, attenuates, and

thermalises the plasma species, changing the deposition rate, the spatial distribution and
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the kinetic energy distribution of the species. A reactive gas such as oxygen or nitrogen
results in the formation of chemical compounds like oxides or nitrides, correspondingly.
For deposition of PZT an oxygen environment is required to ensure the oxygen
stoichiometry and also to minimize the loss of PbO. In Refs. [22, 23], the authors observed
a strong increase of at least 4 times in the Pb content of films deposited in an oxygen envi-
ronment as compared to films deposited in vacuum. The effect was attributed to a reduc-
tion of the re-sputtering arising from scattering of ablated species by ambient gas mole-

cules.

In our experiments, a perovskite PZT phase was not obtained in oxygen pressures lower
than 0.05 mbar. Failure to form a perovskite phase is usually due to severe Pb-deficiency.
The following equilibrium of PbO with oxygen may play an important role in determining

the Pb content in the film:

Pbosolid S Pbovapor S vaapor +% OZ(g) (4 1)

A deficiency of O, shifts the equilibrium to the right, where PbO in the film is decomposed
to O, and Pb in vapor.

In order to investigate the influence of oxygen pressure on thin film deposition, a PZT-
Pt25 target was used for ablation at E = 4 J/cm?, f=1Hz and at different oxygen pressures
p0O, =0.05, 0.2 and 0.4 mbar. The produced plasmas were pictured by a digital camera and
are shown in Fig. 4.9. As can be seen from these pictures, the shape of the plasma strongly
depends on the oxygen pressure. At low pressure of 0.05 mbar, the plasma is round and
relatively large. At pO, = 0.2 mbar, it becomes narrower and smaller with sharp bounda-
ries. At higher pressure of 0.4 mbar, the plasma changed in shape while remaining the
same size. The sharpening of the plasma boundary is an indication of a shock front, result-

ing in a spatial confinement of the plasma [24].

The deposition rate was found to increase with increasing oxygen pressure, from
15 nm/min at 0.05 mbar to 17 nm/min at 0.2 mbar and 23 nm/min at 0.4 mbar. It is ex-
pected that the amount of removed material is mainly determined by the laser energy den-
sity and is little affected by the oxygen pressure. The above difference in deposition rate is
simply due to the spatial redistribution of species inside the plasma [20]. In high vacuum,
due to the lack of interaction between ablated species and gas molecules, the ablated spe-
cies are free to expand over the whole space. It results in large but diluted plasma. In the

presence of gas molecules, the species are confined to the center of the plasma. As a con-
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sequence, the plasma is smaller and more concentrated. As the substrate is placed in the
plasma center, the deposition rate of material on the substrate will be higher at high than at
low pressures. Furthermore, the role of the sticking coefficient, which determines the num-
ber of re-evaporated atoms from the film surface, also should be considered. As mentioned

in Ref. [22], the sticking coefficient increases with increasing oxygen pressure, possibly

because the incorporation of oxygen into ablated species enhances the sticking probability.

() (©

Fig 4.9. Plasmas produced from a PZT-Pt25 target at pO, = 0.05 mbar (a), pO, = 0.2 mbar (b),
0O, = 0.4 mbar (c).

Beside the spatial redistribution, the change in kinetic energy of ablated species is another
effect resulting from changing oxygen pressure. It leads to a change in film morphology as

can be seen from cross-section SEM images presented in Fig. 4.10.
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Fig. 4.10. Cross-section SEM images of PZT-Pt25 films on STO substrates, deposited at differ-
ent oxygen partial pressures 0.05 mbar (a), 0.1 mbar (b), 0.4 mbar (c)
(E=41J/cm?, f=3 Hz, d =45 nm).

The film deposited at pO, = 0.05 mbar is very smooth even at a thickness of around
300 nm. With further increasing pressure, films become rougher with larger lateral particle
sizes and a more well-defined columnar structure. These different behaviors in film growth

are considered due to the different diffusitivity of the adatoms, which ultimately relate to
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their mobility and kinetic energy. For example, the more oxidized species at high oxygen
pressures have lower mobility than the less oxidized ones at low oxygen pressures, hence
forming a rougher film surface. It is well known about the two pressure regimes in PLD,
described by the drag model for lower pressures and by the shock wave model for higher
pressures. At the transition pressure for shock wave formation, a sharp decrease in the ki-
netic energy of species is induced [24]. If we assume that a lower kinetic energy of the
adatoms leads to a rougher film surface, the above abrupt increase in film roughness at

0.1 mbar probably coincides with the transformation to the shock wave regime.

4.3.2.2 Influence of the target-to-substrate distance

During transport from target to substrate, the ablated species loose their kinetic energies
due to interaction with each other and/or with ambient gas molecules. The kinetic energy
of the ablated species is therefore a function of the traveling distance. A set of films were
deposited from a PZT-Pt25 target on SrTiOs substrates using £ = 4 J/cm?, pO, = 0.1 mbar,
f=10 Hz and at the following target-to-substrate distances:

- d = 35 mm: the substrate was located inside the plasma and 10 mm away from the visible

plasma.
- d =45 mm: the substrate was located just at the end of the visible plasma.

- d = 55 mm: the substrate was located outside the plasma and 10 mm away from the end

of the plasma.

- d =65 mm: the substrate was located outside the plasma and 20 mm away from the end

of the plasma.

In Fig 4.11, the cross-section SEM images of films deposited at d = 45 mm and d = 65 mm
are presented as representative samples. No difference in morphology and roughness was
observed for the films even-though it is known that the kinetic energy can influence the
film roughness through the diffusion of adatoms along the surface. However, it should be
emphasized that there are at least two factors governing the growth of a heterogeneous
film: the surface diffusion of adatoms (for all kinds of film growth) and the surface interac-
tion between two phases (only for a hetero-growth). Due to the latter effect, the formation
of grain boundaries and surface roughening is much enhanced in the presence of a second
phase. In our case the hetero-growth seems to play a dominant role over the surface diffu-

sion. Since changing the target-substrate distance alters only the kinetic energy of the ar-
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riving species but not the Pt fraction, it should not cause a large difference in film

morphology.
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Fig. 4.11. Cross-section SEM images of films deposited from a PZT-Pt25 target at the target-
substrate distances of 45 mm (a) and 65 mm (b) (E = 4 Jem?, f = 10 Hz,
0, =0.1 mbar).
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Fig. 4.12. The deposition rate versus target-substrate distance for ablation of a PZT-Pt25 target
(E = 4 Jen?’, f= 10Hz, pO, = 0.1 mbar). The inset presents the deposition rate versus

inverse square distance, where the solid line is a linear fitting.

We observed a major effect of increasing target-substrate distance on decreasing the depo-
sition rate. The deposition rate decreases from 75 nm/min at d = 35 mm to 20 nm/min at
d = 65 mm. The dependence of deposition rate on target-substrate distance is illustrated in
Fig. 4.12. This is found in accordance with the inverse distance squared relation for

vacuum [20]:



Pulsed laser deposition of PZT-Pt thin film composites 77

Rd =0

R(d) =~

(4.2)

where R,y and R(d) correspond to the deposition rate at the target surface (zero distance)
and at distance d, respectively. The plot of the deposition rate versus 1/d° shows a linear
dependence as presented as an inset of Fig. 4.12. The inverse distance squared relation for
vacuum holds also for oxygen background implying that the gas pressure affects the angu-

lar distribution of the ablation plume, and does not merely alter the laser energy density.
4.3.3 Deposition and growth of material on the substrate

4.3.3.1 Influence of the substrate temperature (deposition temperature)

In this section we focus on the influence of the substrate temperature on film growth, since
by using an appropriate temperature a fully developed perovskite PZT can be produced
directly on SrTiOj; substrates. Films were grown at temperatures from 400 °C to 700 °C.
As-deposited PZT-Pt films are light brown in comparison with yellowish transparent pure
PZT. Deposition at higher substrate temperature leads to darker colored films, which is
tentatively explained by the increase of the Pt particle size. XRD patterns of PZT-Pt films
deposited at different substrate temperatures using a PZT-Pt10 target are presented
in Fig. 4.13.

(a): T,=400°C
(b): 500°C  (c): 600°C
PZT (d): 650°C (e): 700°C PZT

Intensity (a.u.)

30 40 50
2 theta (deg.)

Fig 4.13. XRD patterns of films deposited from a PZT-Pt10 target at different substrate tem-
peratures (E = 2.5 J/em?, f= 5 Hz, pO, = 0.1mbar).

The degree of crystallization of PZT phase evidently depends on the substrate temperature.
Below 600 °C, no evidence is found for the formation of the perovskite PZT phase.

This suggests that PZT exists either in the amorphous or in the nanocrystalline (pyro-
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chlore) states. Only films deposited at T, > 600 °C show the appearance of the perovskite
phase, which grows preferentially along the (100) direction. Films deposited at 700 °C
show only very weak PZT reflections. This may be explained by the strong re-evaporation
of PbO at high temperature, leading to decomposition of the PZT phase.

Besides peaks from the SrTiO; substrate, only peaks originating from PZT are observed.

The absence of Pt peaks in the diagrams is due to the small crystallite size of a few nm

(see Section 4.3.4 and Chapter 5) as well as by the overlap between Pt and SrTiO; peaks.

0.50 0.75

T.=600°C T.=700°C

Fig. 4.14. AFM pictures of films deposited from a PZT-Pt10 target at different temperatures
(E =2.5 J/em?, f=5 Hz, pO, = 0.1 mbar). The substrate temperature is indicated be-

low each image.

More details about the effect of the substrate temperature on the film microstructure are
provided in the AFM pictures given in Fig. 4.14. The change in film morphology appears
to coincide with the structural phase transition of PZT. At Ty = 400 °C the film was ex-

tremely smooth with no grain structure (amorphous state). It changed to an oriented fine-
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grained structure (nano-crystalline pyrochlore) at 7, = 500 °C and later to a globular grain
structure (perovskite) with grain sizes of 60-80 nm at 7, = 600 °C. At the higher 7, of
700 °C, instead of a smooth surface with mono-sized grains, the films exhibit islands dis-

persed in a smooth matrix.

4.3.3.2 Influence of the laser frequency

Differently from other vacuum techniques, in PLD a high instantaneous vapor flux result-
ing from each pulse is followed by periods of no vapor flux between pulses. One can easily
change the time interval between laser pulses by changing the laser frequency. The film
nucleation density is proportional to /D, where F is the vapor flux per pulse and D is the
diffusivity. However, the film nucleation and growth also depend on how the period of
pulses is relative to the time constant for the diffusion, agglomeration and dissociation. If
those parameters are comparable the laser frequency may have a large influence on film

growth, otherwise the effect can be neglected.

To study the influence of the laser frequency we varied the frequency from 1 Hz to 10 Hz.
The SEM cross-section images of two representative films deposited from PZT-Pt25 target

at f=1 Hz and 10 Hz are shown in Fig. 4.15.

100 nm

(@) (b)
Fig4.15.  PZT-Pt25 films deposited at /=1 Hz (a) and f= 10 Hz (b) (E =4 J/cm?,
p0,=0.1 mbar, d =45 mm).

The films have a columnar structure with the same surface roughness, which indicates the
insignificant effect of the laser frequency on film morphology. Possibly, the time between
pulses is either much longer or shorter than the agglomeration and/or the dissociation rates
and thus has no influence on film growth. It also might be that the interfacial energies of Pt

and PZT are the most governing parameters in film nucleation and growth, as we discussed
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in Section 4.3.2.2 about the influence of the target-substrate distance. The frequency can
be exploited mainly in controlling the deposition rate. For PZT-Pt25 target, the deposition
rate can be increased from 6 nm/min at = 1 Hz to 45 nm/min at f= 10 Hz. Further more,
using a high frequency has an advantage of decreasing the deposition time and minimizing

PbO loss, especially at high deposition temperatures.

4.3.4 Post-annealing

The crystallinity of film can be developed by either increasing the substrate temperature or
by post-annealing of as-deposited films. For example, PZT/Pt films deposited at
T, = 400 °C are completely amorphous. They can be transformed to the perovskite phase
upon annealing at higher temperatures. This amorphous-perovskite phase transformation
usually takes place at around 600 °C. For films grown on SrTiO; substrates, as-deposited
at high 7, and post-annealed films posses the same crystallographic structure, with a pre-

ferred orientation in the (001) direction.

Films can be either in-situ annealed in the deposition chamber right after the deposition or
ex-situ annealed. Ex-situ annealing was carried out in a closed crucible with PbO con-
trolled atmosphere to prevent PbO evaporation at high temperatures. As a result, ex-situ
annealed films have the advantage over in-situ annealed films of less Pb-deficiency. This
observation recommends that if a PbO atmosphere can be created inside the deposition

chamber during in-situ annealing, good quality of films will be produced.

Films annealed at 600 °C for 30 minutes mainly consist of the perovskite phase. A small
amount of pyrochlore, however, still remains and deteriorates the electrical properties of
the films. For an annealing temperature of 650 °C, the pyrochlore phase fully transforms to
perovskite. Unfortunately, films with Pt contents higher than 15 vol.% became conductive
after annealing. It indicates the formation of Pt conducting channels in the film around
650 °C. Since the percolation threshold is predicted to be around 50 vol.% for thin films
[25], the conducting channel is either formed along the thickness or at the surface through
diffusion of Pt. A cross-section SEM image of a film, as-deposited at 400 °C using
a PZT-Pt15 target and further annealed at 650 °C, is presented in Fig. 4.16. In this image
the PZT phase appears as a dark matrix. The Pt phase appears as bright round particles,
which are dispersed all over the film thickness. From the cross-section image, it is difficult

to draw a conclusion whether Pt conducting channels form at the surface or along the film
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thickness. Based on the columnar structure of the film we suggest that the later case is

more likely.

PZT-Pt film

STO substrate

EHT = 065 kV Signal A= InLens  Date :26 May 2003
Mag = 71.86 KX — . WD= 4mm Photo No. = 1616 Time :14:57:37

Fig. 4.16. Cross-section SEM image of film deposited from a PZT-Pt15 target (E = 4 J/ecm?,
f=5Hz, t =15 min, pO, = 0.1mbar, T, = 400 °C) followed by annealing at 650 °C

for 30 minutes.

4.4 Conclusions

PLD involves many complex processes where various parameters can influence the film
deposition. We found that the most critical parameter for depositing a composite film from
a composite PZT-Pt target is the laser energy density. By using a low energy density of
1.5 J/em?, a very smooth film can be obtained. However it also leads to a much lower Pt
content in the film as compared to the Pt content in the target. This difference resulted
from the quite different ablation behaviour of PZT from Pt. The plasma is unstable during
deposition, which follows from the fact that the target composition is modified during the
laser ablation process. By using energy densities above the ablation threshold of Pt (4
J/em?), one can prevent the above phenomenon and ensure a stable deposition rate with

time and a homogeneous profile of Pt content along the film thickness.

Perovskite PZT phase is obtained only at high oxygen pressures (pO, = 0.05 mbar) since at

lower pressure PbO is substantially lost in the form of Pb metal and oxygen. Increasing the
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oxygen pressure further results in the confinement of the plasma and hence in an increase

of the deposition rate. The film roughness increases with increasing oxygen pressure.

An important parameter for the crystallographic properties of the film is the substrate tem-
perature. Perovskite PZT phase can be directly obtained on SrTiOj; substrates at a narrow
range of deposition temperature between 600 and 650 °C. Lower temperatures produce an
amorphous phase or a disordered pyrochlore phase while higher temperatures lead to a Pb-
deficient pyrochlore phase. Eventhough post-annealing can provide the same effect as an
increased substrate temperature, it is not recommended for PZT-Pt films with Pt content
higher than 15 vol.%. The reason is that during annealing Pt particles with high mobility
seem to aggregate at grain boundaries of the columnar PZT phase and thus short-circuit the

film.

The influence of the laser frequency and the target-to-substrate distance on the growth of
PZT-Pt film is not of significance for the hetero-growth of PZT in the presence of Pt.
The film roughness is mainly determined by the Pt content in the film. The laser frequency

and the target-to-substrate distance can be exploited in tuning the film deposition rate.

From the above analyses, one can choose the most suitable parameters to obtain the desired
properties of PZT/Pt films. The parameters listed in Table 4.4 have been selected by us to
fabricate the films for further electrical characterisations, which will be presented

in Chapter 5.

Table 4.4. The PLD conditions for fabrication of PZT-Pt composite films.

Parameter Setting

Laser energy density 4 J/em® (for close Pt content between film and target)

1.5J/cm®  (for extremely smooth film)

Oxygen pressure 0.1 mbar
Substrate temperature 600 °C
Laser frequency 10 Hz

Target-to-substrate distance 45 mm
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Microstructure and electrical properties of PZT-Pt thin films

5.1 Introduction

In Chapter 3 we presented a study on the properties of the bulk PZT-Pt composites.
The enhancement of the dielectric constant in the material is explained by either the effec-
tive medium theory or the percolation theory. The modification of the ferroelectric proper-
ties in the presence of Pt phase is attributed to two factors: the space charge polarisation at
the PZT/Pt interfaces and the diluting effect of Pt. As mentioned, the electrical properties
of a metal-insulator system depend on the volume fraction [1, 2], the distribution [3] and
the particle size [4] of a metal phase. Thin film fabrication of PZT-Pt composites by Pulsed
Laser Deposition (PLD) and the influence of deposition conditions on film growth were
discussed in Chapter 4. In this chapter we will study the microstructure and the dielectric
and ferroelectric properties of PLD-produced PZT-Pt thin films. Attention will be paid to
the influence of the Pt phase. The relationship between the microstructure and the electri-
cal properties of the film will be discussed also. These properties will be compared with

those obtained for bulk material.

5.2  Experimental

Composite PZT-Pt targets, containing Pt particles of a few wm in size, were prepared by a
sol-precipitation route (see Chapter 3). The Pt content was varied from 3 to 25 vol.%.
A KrF excimer laser (1 =248 nm, /= 10 Hz) was used to grow PZT-Pt films in an oxygen
environment (pO, = 0.1 mbar) on (001) SrTiO; substrates. In order to have atomically flat
surfaces, the substrates were chemically and thermally treated prior to deposition. In this
way a TiO,-terminated surface layer was produced [5]. During deposition, the substrate
temperature was kept at 600 °C to promote the crystallization of the PZT phase. The en-

ergy density (E) of the laser spot was either 4 J/cm® or 1.5 J/cm®.

The produced thin films were characterized by XRD, AFM and TEM. Their composition

was determined by X-ray fluorescence (XRF). Samples for the electrical characterization
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were prepared on single crystal 1 wt.% Nb-doped SrTiO; substrates. The electronically
conducting substrate acted as bottom electrode. The top electrode was provided by sputter
deposition of gold in a surface area of 100x100 um using a shadow mask. The film thick-
ness was determined from a cross section SEM image. The low-field dielectric constant
and dielectric loss were measured at room temperature by means of a multi-frequency LCR
meter 4141pA with a driving voltage of 50 mV in a frequency range of 100 Hz - 1 MHz.
The high temperature C-J measurements were performed at temperature range of 40 °C to
250 °C, at 10 kHz and with a 50 mV amplitude ac signal using a 4275A Multi-frequency
LCR meter (Hewlett-Packard). The high temperature dielectric constants were calculated
from low-field capacitances. The I-V characteristics were recorded at room temperature
using a 4140B pA meter/d.c voltage source. Prior to the /- measurements the samples
were pre-poled. The polarity of the applied voltage was considered with respect of the top
electrode, while the bottom electrode was grounded. The P-E loop measurements were car-

ried out using a Sawyer-Tower circuit over a frequency range of 100 Hz - 1 kHz.
5.3  Results and discussion

5.3.1 Influence of the Pt content

PZT-Pt films were deposited at E = 4 J/cm® for 15 min. The corresponding thickness of de-
posited films, as determined from cross section SEM, was in the range of 500 to 800 nm,

depending on the Pt content.

5.3.1.1 Microstructural properties

In Fig. 5.1 the XRD diagrams of PZT-Pt films with various Pt contents are presented . All
films show perovskite reflections of PZT with a (001) preferred orientation. The presence

of amorphous or pyrochlore phases could not be detected from the diffraction patterns.
In the XRD diagrams, the Pt reflections could not be identified, either because these over-

lap with the SrTiO; peaks or because of the nanometer size of the Pt particles. The pres-

ence of a Pt phase has been proven quantitatively by the XRF analysis (see Chapter 4) and

! Films with different Pt contents are denoted similar to the corresponding target, i.e., the film deposited from a PZT-Pt5

target is denoted as PZT-Pt5 film.
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also by TEM imaging, as shown in Fig. 5.2a. The TEM picture clearly shows that Pt parti-
cles, visible as dark spots in a brighter PZT matrix phase, are dispersed homogeneously.
Pt particle sizes are in the range of 3-10 nm. The PZT phase shows a columnar structure
with an average width of 60-80 nm. The cross-section TEM image in Fig. 5.2b shows a
good matching of lattice fringes between the film and the SrTiO; substrate, especially at

the film-substrate interface.

(a) PZT
(b) PZT-Pt5
(c) PZT-Pt10
(d) PZT-P115 | o sTO
— 5l sTo
3 |k v
E/ -
Z w =
WM_..A
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ﬂ W@J -
C (a)
20 I 30 I 40 I 50
20 (deg.)
Fig 5.1. XRD patterns of PZT-Pt films with different Pt contents. The result of PZT film is

also shown for comparison.

Fig. 5.2. Cross-section TEM image of a PZT-Pt10 film as general view (a) and at the
film/electrode interface (b).
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Fig. 5.3. AFM images of PZT-Pt5 (a), PZT-Pt10 (b) and PZT-Pt15 films (c) (the roughness
(rms) is indicated); SEM pictures of corresponding films (d-e).

The surface properties of PZT-Pt films are revealed in the AFM pictures given in
Fig. 5.3a-c. It can be seen that the roughness of the film increases with increasing Pt con-

tent. The average lateral size of PZT is around 70 nm, which is in agreement with the TEM
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observations. In high Pt content films (Fig. 5.3b-c), small particles of 30-40 nm appear in
between large grains. It is assumed that Pt inclusions at the PZT grain junctions inhibit the
growth of the PZT grains, as was also observed for bulk materials. Corresponding cross-
section SEM images of those samples are provided in Fig. 5.3d-e. All films show a colum-
nar structure. With increasing Pt content, the columns become more irregular with open

grain boundaries and small particles surrounding them.

5.3.1.2 Electrical properties

a. Dielectric constant and dielectric loss

The dielectric constant € and dielectric loss fan  are presented as a function of frequency f
in Fig. 5.4 for PZT and PZT-Pt films with Pt contents below 10 vol. %. As can be seen
from Fig. 5.4a, those films exhibit an almost linear dependence of € on frequency. In the
wide range from 500 Hz to 1 MHz, tan 0 has low and almost unvaried values around 0.04,
except the slight increase around 1 MHz (Fig. 5.4b). At low frequency of 100 Hz, it in-
creases sharply above 0.1. Of notation is the increase of € with increasing Pt content while

tan O remains low.

The frequency dependence of both € and tan & changes abruptly at Pt content of 15 vol.%
(see Fig. 5.5a). The dielectric constant exhibits a sharp increase at f~ 1 kHz, accompanied
by a peak of fan & around that frequency. The maximum value of tan & increases signifi-
cantly to 0.4. The same behaviour was observed for PZT-Pt25 film, but with the loss peak
shifting to 300 Hz and a maximum loss of 0.79 (Fig. 5.5b).

The dependence of dielectric constant on Pt content, measured at 100 Hz and 1 kHz, is
presented in Fig. 5.6, together with results obtained on bulk PZT-Pt. For PZT-Pt films, in-
creasing the Pt content up to 10 vol.% results in an increase of €. The enhancement factor
is maximum at 10 vol.% Pt and equals 8 with respect to pure PZT, which is much higher
than that obtained in the bulk. With further increase of Pt content the dielectric constant
starts to decrease. The difference between € values measured at 100 Hz and 10 kHz is more

significant at these Pt contents.
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Fig. 5.4. Frequency dependence of the dielectric constant (a) and the dielectric loss (b) of
PZT-Pt films with Pt contents varying from 0 to 10 vol.%.
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The temperature dependence of the dielectric constant was also analyzed. The € values
calculated from capacitances measured at 10 kHz are plotted as a function of temperature
for PZT and PZT-Pt films in Fig. 5.7. The maximum temperature obtained is only 250 °C ',
which is still below the Curie temperature given in literature for PZT (360-390 °C). As ob-
served from the e-T plots, € increases up to 250 °C for PZT film while it seems to saturate
around 200 °C for PZT-Pt10 film. It is noted that the -7 plot of the latter film exhibits a
quite broad maximum. That maximum shifts to 175 °C for PZT-Pt15 and to 150 °C for
PZT-Pt18 with the further increase of € around 200 °C. The latter observation possibly re-
lates to the thermally activated behavior of charge carrier concentrations, which induce a

capacitance increasing with increasing temperature.
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Fig. 5.7. Dielectric constant as a function of temperature for PZT-Pt films.

b. I-V characteristics

The I-V curves obtained for PZT and PZT-Pt films, irrespective of the composition, exhibit
an asymmetry due to the asymmetric geometry of Au/PZT-Pt/Nb-STO capacitors, as can

" the temperature is limited by the set-up.
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be seen in Fig. 5.8. The leakage current increases several orders with increasing Pt con-
tents, from 5x10” for pure PZT to 3x10™ A/cm? for PZT-Pt25 at 100 kV/cm. Most pro-
nounced is the shift to lower fields of the threshold field, where Schottky emission is ini-

tialized. More details on /-} analysis will be presented in Chapter 6.
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Fig. 5.8. I-V curves of PZT-Pt films measured at room temperature.

c. Polarisation behaviour

All samples demonstrated asymmetric P-£ loops, which is also due to the asymmetric ge-
ometry of Nb-STO/PZT-Pt/Au capacitors. For films with Pt contents above 5 vol.% the
loops shifted vertically once the voltage was applied, similarly to what was observed in
compositionally graded ferroelectric devices prepared with BST, PZT and PLZT [6-8]. The
physical mechanism for the onset shifting has been proposed to be due to either the build-
up of potential across the graded films [6] or due to the asymmetrical leakage current

[9-10]. For comparison between samples, the loops were corrected for the shift.

In Fig. 5.9 we present P-E loops, measured at frequencies from 100 Hz to 1 kHz, for PZT
and PZT-Pt films. From these measurements, two important features were observed:

- In the above-mentioned range of frequency, while PZT and PZT-Pt3 films show almost
no frequency dependence, films with higher Pt contents exhibit a significant decrease of
the remanent polarisation and coercive field with increasing frequency.

- With addition of Pt, the loops shrink both in vertical and horizontal directions, showing a

decrease in both polarization and coercive field. From 0to 5 vol.% Pt, the polarizations
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have values around 21-24 uC/cm”. At 10 vol.%, it drops drastically to 14.5 uC/cm? at
=100 Hz and to 7.5 pC/cm” at f = 1 kHz. The polarization almost vanishes at 25 vol.%
Pt with the value of only 1.7 uC/cm?® at /' = 1 kHz. The remanent polarisations and coer-

cive fields derived from P-E loops are listed in Table 5.1.
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Fig. 5.9. P-E loops of PZT-Pt samples, measured at 100 Hz, 500 Hz and 1 kHz for: PZT (a),
PZT-Pt3 (b), PZT-Pt5 (¢), PZT-Pt10 (d), PZT-Pt15 (e) and PZT-Pt25 (f).
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Table 5.1. Remanent polarisations and coercive fields measured at 100 Hz and 1 kHz for PZT-Pt

thin films with different Pt contents.

Sample f=100 Hz f=1kHz
P, (uC/cm?) E. (kV/cm) P, (uC/cm?) E. (kV/cm)

PZT 21.0 109.0 21.0 109.0
PZT-Pt3 21.5 45.0 21.0 45.0
PZT-Pt5 24.5 49.0 21.0 41.0
PZT-Pt10 145 43.5 7.5 27.5
PZT-Ptl5 6.0 17.0 3.8 12.0
PZT-Pt25 3.4 18.0 1.7 10.0

5.3.1.3 Discussion

Based on the electrical properties of the studied PZT-Pt films, we can roughly divide the

films into two groups:

Films with low Pt contents are characterized by a relative smooth surface and a
well-defined columnar structure. They exhibit a weak dependence of the dielectric
constant, the dielectric loss and the P-E loops on frequency (Fig. 5.4). The dielec-
tric constant increases with Pt content while the dielectric loss remains low and in-
variant. Typical ferroelectric loops were observed in the P-E measurements, how-
ever with a slight decrease of the polarization and the coercive field with increasing

Pt content (Fig. 5.9).

Films with high Pt contents posses rough surfaces and irregular columnar struc-
tures. They demonstrate a sharp increase in the dielectric constant with decreasing
frequency, accompanied by a loss peak around 1 kHz (Fig. 5.5). The dielectric con-
stant decreases with Pt content while the dielectric loss rises to extremely high
value. In addition, the ferroelectric loops significantly shrink with increasing fre-
quency and increasing Pt content (Fig. 5.9). The loops are very narrow with low
remanence, which resemble those typical for relaxor ferroelectrics (see Chapter 1).
Other important features include the shifting of the onset voltage under applied
field, the smearing of the temperature at which the dielectric constant reaches a

maximum.
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a. Frequency dependence of dielectric constant and dielectric loss

The frequency dependence of the dielectric constant of the first group (Pt content below
10 vol.%) can be fitted to the well-known universal law: € ~ /™" [11], as can be seen from
the logarithmic plot in Fig. 5.10. The value of n is very close to unity, in the range of
0.973-0.982. The observed behavior indicates that there is no relaxation process occurring
in the studied frequency range. The high loss at low frequency is due to the dc
conduction [11], and in this case, the leakage current of the film. The slight increase of tan
0 at around 1 MHz can be attributed to another resistance in series with the system, origi-
nated from either the film/electrode interface or the PZT/Pt interface resistance (note that
the increase in loss in PZT-Pt samples are more significant than in pure PZT). It also can
correspond to a relaxation of ion vibration, more specifically, the shift of Ti*" ions inside

the octahedron, which usually takes place at high frequency of 100 MHz [12].

4.0
PZT-Pt10
PZT-Pt5 e= fo.9&1
35 -M
o = 97
loge T‘?
30l ¢ = {00821
PZT
o = 0I5 >
25 1 L 1 L 1 L 1 L 1
2 3 4 5 6
log (fiHz)
Fig. 5.10. The logarithmic representation of the dielectric constant versus frequency. Solid

lines represent linear fittings.

A loss peak around 1 kHz observed for the second group (Pt content above 10 vol.%) im-
plies a relaxation of polarisation process. Low frequency relaxations in ferroelectrics in-
clude dipole switching or domain wall relaxation and space charge relaxation [13].
The former however is significant only at temperatures near 7¢, which is around
360-390 °C for PZT. Hence it is more likely that the loss peaks observed in our case corre-
late to the space charge relaxation, which is associated with the formation of charges at the

film/electrode interface and at the PZT/Pt interfaces inside the film. The former is due to



96 Chapter 5

accumulation/depletion of charge carriers at the interface between the film and the elec-
trode and hence, is related to the leakage current. The latter is well-known as the Maxwell-
Wagner effect in inhomogeneous medium, arising from the difference in conductivities of
various phases in contact [14]. This effect is also responsible for the drastically increase of
the dielectric constant at low frequencies. In our case, the appearance of a loss peak in
high-Pt content films is possibly due to high conductivity and a large amount of PZT/Pt

interfaces in those films.

b. Leakage current

The leakage current in PZT-Pt films is considered due to charge carrier injection from the
electrode to the film over the Schottky barrier at the film/electrode interface. The current
density is exponentially inversely proportional to the barrier height, which is determined
by the difference between the work function of the metal electrode and the electron affinity
of the ferroelectrics. When different bottom and top electrodes are employed, the /-V curve

will be asymmetric to the voltage polarity, as observed in Fig. 5.8.

The shift of the threshold voltage for Schottky emission towards smaller values with Pt
addition can be intuitively understood if one takes into account the fact that the effective
electrical field in the case of a composite thin film will be larger than simply the ratio of
the applied voltage over the thickness. Due to the dispersion of many conducting particles,
in which there is no electrical field, the electrical field is redistributed across the composite
thin film. The increase of leakage current of several orders with Pt addition however could
not be explained alone by the shortening of the ferroelectric phase. It is attributed to the
change of the Schottky barrier height at the film/electrode interface in the presence of
nano-Pt particles. A more thorough analysis of /I-V characteristics will be presented in

Chapter 6.
c. Frequency dependence of the P-E loops

The switching time for domains in PZT films is usually in the range of a few hundred
nanoseconds, which means that a frequency below 1 MHz provides enough time for fully
switching of the polarization. According to Scott [15], the reason why the coercive field
varies with frequency is that domain switching in a ferroelectric involves domain wall mo-
tion, which has an increasing resistance or viscosity with increasing frequency. It results in

the following empirical relationship for coercive field: E. ~ '™, where m = 6 + 7 [16].
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From this relationship one can expect a negligible effect of frequency in the range of

100 Hz to 1 kHz, as we observed for pure PZT and PZT-Pt3 (Fig. 5.9a-b).

The significant decrease of the remanent polarisation with increasing frequency, observed
for other PZT-Pt samples (Fig. 5.9c-f) reveals the contribution of a non-switching, but
strongly frequency dependent component to the total polarisation. The space charge polari-
sation is well-known as one of the non-switching sources. Since its contribution is more
significant at low frequency, the P-E loop inflates with decreasing frequency. The opening
of the P-E loop at high electric fields also resulted from that non-switching source. At high
enough fields, where the switching polarisation tends to saturate, the leakage current con-
tinues to rise, increasing the space charge polarisation at the film/electrode interface and

hence the total polarisation.
d. Thin film versus bulk material

e The enhancement of the dielectric constant

Addition of Pt in a PZT matrix results in the increase of the dielectric constant in both bulk
and thin film material. There are, however, several distinguished features between bulk and

thin film:

- The enhancement factor of the dielectric constant in thin films is higher than in

bulk material (see Fig. 5.6).

- In bulk material, the dielectric constant increases with the Pt content as a power
law, following the percolation theory with a critical volume fraction ' of 0.29
(see Chapter 3). For thin films, the power law is not obeyed. At Pt contents higher

than 10 vol.% the dielectric constant however decreases with increasing Pt content.

The above difference between PZT-Pt bulk and thin film is possibly due to the difference

in Pt particle sizes: micron-size (> 0.5 um) in bulk and nano-size (< 20 nm) in thin films.

Considering a conducting-insulating mixture, at a certain volume fraction of the conduct-
ing phase, a higher enhancement factor of the dielectric constant is expected if the critical
volume fraction shifts to a lower value. Maliaris et al. [4] have shown that the critical vol-
ume fraction drops when the conducting particles are about 16 times smaller than the insu-

lating ones. However, even though the ratio of PZT over Pt particle sizes in thin films is

! A volume fraction corresponds to the percolation threshold, i.e. when a percolation conducting path is formed in the

system. The predicted value by the effective medium theory is 0.33.
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around 10-20 while that for the bulk is around 1-2, the percolation threshold in thin films
was not lower than in the bulk. Even at 40 vol.% Pt content an insulating behavior was ob-

served, i.e. the percolation path is not yet formed in the film.

On the other hand, the increase in dielectric constant can also be attributed to the formation
of a space charge layer at the PZT/Pt interfaces. Since the interface area is inversely pro-
portional to the particle size, the influence of this double layer will be much more pro-
nounced in thin film than in bulk. This explains the sharper increase of the dielectric con-
stant with increasing Pt content observed for thin films (Fig. 5.6). The consistence of the
experimental data with theory is satisfied only if the decrease of the effective thickness of
the PZT phase in the presence of the Pt phase is taken into account, while the surface inter-

action between two phases is neglected.

It is not yet clear why in thin films the dielectric constant decreases with further increasing
Pt content above 10 vol.%. Since no other phase than perovskite PZT phase was detected
in XRD diagrams, this decrease is not due to the formation of the pyrochlore phase or any
other phases. It possibly relates to the decrease of the PZT grain size or to the formation of
an interface layer between PZT and Pt phases, which has a low dielectric constant. At high
Pt contents, the effect of these low dielectric constant layers could be dominant over the
effect of the space charge layer, hence resulting in the decrease of the total dielectric con-

stant.

e The change of P-E loops
The P-E loops of both PZT-Pt bulk and thin film shrink with Pt addition. The effect is

however much stronger in thin films than in bulk. A PZT-Pt23 bulk sample remains ferro-
electric with a reasonably high polarization of 18 uC/cm” at 100 Hz (see Chapter 3). Mean-
while for PZT-Pt thin films the polarizations drops quickly at 10 vol.% Pt and almost van-
ished at 25 vol.% Pt (see Table 5.1).

The simple mixing rule, based on the diluting effect of non-ferroelectric Pt phase, explains
the decrease of polarization with increasing Pt content in the bulk, but fails in thin films.
Hence, the size-effect should be taken in consideration. On the one hand, we can regard
that the dispersion of the Pt phase shortens the PZT phase down to the limited size, under
which PZT appears as a paraelectric phase. Even though the theoretical value of that criti-
cal thickness, calculated by a mean-field Ginzburg-Landau approach is around 20 nm at

room temperature [17], to our observation a 60 nm thick PZT film already lost the switch-
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ing property (see Appendix). On the other hand, the nano-sized Pt particles dispersed
throughout the PZT matrix can be considered as impurities centers, which break up in
some degrees the periodicity of the long-range order in PZT phase. This breaking of perio-
dicity split the micro-sized domains of PZT into smaller sub-micro sized domains or even
nano-polar domains, depending on the concentration and dispersion of the Pt phase.
Since the stability of the domain is inversely proportional to its size, the nano-polar do-
mains are not stable and are driven to paraelectric upon a thermal agitation. As a result, the
total polarization and also the coercive field are expected to drop quickly with further Pt
addition. That phenomenon does not occur in bulk because the size of both Pt and PZT
particles is in the micrometer scale and so is the distance between them. The domain struc-

ture hence is not expected to change in this case.

e. Relaxor-like behaviour?

The slim but still non-linear P-E loops obtained for PZT-Pt films with Pt contents above
10 vol.% (Fig. 5.9e-f) look identical to the characteristic P-E loop of relaxor ferroelectric
material (see Chapter 1). Important features of relaxor ferroelectrics are (a) frequency de-
pendent and diffuse phase transition (b) slow degeneration of the hysteresis as the tempera-
ture increases through the dielectric maximum, referred to the square-to-slim loop transi-
tions. Even though the exact nature of their peculiar physical properties is not yet clear, the
origin mainly stems from the nano-scale chemical/structural inhomogeneity that breaks the
translational invariance of the polarization. Impurities, defects, incomplete or inhomoge-
neous cation ordering, macroscopic fluctuations in chemical composition, core/shell struc-
ture, etc. can lead to the smearing of the ferroelectric phase transition. The substitution of
La into a PZT host can be taken as a typical example. La®" substitution hinders ferroelec-
tric ordering by disrupting the coupling between BOg octahedra. When the La content in-
creases, the structure changes from a long-range-ordered ferroelectric state to an ensemble
of polar regions (~ 10 nm). It is known that the energy barrier separating alternative do-
main states scales with the domain volume. Near a domain dimension of 10 nm that en-
ergy barrier is small comparable to kg7 at room temperature, making the polar region un-
stable [18]. The studies made by Viehland [19] shows evidences from TEM observation of
the transformation from normal micron-sized domains to polar nanodomains around

25 at.% of La in PLZT [19].

The variation of the polarization and the coercive field of PZT-Pt films with respect to Pt

content bears a resemblance to the relaxor-ferroelectric transition of PLZT. The Pt entities
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can be considered to act as La’" in breaking the long-range order of polarization, which
makes the remanent polarization decrease with increasing Pt content and disappear at cer-
tain contents. Even though the Curie temperature could not yet be determined due to the
limit of measurement set-up, PZT-Pt films seems to have a broader ferroelectric-
paraelectric phase transition, shifting to lower temperatures as compared to pure PZT
(see Fig. 5.7). Other evidences such as the frequency dependence of the phase transition,
the formation of nano-polar domains, etc. are necessary to conclude if the Pt phase really

induces the relaxor-ferroelectric transition.

5.3.2 Multi-layer (PZT/PZT-Pt), film: influence of the Pt dispersion

PZT-Pt layers are separated by PZT layers in a multi-layer (PZT/PZT-Pt), film in order to

reduce (a) the leakage current and (b) the surface roughness of the composite film.

5.3.2.1 Experimental and results

The multi-layer film consists of 25 alternating layers of PZT and PZT-Pt25, the thickness
of each layer is around 10 nm. The film was prepared by alternating deposition using
multi-targets (E = 4 J/cm?, pO, = 0.1 mbar, = 10 Hz). The film morphology can be seen
from a cross-section SEM image presented in Fig. 5.11. The surface smoothness of the

multi-layer film is not much enhanced in comparison with single-layer PZT-Pt25 films.
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Fig. 5.11. Cross-section SEM of a (PZT/PZT-Pt25), multi-layer film.

With respect to conductivity, the multi-layer film has a lower leakage current than the sin-
gle-layer PZT-Pt25 film. The current density is 5x10™* A/cm?” at 100 kV/cm, which is com-
parable to the value obtained for a single-layer PZT-Pt10 film. The frequency dependence
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of € and tan & for the multi-layer film is presented in Fig. 5.12. The dielectric constant

measured at 100 Hz is 1260, which is in between those values of PZT (600) and PZT-Pt25

(3500) films. The following relationship was observed for the dielectric constant versus

frequency: £~ /"' with n = 0.982. The magnitude of tan & is considerably high (around

10 %) but a loss peak was not observed in the given frequency range. A well-defined P-E

loop was recorded, as can be seen in Fig. 5.13. The remanent polarization is 37.5 ;,LC/cm2,

which is even higher than the value of 15 uC/cm” obtained for a PZT film having the same

film thickness (see Appendix). The coercive field is 176 kV/cm, comparable to that of PZT

film. The loop however tilts and does not saturate at high fields up to 800 kV/m.

The rounder tip of the loop indicates a reasonable amount of leakage current at high fields.

Fig. 5.12.

Fig. 5.13.
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5.3.2.2 Discussion

The multi-layer (PZT/PZT-Pt25), film has an average Pt content equal to that of the single-
layer PZT-Pt10 film. It explains the same order of leakage current obtained for the two
films. The dielectric constant of the single-layer PZT-Pt10 film (5400 at 100 Hz) is, how-
ever, much higher than that of the multi-layer (1260 at 100 Hz). This observation indicates
that not only the content but also the spatial distribution of Pt phase determines the effec-
tive dielectric constant of PZT-Pt system. Actually, a multi-layer film can be considered as

series of capacitors and the total dielectric constant € can be calculated as following:

d_dyy  dyry 5
€ Epyr Eprp
where d is the total film thickness, €pzr and €pzr.p¢ the dielectric constants of PZT and
PZT-Pt25, respectively. The value of € depends on the thickness of each layer but should
be in between €pyr and €pzrp. Using d = 250 nm, epzr = 600, epzrpe = 3500,
dpzr = 130 nm, dpzrpe = 120 nm, Eq. (5.1) provides a corresponding value of 1000 for €.
The difference between the calculated value (1000) and the experimental value (1260) is
possibly due to errors in determining the thickness and dielectric constant of each phase.
The high dielectric loss of the multi-layer film resulted either from high loss of the PZT-
Pt25 component or from a large concentration of charged impurity centers, especially at

the interfaces between layers.

Similarly, with respect to the ferroelectric behaviour, one should not treat a (PZT/
PZT-Pt25), multi-layer simply as a system containing 10 vol.% Pt. The phase distribution
of the multi-layer and single-layer films is schematically drawn in Fig. 5.14, where the Pt
particles are represented as spheres. In a single-layer PZT-Pt10, Pt particles are homoge-
neously distributed all over PZT matrix. The average separation distance between Pt parti-
cles is around 5-10 nm, as can be roughly estimated from TEM picture in Fig. 5.2a. Those
nano-Pt particles may act as impurity centers and induce the formation of PZT nano-sized
domains. Since those nano-domains are easily driven from ferroelectric to paraelectric
state, the single-layer film exhibits low values of polarization (7.5 uC/cm2) as well as of

coercive field (27.5 kV/cm).

Meanwhile, in a multi-layer there are regions of PZT matrix free of Pt dispersion, in which
ferroelectricity is still retained. One may question the existence of ferroelectricy in such a

thin layer of 10 nm only, since the 60 nm thick PZT film already shows paraelectric
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behaviour (Appendix). However, it should be emphasized that those 10 nm PZT layers are,
firstly, sandwiched between other PZT-based layers, and secondly, are multiplied at least
10 times. The long-range interaction, which is the origin of ferroelectricity, is therefore
kept over the whole thickness of the multi-layer film. Our case is similar to PZO/PTO sys-
tem, which exhibits ferroelectricity even when the periodicity of each layer is only few

unit cell (~ 1-2 nm) [20].
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Fig. 5.14. Schematic representation of Pt distribution in a single-layer PZT-Pt (a) and in a
multi-layer (PZT-Pt/PZT), (b).

The tilting of the P-E loop is known to originate from the effect of a space charge layer at
the film-electrode interface [21]. The charged defects near the interface between layers
may pin domain walls and create a localized space charge field opposing the applied field,

causing a non-saturation behavior [22].

In conclusion, the dielectric constant and dielectric loss of the multi-layer (PZT/PZT-
Pt25), film have values in between those of single-component films, and very much differ-
ent from those obtained for single-layer film having the same Pt content. This observation
reveals the important role of the spatial distribution of the Pt phase. Similarly, while PZT-
Pt10 shows evidence of the degradation in ferroelectricity, the multi-layer film still exhib-
its good ferroelectric properties. The latter is explained by the preservation of the long-

range interaction in the PZT phase over the whole system.

5.3.3 Influence of the film roughness (films deposited at low and high energy

densities)

For a good electrical performance, a smooth film surface is always desired since it pro-
vides a homogeneous electric field distribution, a sharp and less defected interface between
the film and the electrode. In Chapter 4, we already showed that the film roughness could

be tailored through adjusting the laser energy density. The surface roughness of a film de-
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posited at low energy density is much lower compared to a film deposited at high energy

density.

5.3.3.1 Results

In Fig. 5.15a we present the TEM image of a film deposited at 1.5 J/em® using a PZT-Pt15
target. From XRF analysis, the Pt content of this film is comparable with a film deposited
from a PZT-Pt10 target at higher energy density of 4 J/cm?. The TEM image of the latter
film is presented in Fig. 5.15b. As can be seen from the pictures, the film deposited at
1.5 J/em? is much smoother than the film deposited at 4 J/cm®. A columnar structure is re-

vealed, but the grain boundaries between columns are not clearly visible.

(@) ®)

Fig. 5.15. Cross-section TEM image of films deposited at 1.5 J/cm® (a) and at 4 J/cm® (b).

Both films show little frequency dependence of the dielectric constant and dielectric loss in
the frequency range of 100 Hz to 1 MHz (see Fig. 5.16a). Values obtained for tan § are
low and in the same range as 0.03 for the smooth and 0.04 for the rough film. The dielec-
tric constant of the smooth film (2830 at 100 Hz), however, is lower compared to the rough

one (4400 at 100 Hz). The smooth film also exhibits a lower leakage current (see Fig.
5.16b).

The ferroelectric properties of the two films demonstrate quite different features, as can be
seen in Fig. 5.17. The coercive fields measured at 1 kHz are 82 kV/cm and 27.5 kV/cm,
while the remanent polarizations are 30 uC/cm2 and 7.5 p,C/cmz, for the smooth and the
rough films, respectively. Again we observed a frequency dependence of the P-E loops,

illustrated in the decrease of the polarization and coercive field with increasing frequency.
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Fig. 5.17. P-E loops of the smooth (a) and the rough films (b) measured at

different frequencies.

5.3.3.2 Discussion

Under an external electric field, a smoother film surface provides a more homogeneous
field distribution, and hence a lower leakage current than a rougher surface. A lower leak-
age can also be attributed to a lower surface state density at the film/electrode interface,
which is obtained by a smooth film surface. However, the difference in leakage current of
the smooth and the rough films is not large, indicating the more important role of Pt frac-

tion in the film.

The relationship between the dielectric constant, the polarization and the film roughness is

not straightforward. The distribution and/or the size of Pt particles, which actually governs
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the film roughness, possibly play a more important role. From the TEM images the loca-
tion of Pt particles can hardly be observed for the smooth film, most likely because the
sizes of the Pt particles lie below the measurement resolution. We therefore assume that
there exists a critical size for Pt particles, above which phase segregation occurs, leading to

the film roughening.

The formation of an interface layer with low dielectric constant between a PZT film and Pt
electrodes is well-known in literature [23, 24]. This low dielectric layer results in the de-
crease of the total dielectric constant. With decreasing film thickness that so-called
“dead-layer” effect becomes more significant. If we assume that the same phenomenon oc-
curs at the PZT/Pt interfaces in a PZT-Pt film, the modification of the dielectric constant
by Pt dispersion is influenced by at least 3 factors: the reduction of the PZT effective
thickness, the formation of a space charge polarization and a low-dielectric constant layer
at PZT/Pt interfaces. Among them, the first two increase the total dielectric constant while
the last one lowers it. The lower dielectric constant observed for the smooth film is possi-

bly due to the dominance of the last factor when the Pt particles are very small.

The different polarization behaviour of the smooth versus the rough films may correlate to
the stability of the ferroelectric state. According to Ref. [25], the total free-energy for the
transformation from the ferroelectric to the paraelectric state mainly consists of three com-
ponents: (a) the chemical energy, which relates to the defect concentration, in this cases the
Pt content; (b) the elastic energy, which relates to lattice misfit and (c) the electrostatic en-
ergy, which relates to the dipole-dipole interaction, the depolarization field and the applied
field. Among them, the elastic strain component is the one with a negative value, hence
lowering the total free energy and favoring the existence of the ferroelectric state. The con-
tribution of the elastic strain energy in the smooth film is expected to be larger than in the
rough film, since in the latter the strain caused by lattice misfit is all relaxed through for-

mation of grain boundaries, dislocations, ect.

5.4 Conclusions

PZT-Pt films grown on (001) SrTiOs substrates are preferentially oriented in the (001) ori-
entation. Films consist of PZT columns with lateral size of around 60-80 nm and spherical
Pt particles with size of 3-10 nm. Films are smooth with the surface roughness increasing

with Pt content.
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The electrical properties of PZT-Pt films significantly differ from pure PZT films. Below
10 vol.% Pt, the dielectric constant increases with increasing Pt content, while the dielec-
tric loss remains low. The maximum enhancement of the dielectric constant is a factor of 8
at 10 vol.% Pt, compared to pure PZT. With further increasing Pt content above 10 vol.%,
the dielectric constant decreases. High-Pt content films exhibit high loss with a loss peak
around 1 kHz. The loss is attributed to the space charge relaxation, which arises from the

interface charges at the film/electrode and the PZT/Pt interfaces.

The P-E loops shrinks upon Pt addition. The remanence almost disappears for PZT-Pt25
film. PZT-Pt films also are distinguished from pure PZT by the strong frequency depend-
ence of the polarization. This frequency dependence arises from a non-switching but fre-
quency dependent component, which can be the space charge polarization. The asymmetry
of the build-up charges at top and bottom electrodes is considered to cause the P-E loops

shifting along the polarisation axis.

PZT-Pt composite films exhibit higher leakage current than pure PZT film. The increase of
leakage current is due to the re-distribution of the electric field in the presence of conduct-

ing Pt particles and the change of the barrier height at the film/electrode interface.

The influence of Pt addition on the dielectric properties observed in PZT-Pt thin films dif-
fers from PZT-Pt bulk. The difference is attributed to the nano-size effect of Pt particles in
thin films. The dependence of the dielectric constant on the Pt content follows percolation
theory in bulk material, but not in thin films. The latter observation is possibly because in
thin films the contribution to the dielectric constant of space charge polarization at PZT/Pt
interfaces is dominant over the decrease of the PZT effective thickness. Since the space
charge polarization is inversely propotional to the particle size, one can expect the pro-
duced effect is much larger for nano-sized particles in thin films than for micron-sized par-

ticles in bulk.

If the decrease of the polarization with increasing Pt content, as observed in bulk material,
can be explained by a diluting effect of a non-ferroelectric phase, in thin films it fails in
explaining the vanishing of the remanent polarization at Pt contents far below the percola-
tion threshold. The role of Pt particles as impurities to break down the periodicity of the
polarization hence must be taken into account. Small Pt entities dispersed all over the PZT
matrix and about 5-10 nm separated from each other, possibly split the micro-sized PZT
domains into nano-sized domains. Since the stability of the domain is inversely propor-

tional to its size, the paraelectric-ferroelectric transition of those nano-domains may take
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place just by thermal vibration around room temperature. The narrowing and finally disap-
pearance of the hysteresis in the P-E loops, together with the broader phase transition, ob-
served from € vs. T plots, resemble the characteristics of relaxor ferroelectrics. Other evi-

dence is necessary in order to confirm whether Pt addition induces the relaxor behaviour in

PZT.

The electrical properties of PZT-Pt films depend not only on the Pt content but also on the
spatial distribution of the Pt phase. When small Pt particles, separated few nanometers
from each other, are 3D homogeneously distributed in a PZT host, the ferroelectricity is
degraded. Meanwhile, good ferroelectric performance is still observed in a multi-layer
(PZT/PZT-Pt), film, where Pt particles are separated by 10 nm thick layers of PZT.
The preservation of the ferroelectricity is either due to the expansion of micro-sized do-
mains of PZT in lateral direction or due to the existence of the long-range order along the
film thickness. The dielectric constant and dielectric loss obtained for a multi-layer
(PZT/PZT-Pt), film are in between the values of single component films, and very much

different from those of a single PZT-Pt film having the same Pt content.

The dielectric and ferroelectric properties of PZT-Pt films are dependent on the film rough-
ness. A smoother film exhibits a lower leakage current due to a more homogeneous
distribution of electric field and a less-defected film/electrode interface. The effect of film
roughness on the dielectric constant and polarisation is not clearly understood in terms of
roughness. It is assumed to originate from the size-effect of Pt particles, which in turn in-

fluences the film morphology.
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Conduction mechanism in PZT and PZT-Pt films

6.1 Introduction

Understanding the nature of the leakage current in ferroelectric films is important for de-
vice operation. As presented in Chapter 5 for PZT-Pt films, high leakage current results in
an increase of dielectric loss at low frequency and changes in the P-E loop while the
asymmetric current is responsible for drifting of P-E loop along the polarisation axis. Dif-
ferent models describing the leakage current have been proposed to explain the conduction
characteristics of PZT films [1-7]. These models can be divided into two general groups:
interface-controlled and bulk-controlled mechanisms. Carrier injection through a blocking
contact such as thermionic- Schottky emission and Fowler-Nordheim tunnelling belongs to
the first group. The second group includes ohmic conduction, Pool-Frenkel emission and
space-charge limited conduction (SCLC). In many cases the favoured transport mechanism
is electron injection into the conduction band of the dielectric material at the cathode by
thermionic and/or tunnel emission, possibly combined with transport by carrier drift and

diffusion in the bulk of the film.

A number of publications on the /-} analysis of ferroelectric films have appeared. Most
authors, however, did concentrate mainly on the high-field conduction regime using differ-
ent conduction laws such as SCLC [1], Schottky [2-3], Pool-Frenkel [4], Fowler-Nordheim
[5] or mixed conduction [6-7]. Actually, a typical I-V characteristic as shown in Chapter 5
consists of several regimes and the cross-over between the regimes is an important feature.
An adequate model for conduction should describe all the regimes as well as the cross-over
between them.

In this chapter the leakage currents of PZT and PZT-Pt films will be discussed. A model
will be proposed to explain the /-} characteristics obtained for the films. Subsequently the
influence of electrodes, field polarity and film thickness on the conduction will be verified.

Finally, the effect of Pt addition on the leakage current of PZT-Pt films will be clarified.
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6.2 Experimental

PZT and PZT-Pt films were prepared by PLD on conducting 1 wt.% Nb-STO substrates
under the following conditions: 7y = 600 °C, E = 4 J/cmz,f= 10 Hz, pO; = 0.1 mbar,
d =45 mm. The film thickness ranged from 60 to 1500 nm. The synthesis and characterisa-
tion of the films are described in detail in Chapters 4 and 5. For electrical measurements,
the top Au electrodes of 100 nm thickness and 100x100 pm? surface area were sputter de-
posited at room temperature using a shadow mask. D.c conduction measurements were car-
ried out with a 4140 pA meter (Hewlett-Packard) using a d.c voltage source. The film was
poled prior to the measurement to exclude the contribution of a switching current.
During the measurement, the voltage was varied in steps of 100 mV, with a delay time of
2 s before readings. The polarity of the applied voltage was considered with respect of the
top electrode. For measurements at elevated temperatures, a heating chuck was used
which provided a temperature stability of #2 °C. The temperature was varied from room

temperature up to 250 °C. A sketch of the measurement system is shown in Fig. 6.1.

d.c bias

W,

_I Au
Ferroelectrics
Nb-STO |
Yiram Grounded
Fig. 6.1. Schematic presentation of the measurement circuit and the geometry of the PZT and

PZT-Pt thin film capacitors. The top electrode is connected to a d.c-voltage source.

The bottom electrode is grounded.

6.3 Results

6.3.1 I-V characteristics of PZT films

A representative /- curve of a 500 nm thick PZT film, measured at room temperature, is
shown in Fig. 6.2 (current in a logarithmic scale). The current values are lower at negative
than at positive bias, indicating that the leakage current is dependent on the voltage polar-

ity. In both positive and negative branches, the /- curves can be divided in three regimes.



Conduction mechanism in PZT and PZT-Pt films 113

At low electrical fields, denoted as regime I, the current increases super-linearly with in-
creasing field. At intermediate fields the current saturates (regime II) and is nearly field-

independent. At higher fields, the current increases again, indicated as regime III.

In Fig. 6.3 the I-V curves are presented for PZT films with a thickness of 60, 250, 500 and
1500 nm. The /-V characteristics depend on the film thickness, but the three regimes are
clearly visible for all films. In regimes I-II (low and intermediate fields), the current densi-
ties of all films almost coincide. The onset of regime III (high field), however, shifts to-
wards lower field strength with decreasing film thickness. The semi-logarithmic /- plots

in this regime show almost identical slopes.
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Fig. 6.2. Typical I-V curve of the PZT film with thickness of 500 nm. The three regimes I-1II

are also indicated.
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Fig. 6.3. 1-V curves at positive bias of PZT films with different thickness.
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6.3.2 I-V characteristics of PZT-Pt films

In Fig. 6.4 the I-V curve obtained for Au/PZT-Pt10/Nb-STO capacitor at negative bias is
shown. The shape of the curve does not differ from that obtained for pure PZT
(see Fig. 6.2). The three above-mentioned regimes are also clearly distinguished. The
magnitude of the leakage current in a PZT-Pt10 film, however, is about a factor 3 higher
than for a PZT film with the same thickness. The onset field for regime III for the PZT-

Pt10 film decreases significantly with respect to observations for the PZT film.
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Fig. 6.4. 1-V characteristic of PZT-Pt10 film at negative bias.
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Fig. 6.5. I-V curves at positive bias of PZT-Pt films with different Pt contents.

The I-V curves of other PZT-Pt films are presented in Fig. 6.5. It can be seen that increas-
ing the Pt content results in an increase of the leakage current: at first in an increase of the
saturation current in regime II, secondly in a decrease of the onset field for regime III.

The saturation regime disappears at 15 vol.% of Pt. The suppression of the leakage current



Conduction mechanism in PZT and PZT-Pt films 115

at intermediate electric fields for samples with Pt contents higher than 15 vol.% is consid-
ered to be due to trapping of injected carriers by deep traps, which can be emptied at

higher temperatures [8].

6.4 Discussion

6.4.1 Theoretical outline

Since PZT has a band gap of 3.4 eV, we can treat it as a semiconductor and apply the en-
ergy band structure theory for a metal/semiconductor/metal system in which the two met-
als play the role of electrodes. Even though Nb-STO is an n-type doped semiconductor we

will consider it as a metal because of its very high conductivity at high Nb-doping level.

6.4.1.1 Energy band structure in metal-semiconductor interface

a. Barrier height

In Fig. 6.6 the energy band structure of a metal/semiconductor interface in contact is
sketched. Er, E, and E. denote the Fermi level, the valence band and the conduction band,
respectively. The energy difference or barrier for carrier injection from the metal to the
semiconductor is termed a Schottky barrier (®g). This barrier height is the difference be-
tween the work function of the metal ' (®y) and the electron affinity " (%) of the semicon-

ductor:
Dp=Dy- ) (6.1)

If the materials with different Fermi levels are brought together, charge will flow to equal-
ise the Fermi levels through the whole structure, causing band bending near the interface.
The layer of space charge with a width of w, at the interface supports a potential drop
Vi = Dy - D, called the built-in or diffusion voltage (where @y is the work function of the

semiconductor).

"Work function: the energy difference between the vacuum level and the Fermi level edge.

i Electron affinity: the energy difference between the vacuum level and the conduction band.
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Fig. 6.6. Energy band diagram of a metal/semiconductor contact.

b. Depletion regions and flat-band voltage

The surface/interface states, which act as trapping centres for electrons and holes, can in-
duce a space charge depletion region near the metal -electrodes [9, 10].
In metal/semiconductor/metal systems, the depleted regions are present at both electrode
interfaces. When a voltage is applied, the width of the depletion region near the reversed
biased electrode increases. At a sufficiently large voltage, the depletion layer will expand
over the whole thickness of the film, i.e. the film is fully depleted. The corresponding volt-
age is defined as the flat-band voltage Vj, since under this condition there is no space
charge at the interface, and the energy band is flat. V' can be described as follows [9]:

_aNpd’
2g,8,

V

- (6.2)

where €, & are the dielectric constants of vacuum and the semiconductor, respectively, g is

the electron charge and Np is the donor carrier concentration.

Only when the film is fully depleted, the electric field at the metal-insulator interface can

be considered as the voltage over the film thickness: £ = V/d.

6.4.1.2 Possible conduction mechanisms in thin films

In general, the leakage current through a metal/semiconductor/metal system is determined
by the bulk properties of the film and by the electrode interface. Usually one of these fac-
tors is highly dominating. A distinction between a bulk-controlled and a interface-
controlled conduction mechanism can be made by checking the symmetry of the leakage

current with respect to the voltage polarity, while using different top and bottom elec-
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trodes. The bulk-controlled mechanism will exhibit a symmetric /- curve, while the inter-

face-controlled mechanism will demonstrate an asymmetric curve.

a. Bulk-controlled conduction mechanisms

Bulk controlled conduction includes ohmic conduction, space charge limited current
(SCLC) and Poole-Frenkel conduction. Ohmic conduction is often observed at low applied
voltage and represents a linear dependence of current density on applied voltage. In the
case of an ohmic contact, a space charge layer forms at the film/electrode interface above a
critical onset voltage. This onset voltage strongly depends on the trap density in the film.
The current is limited by the space charge layer, hence is called a space charge limited
current. Poole-Frenkel conduction is due to the thermal excitation of electrons or holes

from the trapping levels to the conduction band of the semiconductor [11].

b. Interface-controlled conduction mechanisms

These conduction mechanisms are due to the injection of carriers from the metal electrode

into the film. The injection can be due to the following processes:

Fowler-Nordheim tunnelling: Electrons can tunnel through a barrier that is sufficiently thin
(usually below 10 nm) and energetically high (see Fig. 6.7a). For thick films the tunnelling
of electrons is possible when the interface barrier becomes thin under a very high field.

Usually, the Fowler-Nordheim tunnelling exhibits a weak temperature dependence [12].

Thermionic emission: Electrons will cross the barrier from the metal electrode to the film if
they have energy larger than the top of the barrier (see Fig. 6.7a). The actual shape of the
barrier is hereby ignored. The current density is strongly dependent on temperature.
A thermionic emission can be enhanced by the field-dependent barrier lowering, the so-

called Schottky effect (Fig. 6.7b) [11, 12].

The asymmetric /-V curves obtained for Au/PZT/Nb-STO capacitors provided in Fig. 6.2
suggest that the conduction mechanisms would be interface-controlled. Since the tunnel-
ling conduction usually occurs in the case of a very thin barrier (5-10 nm) and at an ex-
tremely high field, it is not favoured in thick films of 60 nm to 1.5 wm. Thermionic emis-

sion, enhanced by the Schottky effect hence is the most likely mechanism.
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Thermionic emission
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Fig. 6.7. (a) Injection of carriers from a metal into a semiconductor film [11], (b) The barrier

lowering A®j for electrons due to the Schottky effect [12].

64.13 Thermionic emission model for metal/semiconductor/metal capacitors.

a. Thermionic emission

Thermionic emission of electrons over the Schottky barrier at film/electrode interface al-
ways occurs. However, at zero-voltage, the total flowing current via a
metal/semiconductor/metal system is zero, since the backward and forward currents are
equal, apart from the sign. Under an external electric field the barrier height at each
metal/semiconductor interface changes and hence results in a non-zero current. We will
present below how the current changes under an applied voltage and how it depends on the
polarity of the applied voltage. For illustration an Au/PZT/Nb-STO structure is taken here

as an example.

AtV =0:

cI)B,Au
Au PZT Nb-STO

Er
V = 0 J = J+ - J_: O
Fig. 6.8. Energy band diagram of Au/PZT/Nb-STO systems and resulting thermionic currents

without bias voltage.
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The energy band scheme of an Au/PZT/Nb-STO structure at zero voltage is sketched in
Fig. 6.8 together with the resulting thermionic currents. Since the barrier height at the
metal/semiconductor interface, but not the barrier shape determines the emission current,
the forward and backward currents can be described as:

ks ¢
J.=J =4 Tzexp(—%) 6.3)
B

where 4™ denotes the effective Richardson constant, 7 the temperature, kz Boltzmann’s
constant, ®p 4, the barrier height at PZT/Au interface. Because the backward and forward

currents have the same magnitude, in this case no net current flows through the whole sys-

tem.
AtV <0:
J.
2
A

(DB,Au

Ernob-sTo

V<0 I=J.-1L

Fig. 6.9. Energy band diagram of Au/PZT/Nb-STO system at a negative bias voltage.

When a negative voltage is applied, the Fermi energy level of the metal is raised with re-
spect to the Fermi energy in the semiconductor (see Fig. 6.9). As a consequence, the bar-
rier height at the Au/PZT interface remains unchanged, while the barrier height at the
Nb-STO/PZT interface is raised by an amount equal to ¢¥. This results in an unchanged
forward current:

Kk @
J. = A" Trexp(- L2820 6.4
p P( T ) (6.4)

B

and a decreasing backward current:

J = A**Tzexp(——qq)B’A“ gV

KT ) (6.5)

The total current density is given by the difference between J; and J.:
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- qP, 4. qV
J=J . —J =A"T?exp(——22) [ 1-exp(- 21— 6.6
e P( T )[ P( kBT)] (6.6)

Eq. (6.6) shows an increase of the net current with increasing voltage. However, at a suffi-
ciently large voltage, where gV becomes larger than kT, the term exp(-gV/kzT) vanishes

and the current becomes voltage independent:
Kk ®
J=J, = A Texp(- T2, 6.7)
k,T

As a result, the /- curve will represent a plateau, usually called the saturated regime.
In this voltage regime, the current is limited only by the barrier height at the PZT/Au inter-

face and the temperature.

+

-At V> 0:

Bppa -qV Nb—STOi Dg b
® Au PZT
BAu 1 Au PZT Nb-STO
_ v ®p put q(V-V)) qVv
V>0 I=1-1 V=0
(a) (b)
Fig. 6.10. Energy band diagram of Au/PZT/Nb-STO system at positive voltage V' < V; (a),
V>V, (b).

When a positive voltage is applied, the Fermi energy of the metal is lowered with respect
to the Fermi energy in the semiconductor. The barrier height at the Au/PZT interface re-
mains the same, while the barrier height at the Nb-STO/PZT interface decreases (Fig.
6.10a).

The total current flowing through the system is mainly caused by the backward current
from the Nb-STO into the film. At voltages larger than V;, where V; is defined by:
qV: = Ppau - Pnbsto, the barrier height at the Nb-STO/PZT interface remains un-
changed, while the barrier height at the Au/PZT interface starts to increase (see Fig.
6.10b). Now the backward current J. remains the same and the forward current J; becomes

smaller. The total current can than be described by the following equation:
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. (O qV
J = A T exp(—= L2mm-s10) | _ orny(— 47 6.8
p( k,T )[ p( kBT)] (6.8)

Eq. (6.8) has the same form as Eq. (6.6), it differs only in the barrier height value.
This leads us to the conclusion that at negative bias the current is governed by the Au/PZT
interface while at positive bias it is determined by the Nb-STO/PZT interface. In another

words, it is the reverse biased interface that determines the net current through the system.

b. Schottky effect (Schottky emission)

From the previous section, it can be seen that above a certain voltage the current does not
depend on the applied voltage but on the barrier height at the electrode/film interface. The
current is kept constant if the barrier height value is voltage independent. However, due to
the Schottky effect the barrier height is lowered under high electric field, resulting in an
increase of the current density. The barrier height decrease, A®g (see Fig. 6.7b), equals to:

E
AP, = (12— (6.9)
4re e,

Here E is the electric field at the interface, €, is the optical dielectric constant (equal to the
square of the refractive index), which is different from the d.c dielectric constant g ' ap-
pearing in Eq. (6.2). The lowering of the Schottky barrier leads to the following current

expression:

ke @
J = A" Texp(- 128 exp| 4L (2E_yr2 (6.10)
kyT kT 4re g,

Rearranging Eq. (6.10) in different ways and taking the logarithm results in two different

expressions:
1/2
nJ =-21|_14 E"+C, (6.10a)
k T | 4me €,
E 1/2 1
and:  In(J,/7?)=-1|| 2 ~®, |=-+C, (6.10b)
‘ ky || 4me €, T

! The time spent by the electrons while moving through the barrier is short in comparison to the period of a long wave-
length longitudinal optical photon. Hence Frohlich interaction between injected electrons and phonons is very limited.

Thus here the optical dielectric constant, €.., must be used.
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where C; are constants. Thus the plot of InJ; vs. E' presents a straight line, where the
value of €, can be obtained from its slope. Subsequently the value of @5 can be determined

from the slope of the In(J/T%) vs. 1/T plot, once &, is known.

The Poole-Frenkel emission mentioned above has a virtually identical expression to that of
the Schottky emission [11]. However, since the Poole-Frenkle emission is a bulk-
controlled conduction, it can be easily distinguished from Schottky emission by evaluating

the asymmetry of the leakage current using different bottom and top electrodes.

An important feature of the Schottky effect is that the lowering of the barrier is only ex-
perienced by a carrier while approaching the interface. It is therefore governed by the elec-
tric field at the interface between the film and the metallic electrode. Many publications
assume the value of the electric field in Eq. (6.10) to be the average value of the applied
voltage over the film thickness: £ = V/d. This assumption is valid only for the flat-band
condition: i.e. no space charge layer is formed at the interface, or the film is fully depleted.
In Refs. [2, 8], the onset of the Schottky emission is considered to coincide with the flat-
band voltage, which corresponds to the potential required to deplete the interfacial space

charge at the film/electrode interface.

¢. Thermionic emission accompanied with Schottky effect model

Based on the theoretical outline presented above, and on the experimental data obtained in
Section 6.3, we propose the following conduction mechanism for PZT and PZT-Pt films.
The conduction model actually combines thermionic emission and Schottky effects, taken

into account the above-mentioned hypothesis on the Schottky onset.

- At low and intermediate electric fields, the conduction in the film follows the thermionic
emission. The current density is dependent on the polarity of voltage and is governed by
the reverse biased interface as described in Egs. (6.6) and (6.8). A constant current versus
applied voltage is expected until the applied voltage reaches the flat-band voltage value.
Compared with the experimental data, the low-field and the constant current parts corre-
spond to regimes I and II in Figs. 6.2 and 6.4, respectively.

- The Schottky effect is initialised at the flat-band voltage, giving rise to an increase in the
current density, which represents regime III in Fig. 6.2. The current density now can be
described by Eq. (6.10), where the barrier height, ®g, corresponds to the reverse biased

interface.
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6.4.2 Experimental verification of the model

6.4.2.1 I-V characteristics of PZT films

In this section, the proposed model will be used to analyse the /-7 experimental data of
PZT films in Figs. 6.2-6.3. The current in regime I is due to the difference between the
thermionic currents from Nb-STO to PZT and from Au to PZT. Many authors ascribed the
leakage current at low voltages to ohmic conduction. We, however, did not observe the
linear dependence of current on voltage. In our case the ohmic current caused by the intrin-

sic charge carriers may be much smaller than the thermionic current.

The saturation regime (regime II) exhibits a voltage independent current, as predicted by
Eq. (6.7). In this regime, the current is governed only by the barrier height at the elec-
trode/film interface. In Ref. [13] similar /-}" curves were observed and were explained by
the thermionic emission model in combination with Fowler-Nordheim tunnelling. The
transition from thermionic emission to the tunnelling mechanism is assigned to the cross-
over from the saturation regime to the ascending regime at high field. Our data in the high
field regime (regime III), however, match the Schottky equation provided in Eq. (6.10).
The linear fit for InJ versus E'?, given in Fig. 6.11, provides a slope of 6.3x10™*. From this
slope a value of € = 5.7 was derived for the optical dielectric constant (see Eq. (6.10a)),

which is close to the optical dielectric constant of PZT presented in literature (g, = 5.36).

8000 8500 9000 9500 10000
E/ Vm-1)1/2

Fig. 6.11. The field dependence of the current in the high field regime (regime III) for data at

positive bias, presented in Fig. 6.2. The solid line represents the linear fitting.

Since the Schottky emission is strongly temperature dependent, while the Fowler-
Nordheim tunnelling is not, the temperature dependence of the /-7 characteristics can be

used to discriminate between these two conduction mechanisms. In Fig. 6.12 the leakage
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currents at negative and positive bias are presented as function of the reciprocal

temperature.
8t ® negative bias
3 *  positive bias
:'x 121
=
<
16}
2
£
20+
0.0020 0.0024 0.0028 0.0032
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Fig. 6.12. Temperature dependence of the leakage current in a PZT film at positive

(E = 500 kV/cm) and negative biases (£ = -500 kV/cm). The dashed and solid lines

represent linear fits for positive and negative biases, respectively.

The graphs of In(J/T°) vs. 1/T clearly fit to straight lines as expected from the Schottky
equation (Eq. (6.11b)). The barrier height can be calculated from the slopes of these lines
in combination with the fitting results from the graphs of InJ vs. E'?. The obtained values
for negative bias is @5 = 1.22 + 0.07 eV, while for positive bias ®g = 0.81 + 0.05 eV is
found.
The above-obtained values for barrier height are in agreement with theoretical calculations.
Providing ypzr = 3.5 eV [14] and ®Ppay = 4.6 €V [14], Pynv-sTo = 4.2 eV [15], one obtains
the barrier height at the PZT/Au interface:

D =Dy Ay - xpzr= 1.1V
and the barrier height at the PZT/Nb-STO interface:

g = Dy Nv-sto - (pzr = 0.7 eV
This supports the assumption that the conduction mechanism at positive bias is governed
by the PZT/Nb-STO interface, and the conduction mechanism at negative bias is controlled
by the PZT/Au interface. Since the barrier height at PZT/Nb-STO is lower than at PZT/Au,
it explains why the current is larger at positive bias than at negative bias around room tem-

peratures. At higher temperatures the situation reverses because under negative bias the

current increases faster with increasing temperature than under positive bias.
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As the current density depends on the Schottky barrier height, replacing the Au electrode
with another metal having a higher work function, one can raise the barrier height and sig-
nificantly reduce the leakage current density. In our observation, employing Pt as a top
electrode instead of Au, leads to a much lower leakage current in the /-J curve at negative
bias. The barrier height calculated for Pt/PZT interface is 1.35 eV, which is smaller than
the theoretically expected: ®p = Dy pi-Ypzr = 5.2 - 3.5 =1.7 eV, but it is quite close to the

value of 1.5 eV experimentally observed in literature [14].

Below we will clarify the dependence of the leakage current on the film thickness.
The studies on this subject presented so far in literature provide quite different results.
In Ref. [16] the authors observe a significant increase of the leakage current with increas-
ing film thickness, while other authors show that the leakage current does not depend on

the film thickness [17].

From Fig. 6.3, it can be seen that for PZT films at low electric fields the current density
does not depend on film thickness. All films exhibit the same saturation current, indicating
a constant barrier height. Only at higher fields, the variation of current with film thickness
becomes evident with the shifting of the Schottky emission onset towards smaller field
values. The Schottky plots In.J vs. E'? for high-field data given in Fig. 6.13 provide almost
identical values in the slopes, showing an insignificant change in the optical dielectric con-

stant with changing film thickness.

-3

1
N
T

log (J / Acm?)

(E / kVem™)"?

Fig. 6.13. Schottky plots for PZT films with different thicknesses. The solid lines represent lin-

ear fits.
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If we assume that the onset voltage coincides with the flat-band voltage (see Eq. (6.2)) and
the carrier concentration is in the same range for films with different thickness, thicker
films would have Schottky emission starting earlier than thinner ones, as observed in Fig.
6.3. Using Eq. (6.2), the carrier concentrations were calculated from the flat-band voltage
and listed in Table 6.1. The obtained values are in the same order of 10'® cm™, which is in
agreement with our assumption made above. The slight increase of the carrier concentra-
tion with decreasing film thickness is possibly related to a higher defect density at the film

surface.

Table 6.1.  The carrier concentration calculated from flat-band voltage for PZT films with differ-

ent thickness.

Film thickness d (nm) 1500 500 250 60
Carrier concentration N (cm™) 0.9x10" 3.3x10" 2.7x10' 11x10"®

In order to evaluate the consistency of the experimental data with the thermionic-Schottky
model, we compared the experimental data given in Fig. 6.2 with the calculated values of
the leakage current using Eqgs. (6.8) and (6.10) with the following parameters:
P =0.81eV, 4" =125x10* Am”K?, & = 5.68, & = 600, d = 500 nm, Np = 3.3x10"* cm™,
T'=300 K. The calculated result, presented as the solid line in Fig. 6.14, fits very well with
the experimental data in regimes II-III, but deviates in regime I (see Fig. 6.14). Other bulk-
related factors, such as the trapping of charge carriers, drifting and diffusion of carriers in

the bulk of the film, may contribute to the inconsistency of the model at low voltages.

log (J/ Acm ?)

0 200 400 600 800 1000
E (kV/cm)

Fig. 6.14. 1-V curve of the Au/PZT/Nb-STO system at positive bias, the solid line represents the

fit of the curve using the thermionic-Schottky emission model.
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6.4.2.2 I-V characteristics of PZT-Pt films

As described in Section 6.3.2, PZT-Pt films exhibit a higher leakage current than pure PZT
films. The leakage current also increases with increasing Pt content. This increase of leak-
age is attributed to two factors: (a) the increase of the saturation current and (b) the shifting

of the Schottky onset towards lower fields.

Based on Eq. (6.2), which describes the onset field of Schottky emission, the shrinking of
the saturation regime with increasing Pt content may be related to the decrease in effective
thickness of the PZT phase and to the increase of the effective dielectric constant with the
dispersion of Pt. The voltage-dependence of the leakage current in the Schottky regime at
positive bias is given in Fig. 6.15 for films with different Pt contents. All curves exhibit
almost the same slopes for linear fits, indicating that the optical dielectric constant does not
significantly vary with Pt content. For the PZT-Pt40 film, however, the experimental data
deviates from the Schottky fit at high field. The sharper increase of the current at high
fields implies the transition to another conduction mechanism. Taking into account that the
high Pt content in the film results in very thin layers of PZT between the Pt particles, the
conduction mechanism possibly relates to the tunnelling of electrons through a thin barrier

under high electric field.

16
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Fig. 6.15. I-V characteristics at positive bias, presented as InJ vs. E'? plots, for films with dif-

ferent Pt contents. The solid lines represent linear fits.

The plots of In(J/T°) vs. 1/T for PZT and PZT-Pt films are presented in Fig. 6.16. From this
figure it can be seen that the slope of the linear fit changes significantly going from pure

PZT to a PZT-Pt5 film. With further increase in the Pt content the slopes continue to de-
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crease, but only to a small extent. Using the Schottky equation (6.10b), the barrier heights

at the film/electrode interface were calculated for films with different Pt contents. The ob-

tained results are given in Table 6.2 and are illustrated in Fig. 6.17.
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Fig. 6.16. Temperature dependence of the leakage current in PZT (E = 300 kV/cm) and PZT-Pt
films with different Pt contents (£ = 75 kV/cm). The solid lines indicate linear fits
based on Eq. (6.10D).
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Fig. 6.17. Dependence of the barrier height in PZT-Pt films on Pt content.
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Table 6.2.  Barrier heights calculated at positive bias for PZT-Pt films with different Pt

contents.

Pt content 0 5 10 15 18 25
(vol. %)

Dp(eV) 0.81x0.05 048+0.04 041+0.02 0.39+£0.03 032+0.04 0.29+0.03

As can be seen from these results, the barrier height strongly decreases at 5 vol.% Pt addi-
tion. At higher Pt contents the decrease tends to saturate. Since the current is exponential
inversely proportional to the barrier height, a decrease of a few hundred meV in the barrier
height results in an increase in the current of several orders of magnitude. It is well known
from percolation theory or the effective media theories that the conductivity of an insula-
tor-conductor mixture does not increase more than one order in the regime far from the
percolation threshold. The drastic increase of the conductivity in thin films therefore un-
derlines the role of the interface, or more specifically, the modification of the barrier height

at the interface.

The lowering of the barrier height is usually related to barrier height inhomogeneties and
the modification of interface states. In Ref. [18], the authors observed a considerably lower
barrier height by the incorporation of 20 nm sized Au particles in Ti-Schottky contacts on
silicon carbide (4H-SiC). The barrier height reduction is in the range of 0.19 to 0.25 eV as
compared to particle-free Ti-Schottky contacts. It has been proposed that the lowering is
caused by an enhanced electric field in the depletion region close to the surface of the
semiconductor due to the small size of the Au nano-particles and the large difference be-
tween the barrier heights of Ti and Au [19]. By using Tung’s dipole-layer approach [19],
the potential distribution for a circular patch geometry at the interface was calculated.
The electric field at the interface is only enhanced significantly when the size of embedded
particles is smaller than 50 nm. With the dispersion of Pt in PZT-Pt films, contact of nano-
Pt particles with the top and bottom electrodes is inevitable. Those small Pt inclusions can
therefore enhance the electric field at the interface in the same way, leading to the lowering
of the barrier height. Since this potential modification depends on the particles size and the
barrier height only, we can expect a weak dependence of the barrier height lowering on the

Pt content.

The barrier height of a metal-semiconductor contact is determined not only by the metal

work function but also by the surface states [20, 21]. The formula given in Eq. (6.1) for
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calculating the barrier height is actually for the ideal Schottky contact. The full expression
derived by Cowley and Sze can be found in Ref. [8]:
@, =[S(@,—)+(1-S)E,~®,)-AD, |

SZC C C CZS 172 (611)
+ T—S3/2[C(<I>m—;()+(1—5)(Eg—d)O)E—E(Eg—EF+kBT)+ y }

where § is the derivative of the barrier height with respect to electron affinity, £, the band
gap, @ the charge neutrality level |, Er the Fermi level. The quantity C is proportional to
the donor concentration Np and the dielectric constant €. For semiconductors with a small
dielectric constant (¢ ~ 10) and a low carrier concentration (Np < 10" ¢cm? ), C is in the
order of 0.01 eV, the donor-concentration dependent term (the second term in Eq. (6.11))
can be discarded. However, for ferroelectric materials that have a high dielectric constant,
a high carrier concentration can make that term significant, leading to the decrease of bar-
rier height [21]. According to Ref. [21] if & ~ 400, a value of Np = 10" ecm™ and
Np =10 cm™ can increase C approximately up to 3.6 eV and 300 eV respectively, result-
ing in a reduction of the barrier height of about 0.1 eV when N, increases by a factor 100,
from 10" cm™ to 10*° cm™. Experimentally the barrier height of Au/n-GaAs Schottky di-
odes, determined from C-J measurements, has been found to decrease from 1.02 eV to
0.84 eV as the carrier concentration increases from 2.5x10" to 1x10'™ cm™ [20].
This variation is ascribed to the change of the interface states near the semiconductor/metal
interface. In PZT-Pt films, the increase in the carrier concentration can be caused by Pt ad-
dition, following the effective medium theories or percolation theory. The structural and
morphological inhomogeneities at the interface in the presence of Pt also can increase the
surface state densities. For example, the imperfect nature of the interface at the SiC-
dielectric interface due to the presence of carbon clusters and/or dangling Si and C bonds

is believed to cause a high density of trap or surface state energy [22].

In conclusion, a dispersion of Pt in PZT films leads to the increase of the leakage current.
The decrease in the effective thickness of the PZT phase and the increase in the dielectric
constant result in the earlier onset of the Schottky effect. Additionally, the decrease of the

Schottky barrier height with a few hundred meV leads to an increase of the current with

! Charge neutrality level: the level below which all surface states must be filled for charge neutrality at the surface.
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several orders of magnitude. The decrease of the Schottky barrier is tentatively attributed
to either the incorporation of nano-Pt particles in the electrodes and/or the change in sur-
face state density through the increase of charge carrier and the change in structural and

morphological of film surface.

6.5 Conclusions

In this chapter we studied the conduction mechanism in metal/PZT-Pt/metal capacitors.
The main conduction mechanism is thermionic emission of electrons over the Schottky
barrier from the metal electrode to the ferroelectric film. The field-induced Schottky effect
of barrier lowering due to the attractive “image” force between the electrons in the metal
and those in the films is also considered. The onset for Schottky emission is assumed to
coincide with the flat-band voltage. The calculated values using the above model exhibit
inconsistency with the experimental data in the low-field regime, but demonstrate excellent
matching for the intermediate and high-field regimes. Other I-V characteristics, e.g. the
field dependence, the temperature dependence, the field polarity dependence and the film
thickness dependence were clarified by the model. The influence of Pt addition on the in-
crease of the leakage current was intuitively explained, considering the decrease of the
PZT phase effective thickness, the increase of the dielectric constant and the decrease of
the barrier height at the film/electrode interface. The latter is attributed to either the em-

bedding of nano Pt-particles in the electrodes or the increase of surface state density.
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Recommendations

Below some recommendations for future research are given.

7.1  Suppressing the leakage current in PZT-Pt films

The high dielectric constant of PZT-Pt composites offers perspectives for super-capacitor
and DRAM applications. The issue that remains to be solved is the high leakage current
observed for thin films. The increase of the leakage current at high fields is due to Schot-
tky emission of electrons/holes from the metallic electrode to the bulk of the film. Emis-
sion occurs through a barrier at the electrode/film interface. If it is possible to increase the
barrier height, the leakage current will be minimized. S. Eglash et al. [1] proposed using a
thin, highly doped layer at the metal-semiconductor interface to modify the effective bar-
rier height. Thin n-layers at the interface were used to decrease the effective barrier height
and thin p-layers were used to increase the barrier height. By this approach, the effective
barrier height on n-type GaAs can be tuned in the wide range from near zero to 1.33 eV. In
our case, a highly p-doped layer at the film/electrode interface hence can be useful to sup-

press the leakage current of PZT-Pt thin films.

7.2  Nano-polar domains and off-set charge

Even though PZT-Pt films with Pt contents above 10 vol.% are not of interest for practical
applications due to the high loss, high leakage and low polarization, their relaxor-like and

graded-like behaviours might be of interest for theoretical aspects.

The slimming of the P-E loops and the shift towards lower values of the temperature at
which the dielectric constant is maximum (7}, resemble the behaviour of a relaxor.
We suggest that the formation of nano-polar PZT domains, resulted from the breaking of
long-range order of polarization in the presence of Pt phase, is responsible for this observa-
tion. However, the temperature dependence of the dielectric constant as a function of fre-

quency should be investigated more carefully in order to elucidate the relaxor-nature of
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PZT-Pt films. TEM observation of domains in the films is highly recommended to see if

nano-polar domains do form in the presence of Pt.

The shifting of P-E loops upon a.c field is similar to what is observed for graded-
ferroelectrics. According to Mantese et al. [2] the graded- ferroelectrics posses very high

pseudo pyroelectric effect, which is defined as pyseuso = 9(AQ/ A)/ 0T |g, where 4 is the

electrode surface area and AQ the charge offset upon field excitation. The following rela-
tionship is expected: ppscudo ~ E*, which can be quite large with y= 3-5. It should be noted
that the observed offsets in our films are very large, greater than 160 ;.LC/cm2 at 160 kV/cm
(see Fig. 5.8) as compared with the value of 60 uC/cm® when driven at 700 kV/cm for
graded BST [2] or 400 ;LC/cm2 at 500 kV/cm for graded PZT [3]. New devices can be de-
veloped based on this new hysteresis quantity: the offset charge. Further studies on the py-
roelectric properties as well as on the origin of the charge offset would be of interest for

PZT-Pt composite thin films.

7.3  Design a hetero-structure with functional properties

The study of chemically and structurally non-uniform ferroelectric materials has recently
received great attention for the understanding of the related electrical properties. The for-
mation of polarization variable heterostructures, however, has been primarily an artifact of
their growth process rather than through design. Based on the knowledge of the influence
of the volume fraction and spatial distribution of the Pt phase on the dielectric and ferro-
electric properties of PZT-Pt, a hetero-structure can be designed from layers of PZT; Pt
and PZT-Pt composites for a specific requirement. Those properties can be tuned through
changing the thickness as well as the composition of each layer. Graded-ferroelectrics can

be fabricated by varying the Pt content in each PZT-Pt layers.

7.4  Hydrogen sensor application

Hydrogen sensors are developed based on catalytic metal (Pd, Pt, Ag) gate-insulator-
semiconductor (metal) structures, where the quantity measured is the change in threshold
voltage upon changing H, concentration [4-8]. H, molecules dissociate at the top surface
of the catalytic metal layer and then accumulate at the interface between the metal and the
insulator film. Dipoles are thus formed so that a polarization potential is built up at the in-
terface, causing the change in threshold voltage [4]. The state-of-the-art is listed in
Table. 7.1
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Table 7.1  Hydrogen sensitivity of different hydrogen sensor devices.

Device Voltage shift H, concentration Dielectric constant
(eV) (ppm) of insulator

Pd/Si0,/Si [4] 0.62 1000 39

Pt/Si0,/SiC/Si [6] 0.61 6000 3.9

Pd/amorphous PZT/Pt [7] 2.3 1000 22

Pd/ amorphous BST/Pt [8] 4.5 1000 20

The hydrogen sensitivity of the device is attributed to the adsorption of hydrogen dipoles at
the metal/insulator interface [4] and to the dielectric constant of the insulator, which en-
hances the dipole polarization [8]. As can be seen from Table 7.1, the highest sensitivity
obtained so far is for devices using ferroelectric layers. This can be explained by the much
higher dielectric constant of ferroelectrics compared to that of SiO,. If, instead of PZT or
BST, Pt/PZT or Pt/BST composite layers are used, we can increase the dielectric constant
of the insulator and the effective surface area of the catalytic metal gate and hence, might
be able to enhance the sensitivity of the device. However, it is noted here that for this ap-

plication, amorphous films are recommended for a better blocking effect of protons.
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Summary

Ferroelectric materials are important for many industrial applications, ranging from high-
dielectric constant capacitors to later developments in piezoelectric transducers, sensors,
actuators and memories. To meet stringent requirements for a specific application their
physical properties can be tailored, e.g., by varying the synthesis conditions, doping with a
foreign element or adding a second phase. In this thesis the preparation and characterisa-
tion of dual-phase PZT-Pt composites, in the form of bulk and thin films, have been pre-
sented. The basic idea is to enhance the dielectric and ferroelectric properties of PZT by
dispersion of Pt in the PZT matrix. The dispersion reduces the effective thickness phase of
PZT, hence results in an increase of the effective dielectric constant and a decrease of co-
ercivity. The formation of space charges at PZT/Pt interfaces also contributes to the en-
hancement of the dielectric constant and the total polarisation of material. The high dielec-
tric constant of such composites is promising for application in super-capacitors or for
DRAM devices, while the low coercivity suits low-voltage operation for applications like

non-volatile memories.

Dual-phase PZT-Pt composites were prepared successfully by the sol-precipitation route,
in which PZT powder is wet mixed with a sol containing Pt nano-particles. The use of a
suitable stabilization agent prevents agglomeration of the Pt particles in the sol while the
wet mixing ensures a homogenous phase distribution. The dielectric constant at room tem-
perature of the PZT-Pt composites reaches a 6-times enhancement at 28 vol.% of Pt rela-
tive to that observed for bulk ceramic PZT. The increase of the dielectric constant with in-
crease of the Pt content in the composites can be fitted with the Bruggeman symmetric
equations and the normalized percolation equation. The composites exhibit higher polari-
sations than pure PZT, which is attributed to the space charge polarisation formed at

PZT/Pt interfaces.

Thin films of PZT-Pt were fabricated by Pulsed Laser Deposition. The film microstructure
can be controlled through changing the deposition conditions. Among various deposition
parameters, the laser energy density plays the most important role since it determines the
stability of plasma formed during deposition and hence strongly influences the properties
of the film. The highest enhancement factor of the dielectric constant obtained for thin

films equals to 8 at 10 vol.% Pt. Films with Pt contents below 10 vol.% exhibit good prop-
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erties: high dielectric constant, low dielectric loss, high polarisation and low coercive field.
For films with Pt contents higher than 10 vol.% both the dielectric and ferroelectric proper-
ties degraded. The change from micro to nano-size in domain structure of PZT in the pres-
ence of Pt particles is considered to be responsible for the degradation of ferrolectric prop-
erties. The dielectric and ferroelectric properties are dependent on the film morphology,

such as the spatial distribution of Pt phase and also the film roughness.

Because charged defects may also induce enhanced degradation for fatigue, imprint and
retention, it is imperative to determine the concentrations and mobilities of these species.
Studies on the electronic and ionic conductivities of PZT using complex impedance spec-
troscopy suggest that lead and oxygen vacancies are the majority lattice defects. The p-
type conductivity is found dominant at high temperature above the Curie transition, while
below it a significant contribution of ionic conductivity is observed. The slow equilibration
of the oxygen exchange reaction between the gas phase and the oxide at low temperature
contributes to a higher value of the activation energy of both ionic and electronic conduc-
tivities than that observed at high-temperature. Defect association between lead vacancies

and oxygen vacancies in the tetragonal phase reduces the ionic conductivity.

From bulk to thin film of PZT-Pt the conduction mechanism changes from bulk-controlled
to interface-controlled. The /-V characteristics of PZT and PZT-Pt films can be well ex-
plained by the thermionic-Schottky emission model. The current at low and intermediate
fields is due to the thermionic emission of electrons/holes over the Schottky barrier height
from the reverse biased electrode into the film. At high fields, the lowering of the barrier
heights due to the Schottky effect results in a stronger increase of current. The increase of
leakage current in PZT-Pt films with increasing Pt content is attributed to the earlier onset
of the Schottky effect and to the decrease of the barrier height at the film/electrode inter-
face in the presence of Pt phase. The former is due to the decrease of the effective thick-
ness of PZT phase and the increase of the effective dielectric constant. The latter is attrib-
uted to either the embedding of nano Pt-particles in the electrodes or the increase of sur-

face state density.



Samenvatting

Ferro-elektrische materialen zijn van groot belang voor veel industriéle toepassingen: van
condensatoren met een hoge di€lektrische constante tot recente ontwikkelingen zoals pié-
zo-elektrische transducers, sensoren, actuatoren en geheugens. Om tegemoet te komen aan
de stringente eisen voor specifieke toepassingen, kunnen de fysische eigenschappen aan-
gepast worden, bijvoorbeeld via controle van de synthese condities, het dopen met vreem-
de elementen of door het toevoegen van een tweede fase. In dit proefschrift wordt de pre-
paratie en karakterisering van duo-fase PZT-Pt composieten, in bulk vorm en als dunne
film, gepresenteerd. Het uitgangspunt is de di€lektrische en ferro-elektrische eigenschap-
pen van PZT te versterken door dispersie van Pt in de PZT matrix. De dispersie verkleint
de effectieve dikte van de PZT fase waardoor de effectieve di€lektrische constante toe-
neemt en de coérciviteit afneemt. Het ontstaan van ruimteladingen aan de PZT/Pt grensla-
gen draagt eveneens bij aan de toename van de di€lektrische constante en de totale polari-
satie van het materiaal. De hoge di€lektrische constante van deze composieten is veelbelo-
vend voor toepassing in supercondensatoren en DRAM schakelingen, terwijl de lage coér-
civiteit bijvoorbeeld het toepassen van permanente geheugens bij lage bedrijfsspanningen

mogelijk maakt.

Met succes zijn twee-fasen composieten van PZT-Pt gemaakt via de sol-precipitatie route,
waarbij het PZT nat gemengd is met een sol van Pt-deeltjes in de nanometer range. Door
gebruik te maken van een ge€igende stabilisator wordt voorkomen dat de Pt-deeltjes in de
sol aglomereren, terwijl het nat mengen een homogene faseverdeling bewerkstelligd. De
di€lektrische constante van de PZT-Pt composieten bereikt voor 28 vol.% Pt bij kamer-
temperatuur een zesvoudige relatieve toename ten opzichte van PZT keramiek. De toena-
me van de di€lektrische constante met het Pt gehalte in de composieten kan gemodelleerd
worden met de symmetrische vergelijkingen van Bruggeman en de genormaliseerde perco-
latie vergelijking. De composieten vertonen een grotere polarisatie dan gemeten voor zui-
ver PZT, wat wordt toegeschreven aan de ruimteladingspolarisatie die gevormd wordt aan

de PZT/Pt grensvlakken.

Dunne PZT-Pt films zijn vervaardigd door middel van gepulste laser depositie (Pulsed La-
ser Deposition, PLD). De microstructuur van de film kan gestuurd worden door het aan-

passen van depositiecondities. Onder de verschillende procesparameters is de energie-
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dichtheid van de laserbundel de meest belangrijke omdat deze tijdens de depositie de stabi-
liteit bepaalt van het gevormde plasma. Daardoor heeft deze energiedichtheid ook een
sterke invloed op de eigenschappen van de PZT-film. De grootste toename in de diélektri-
sche constante wordt gevonden voor dunne films met 8 tot 10 vol.% Pt. Films met een Pt-
fractie onder de 10 vol.% vertonen goede eigenschappen: een hoge di€lektrische constante,
lage di€lektrische veliezen, grote polarisatie en een laag coércief veld. Bij films met meer
dan 10 vol.% Pt waren zowel de diélektrische als de ferro-elektrische eigenschappen on-
derhevig aan degradatie. De overgang van micro- naar nano-grootte in de domeinstructuur
van PZT in de aanwezigheid van Pt, wordt verondersteld verantwoordelijk te zijn voor de
degradatie van de ferro-elektrische eigenschappen. De diélektrische en ferro-elektrische
eigenschappen zijn afhankelijk van de morfologie van de film, bijvoorbeeld de ruimtelijke

verdeling van de Pt-fase, maar ook van de ruwheid van de film.

Omdat geladen defecten eveneens verhoogde degradatie, ten gevolge van vermoeiing, “im-
print” en “retention”, kunnen veroorzaken is het van groot belang om de concentratie en
mobiliteit van deze defecten te bepalen. Bestudering van de elektronische en ionogene ge-
leidbaarheid van PZT, met gebruikmaking van complexe impedantie spectroscopie, leidt

tot de suggestie dat lood- en zuurstofvacatures de overheersende roosterfouten zijn.

p-Type geleiding is overheersend bij temperaturen boven de Curie overgang, terwijl bene-
den de Curie-temperatuur een significante bijdrage van de ionengeleiding wordt waarge-
nomen. De trage instelling van het evenwicht in de zuurstof-uitwisselingsreactie tussen de
gasfase en het oxide bij deze lage temperaturen leidt tot een hogere activeringsenergie voor
zowel de ionogene als de elektronische geleiding dan wat voor de hoge temperatuur fase
wordt gevonden. Defect-associatie in de tetragonale fase tussen loodvacatures en zuurstof-

vacatures verlaagt de ionengeleiding.

Gaande van bulk naar dunne film verandert het geleidingsmechanisme van PZT-Pt van
bulk gecontroleerd naar grensvlak gecontroleerd. De I-V karakteristicken van PZT en PZT-
Pt films kunnen goed worden verklaard met het thermionische Schottky emissie model. De
stroom bij lage en gemiddelde velden wordt veroorzaakt door de thermionische emissie
van elektronen/elektronen-gaten over de Schottky barriére van de negatief gepolariseerde
elektrode de film in. Bij hoge veldsterkten wordt de barriere verlaagd ten gevolge van het
Schottky effect, wat resulteert in een sterke toename van de stroom. De toename in de lek-
stroom bij toename van het Pt-gehalte in PZT-Pt films wordt toegeschreven aan een ver-

vroegd optreden van de “Schottky onset”, en aan de afhame in the barriérehoogte aan het



Samenvatting 143

film/elektrode grensvlak door de aanwezigheid van de Pt-fase. Het eerste effect is het ge-
volge van de afname van de effectieve dikte van de PZT fase en de toename in de diélek-
trische constante. Het tweede effect wordt toegeschreven aan ofwel de inbedding van Pt
nano-deeltjes in de elektroden, ofwel aan een toename in de toestandsdichtheid aan het op-

pervlak.



Appendix. Influence of film thickness on P-E loops of PZT films

The P-E loops measured at 100 Hz for PZT films with different thickness (d) are provided

below. It is evident that with decreasing thickness, the remanent polarization (P,) decreases

and the coercive field (E£,) increases. The 60 nm thick film does not exhibit the switching

behaviour.
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