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CHAPTER 1
ENGINEERING FERROELECTRIC SWITCHING
DYNAMICS

A general introduction to ferroelectric switching dynamics is presented in this
chapter. The thesis explores the possibility of manipulating the ferroelectric
switching dynamics at the ferroelectric-electrode interface. This chapter broadly
introduces how controlling the switching dynamics can help us actualise nonvolatile adaptive switching in ferroelectrics, necessary for mimicking biological
synapses in real devices. The chapter concludes with an outline of the thesis .

1

1.1 Motivation
The word dynamics roots from the Greek word δύναμις (dynamis) which means "power"1 .
Consequently, this branch of science deals with the effects of forces on motion such as
aerodynamics which deals with the motion of gas, and thermodynamics which describes the
relationship between thermal and mechanical energy etc. In ferroelectrics, switching
dynamics deals with the study of domain wall motion under an applied electric field

2-4 . But

in order to understand a physical system fully it is not only important to understand the
dynamical behaviour of the system, but also the degrees of freedom of the system which
determine the number of independent ways in which a system can move. For an ensemble
the degrees of freedom are determined by its stochastic variables. Apropos, within systems
at real device scale (present day ferroelectric based devices are 130 nm in lateral dimension),
it is pertinent to treat them as an ensemble rather than as a single entity.
Ferroelectrics, because of their non-volatility and bi-stability and, most importantly, their
switchability between the two states using an applied electric field, have found applications
such as non-volatile random access memory (NVRAM) devices3, 5 . Ferroelectric RAM (FeRAM)
devices were first proposed by Dudley Allen Buck in his master's thesis in 1952 at MIT6 . It was
shown that ferroelectrics can not only be used for storing memory but also for logic
operations. Field effect transistors based on ferroelectrics (FeFET), as well as ferroelectric
tunnel junctions (FTJ) based devices in recent years have also been realized for the realization
of non-destructive read out memories

7-12 .

Even though the crystal structure and internal chemical environment renders the bi-stability
in ferroelectrics

13, 14 ,

the actual switching in ferroelectrics takes place through nucleation

and growth mechanisms3, 4, 15, 16 of ferroelectric domains. In FeRAM and FeFET, the device
performance characterised by the switching speed, remnant polarization, coercive voltages,
leakage current, reliability and stability, is of paramount importance. For the above devices,
since domain wall switching dynamics determines the switching speed, coercive voltages,
operating voltages and energy consumption etc., it gave rise to a plethora of research into
the domain wall switching dynamics and statistics treating the ferroelectrics as ideal
insulators. On the other hand, ferroelectrics were also treated as semiconductors to explain
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their leakage and electrode charge injection induced properties which determine their
stability and reliability3, 17, 18 . In recent years, with the advent of piezo force microscopy (PFM)
switching dynamical studies have also been carried out

19, 20

to understand the domain

dynamics at nano dimensions.
Conventionally, the FeRAM and FeFETs were thought to be utilized only for binary
applications for Boolean computation, hence the main focus of the research was to minimize
the disorder and to achieve a very narrow distribution of switching times or voltages in
ferroelectrics. The major reason for a distribution of switching times and voltages was
ascribed to either a distribution of domain growth energies or domain nucleation energies
16, 21, 22 .

The distribution of switching times as a tool or as a benison was never quite

envisioned, especially due to the inability to control them, due to their dynamic nature rather
than the desired static one.
In order to actualize brain inspired adaptive computation based on neural networks, beyond
the conventional Boolean based logic, one needs switchable multi-stable non-volatile
states23-25 . In this context, having a ferroelectric with a distribution of switching times or
voltages can be imagined as equivalent to a multi-stable adaptive ferroelectric. The ability of
a neural network to learn depends on the number of degrees of freedom available to the
network (for an electronic device it means the number of different switchable states). The
number of degrees of freedom determines the plasticity of the system, i.e., its capability of
approximating the training set

23-28 .

Increasing the plasticity helps to reduce the training

error, decreasing the plasticity excessively can lead to a large training and test error.
The biggest challenge in achieving this lies in realizing these multiple (polarization) states in
a controlled, tunable as well as stable manner. In essence in order to bring about
multistability and adaptability in a bi-stable ferroelectric we need to have disorder which is
stable and static in nature.
With recent advancements in thin film deposition techniques especially for interfac e
engineering, many fascinating and hitherto unknown properties have been unearthed and
contrived29, 30 . In ferroelectric thin films, since the nucleation takes place at the ferroelectric electrode interface, it gives us the opportunity to manipulate the nucleation energy and

3

statistics at the ferroelectric-electrode interface which is dependent on the local electric field
distribution.
In this thesis, it is shown how one can achieve the desired plasticity/adaptability in a
ferroelectric thin film by making the nucleation to be the rate determining stage for switching
(nucleation controlled switching) and how to manipulate the order to disorder ratio of the
effective field at the ferroelectric-electrode to have a distribution of nucleation times. The
main challenge here is, since both the nucleation and growth activation energies of switching
are of similar magnitude and because the ferroelectric films mostly switch by sideways
movement of the domain walls (domain growth)

3

it was not possible to switch the

ferroelectric through nucleation alone. Nucleation is an interface phenomenon therefore it
is possible to control it by engineering the ferroelectric-electrode interface and by making
the nucleation energy much higher than the growth energy of the domain wall.

1.2 Outline of the Thesis
This thesis studies the switching dynamics in ferroelectric PbZrxTi(1-x)O 3 (PZT) thin films and
introduces the idea of manipulating it for adaptive applications. Below the chapters
addressed in this thesis are briefly described.
In Chapter 2 the growth and structural characterizations is described of the PZT and PZT/ZnO
heterostructure thin films which were used to carry out experiments in the later chapters.
PZT/ZnO heterostructures with four different thicknesses of ZnO were grown using the
pulsed laser deposition technique (PLD) and were studied using X-Ray Diffraction (XRD),
Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM) and Atomic
Force Microscopy (AFM).
In Chapter 3, a methodology to tune the ferroelectric imprint in a temporally stable manner
based on the coupling between the switchable polarization of PZT and non-switchable
polarization of ZnO is introduced. Herein a method to manipulate the local electric field
exerted at the ferroelectric-electrode interface is shown. The stability of the imprint to

4

1

electric field stress with time and cycling was also measured. It is also shown that the local
electric field at the ferroelectric-electrode interface can be tuned utilizing the ZnO thickness.
In Chapter 4, it is described how the switching dynamics of the ferroelectric gets modified by
the electric field at the ferroelectric-electrode interface. The switching dynamics was studied
using the Kolmogorov-Avrami-Ishibashi (KAI) and nucleation limited switching (NLS) model
to determine the relevant switching energy scales. In addition, the switching velocities have
been analyzed to determine the mechanism of switching. It also shown how the switching
statistics can be tuned and how it can be utilized to attain multistability and adaptability in
an otherwise bistable ferroelectrics. The significance of these results is discussed in the light
of artificial neural networks.
Contrary to previous chapters where only the insulating properties of the ferroelectric PZT
are studied, Chapter 5 discusses the semiconducting characteristics of the ferroelectric PZT.
The aforementioned heterostructures were treated in terms of MIM (metal insulator metal)
and MIS (metal

insulator semiconductor) structures.

characteristics were determined using temperature

The leakage and interfac e

dependent current-voltage and

capacitance voltage measurements. The built-in field, free charge concentration, depletion
layer thickness, interface trap density etc. was determined. In addition, the ratio of the
capacitive to resistive nature, as well as the stability of the capacitive contribution with
frequency of these films were determined.
In Chapter 6, different stages of ferroelectric switching using temperature dependent mesofrequency studies are analysed. Different stages of switching were classified in terms of
thermally activated and flow motion of domain walls. It was found that a thermal activation
free domain wall motion at room temperature can be achieved if the nucleation energy is an
order of magnitude higher than the domain growth energy.
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CHAPTER 2
FABRICATION AND STRUCTURAL CHARACTERIZATION
OF PZT-ZNO HETEROSTRUCTURES

This chapter describes the sample growth and the structural characterization of the
PZT heterostructures used in this thesis. The samples used in this thesis were grown
using the pulsed laser deposition
morphological

(PLD)

technique. The structural

characterization carried out using X-ray Diffraction

and

(XRD),

Transmission Electron Microscopy (TEM) and Atomic Force Microscopy (AFM) are
discussed in this chapter.

9

2.1 Introduction
Ever since its invention in the late 1950s many potential applications have been envisaged
for utilizing the Light Amplification by Stimulated Emission of Radiation (LASER). In materials
science one of the most propitious idea was for synthesizing novel material systems at
nanoscale 1, 2 . Due to their very high energy density (up to 5 J/cm2 ) and narrow bandwidth (<
1 pm) and coherency the LASER can be used to vaporize even the most refractory materials
with a high level of precision and control. The biggest advantage of depositing materials using
a LASER is the very accurate stoichiometry transfer and control as well as very effective
control of the morphology by manipulating the deposition conditions2-4 . Even though the
LASER was first used in 1960’s for depositing thin films of oxides 5 , the main interest in
utilizing the LASER for thin film deposition started in 1980 s with the discovery of the high Tc
superconductors due to their layered structures 6 . After the realization of reflection highenergy electron diffraction (RHEED) 7 at high oxygen pressure to monitor thin film growth at
atomistic level, PLD was utilized for synthesizing novel artificial materials by designing at
atomic scale 8-13 .
In this thesis the PLD technique for growing the epitaxial oxide heterostructures is employed.
P ulsed Laser Deposition
In Figure 2.1 show a schematic of the PLD thin film growth deposition technique. PLD in
principle involves vaporizing small volumes of a target material using small duration (20 – 35
ns) high powered LASER pulses as shown in Figure 2.1. The complete process of pulsed laser
deposition comprises of series of steps as mentioned below
1.

2, 14 :

Laser target interaction: At first the high powered laser radiation gets absorbed in a small
volume of the target material.

2.

Ablation of the target and plasma formation: Due to the high power of the laser high
temperature regions form inside a small region of the target leading complete
evaporation, ionization of the target material and formation of a plasma.

10
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3.

Deposition of the ablated material: The plasma plume deposits the target material on
the heated substrate and this constitutes the transfer of the desired target material.

4.

Nucleation and growth on the substrate: The deposited plasma particles nucleate and
grow on the surface of the substrate to form a thin film. In case of epitaxial growth the
thin film follows the growth direction of the substrate.

Instrumental setup
In the actual experimental setup the Laser is a KrF excimer Laser with a wavelength of λ =
248 nm with a typical pulse duration of 20-30 ns. The background pressure inside the
deposition chamber is kept at 10 -7 mbar. The energy density of the laser can be varied from
1-5 J/cm2 and the frequency of the laser repetition can be varied from 1-50 Hz. The laser
beam is focused by a lens and projected at an angle of 45 °. The laser spot size is of the order
of few square millimetres and can be modified by adjusting the lens and mask. The substrate
temperature during deposition can be maintained from room temperature up to 950°C and
the pressure during deposition is kept between 10 0 to 10 -3 mbar using a mass flow controller.

F i g ure 2. 1 Pulsed Laser Deposition experimental setup

11

P atterning
In order to measure the electrical properties of the heterostructure capacitor structures of
200 µm by 200 µm, 100 µm by 100 µm and 50 µm by 50 µm were fabricated using pulsed
laser deposition followed by photolithography and etching15 . The process comprises of three
processes: a) etching, b) lift-off and c) shadow mask deposition. At first photolithography was
used to define the photoresist layer. Dry etching was carried out by Ar ion beam milling at
2.3*10 -3

mbar Ar pressure at a rate of 10 nm/min to remove the top electrode layer. The

electrical resistance between electrodes was measured to make sure the electrodes are
disconnected.

2.2 Results and Discussions
2. 2. 1 Growth
Heterostructures

of SrRuO 3 (80 nm)/PbZr0.58 Ti0.42 O 3 (1000 nm) (PZT)/ZnO (25-150

nm)/SrRuO 3 (80 nm) were fabricated on STiO 3 (111) substrates using pulsed laser
deposition15 (Figure 2.2). For the purpose of our experiments, devices with four different
thicknesses of ZnO, 25 nm, 50 nm, 100 nm and 150 nm as well as a device without ZnO, were
fabricated. Hereon, the samples are named PZT25, PZT50, PZT100, PZT150 and PZT0
respectively. The SrRuO 3 and PZT grow epitaxially on SrTiO 3 in the (111) direction. ZnO grows
along the (0001) direction on the PZT. In Table 1 the deposition parameters of all materials
are summarized. PbZr0.58 Ti0.42 O 3 is rhombohedral
structure

18 . The

16, 17

and ZnO has a wurtzite crystal

STO substrates were treated with a dilute buffered HF solution to obtain a

single termination

19

with unit cell step sizes.
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T a bl e 1. Growth conditions for heterostructure growth

SRO

PZT

ZnO

630

600

350

0.13

0.11

0.05

Laser fluence (J/cm2 )

2.08

2.0

3.0

Laser frequency(Hz)

5

10 4 pulses @ 5Hz

4

Substrate
temperature(ᵒC)
Oxygen pressure
(mbar)

+4x10 4 pulses @
10Hz

2. 2. 2 Structural Characterizations
X-Ray Diffraction
The crystallographic properties of the aforementioned heterostructure were investigated by
X-Ray diffraction (XRD) (Panalytical X’Pert Powder diffractometer and X’Pert MRD)

20 . Figure

2.3 (a) shows the XRD spectrum of device PZT100, indicating the epitaxial (111) growth of
PZT and SRO. Figure 2.3 (b) shows the XRD spectrum of the heterostructure around the (321)
reflections. The reciprocal space map around (321) and (111) reflections indicate that the
PZT is rhombohedral with a lattice constant of 4.08 Å. It can be noted from the reciprocal
space map that the PZT films are fully relaxed. Ф scans were performed to determine the inplane epitaxial relationships between the ZnO films and STO substrates. Figure 2.4 shows
that ZnO films grow along the c-axis perpendicular to the growth plane on the (111) STO
substrates. Twelve peaks were observed for the ZnO family, which has six crystal planes with
the same angle as the STO in plane and six planes rotated 30° to the in plane. From the
relative position of ZnO and STO, {100} families, the in-plane relationships obtained was <1100>ZnO∥<0-11>STO and <11-20> ZnO∥<0-11>STO on the (111) STO substrates

13

21, 22 .
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F i g ure 2.2 Schematic of PZT-ZnO heterostructures

F i g ure 2.3 (a) The X-ray diffraction spectrum θ-2θ scan of the PZT100 heterostructure
around the (111) reflections. (b) The reciprocal space map of the heterostructure around
the (321) reflections of the heterostructure.
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F i gure 2.4 In plane φ scans of ZnO 101-2 plane and STO 110 and 001 planes. The schematic shows the
two relative in plane relation between STO 111 and ZnO 0002 planes

Atomic force microscopy
The surface roughness of the structures were measured using a Bruker Icon AFM. Different
thicknesses of ZnO were grown on a thin layer of SRO (10 nm)/ PZT (10 nm) to study the
roughness of the ZnO layers. The average rms roughness of the SRO/PZT layer was 2 nm over
an area of 5µm × 5µm. The rms roughness of the ZnO layer was 4 nm and was almost
invariant with the thickness of ZnO. Below the AFM micrographs (Figure 2.5) for PZT25,
PZT50 and PZT100 are shown. It signifies that the disorder due to the roughness of ZnO
remains almost similar for all the ZnO heterostructure samples.

15

(a)

(b)

(c)

F i gure 2.5 AFM topography scans of the surface of (a) 25 nm ZnO (b) 50 nm ZnO and (c) 100
nm ZnO films used in our studies, showing a root-mean-square roughness of ∼ 4 nm

Transmission electron microscopy
The local structure and interface layer was probed using a Philips CM300ST FEG Transmission
electron microscope (TEM). The cross sectional TEM images showed sharp PZT-ZnO
interfaces with no signs of inter-diffusion. Fast Fourier transform (FFT) of the images showed
that the PZT was oriented along the 111 direction and ZnO along the 0001 direction. The
FFT pattern also reveals the inherent six fold symmetry present in the ZnO (0001) and the
PZT (111). The absence of any mixed characteristics in the FFT pattern of ZnO shows that the
two in plane domains of ZnO are not mixed together.

16
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F i gure. 2.6 Cross-sectional TEM image of the PZT-ZnO interface PZT100 epitaxial film, the insets show
the fast Fourier transform of the image.

2.3 Conclusions
In this chapter the pulsed laser deposition process and electrode patterning process has
been briefly described. Additionally, the structural characterizations using XRD, AFM, and
TEM have been provided. It is shown that epitaxial heterostructures of SRO/PZT/ZnO/SRO
has been grown using pulsed laser deposition. Different capacitor structures have been
fabricated using photo-lithography and etching. TEM results showed that the interfaces are
sharp with no inter-diffusion. These heterostructures will be used in the thesis in succeeding
chapters to manipulate the polarization switching dynamics of PZT through polarization
coupling. The ability to grow ZnO of different thicknesses with a similar rms thickness
provides us the opportunity to manipulate the disorder (induced by the roughness) to order

17

ratio. This relative disorder value will be utilized later in the thesis to manipulate the overall
switching statistics.

2
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CHAPTER 3
TUNABLE AND TEMPORALLY STABLE FERROELECTRIC
IMPRINT THROUGH POLARIZATION COUPLING 1

In this Chapter a method is demonstrated to the tune ferroelectric imprint, which is
stable in time. This imprint is based on the coupling between the non-switchable
polarization of ZnO and switchable polarization of PbZrxTi(1-x)O3 . SrRuO3 /PbZrxTi(1x)O3 /ZnO/SrRuO3

heterostructures were grown with different ZnO thicknesses. It

is shown that the coercive voltages and ferroelectric imprint varies linearly with the
thickness of ZnO. It is also demonstrated that the ferroelectric imprint remains stable
with electric field cycling and electric field stress assisted aging.

1

This chapter has been published in: APL Materials 4, 066103 (2016)

23

3.1 Introduction
Ferroelectric devices based on metal-ferroelectric-metal (MFM) and metal-ferroelectric semiconductor (MFS) heterostructures are interesting both from the application point of
view e.g. in memories and other digital logic as well as for understanding the fundamental
physics

1-7 .

Traditionally, the ferroelectric random access memory (FeRAM) and the

ferroelectric field effect transistor (FeFET) have always been major fields of application

2-7.

Recently, a lot of focus is also being given to the ferroelectric resistive memory (RRAM) based
on the ferroelectric tunnel junction (FTJ) and switchable diode effects because of their nonvolatility, non-destructive and fast switching characteristics8, 9 . In the case of ferroelectric
based RRAMs the underlying mechanism is the modification of the barrier heights at the two
opposite electrodes by switching of its polarization 9 . In the case of the FeFET, it is the
modification of the carrier concentration in the gate channel by using the switchable
polarization charge of the ferroelectric 6-11 . In both cases the interaction between the
switchable polarization charge at the interface and the semiconductor charge carriers plays
a major role. Therefore, it is not only important to study the effect of the ferroelectric on the
semiconducting properties of the system, but also how the ferroelectric switching properties
are modified by the semiconducting properties, because of the depolarization charges. It will
also be of interest to see if the ferroelectric switching properties can be modified to our
advantage for specific purposes

10 .

Analyzing the dynamics of switching should give insight

into the actual operating speed, operating voltage as well as the reliability of the MFS system.
In a FeFET the biggest challenge is having relatively long polarization retention times, which
is important for realistic applications

11-13 . In such a

device the ferroelectric is in contact with

a semiconductor, which has a finite screening length as compared to the Thomas-Fermi
screening length in a metal) which gives rise to a finite depolarizing field. Because of the
depolarizing effect arising from this incomplete screening, the ferroelectric polarization is
not stable for long time periods12, 13 . It would be of great significance if one could make an
FeFET in which the polarization is not lost by pinning it in one direction, thus stabilizing the
ferroelectric polarization in one direction. This can be manifested by an imprint in the
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polarization-electric field (P-E) hysteresis loop. This will lead to a longer retention time of the
ferroelectric in the FeFET device, making it suitable for practical applications.
In the case of kinetic memories e.g. phase change memory and RRAM the basic concept is to
make two thermodynamically inequivalent stable states with different electrical properties
7,8 14 .

This would enable a stable electrical resistance over a long time. One way to achieve

the creation of two thermodynamically inequivalent polarization states is by coupling a nonswitchable polarization vector to a switchable polarization vector. This method is much faster
and more reliable compared to the destructive switching method of writing and reading

7-9 .

Another application, in which ferroelectric imprint tuning is important is in the case of Microelectromechanical switch (MEMS) devices. It was recently shown that imprint in P-E
hysteresis loop can be used advantageously to achieve a high figure of merit (the figure of
merit is inversely proportional to the dielectric permittivity of the ferroelectric at 0 V) in
MEMS devices

15 .

However in this case the imprint was neither temporally stable nor was it

tunable.
Ferroelectric imprint has been one of the main features of FeRAM devices2, 3 . The asymmetry
of the ferroelectric loop has been explained by several mechanisms, such as the presence of
a ferroelectrically dead layer, a ferroelectric-electrode rectifying contact, by defect domain
pinning or by interface charge injection. But none of these imprint phenomena have been
shown to be temporally stable, nor have been demonstrated for tunability. Furthermore, the
observed imprint appears to be very much processing dependent

16-20 .

For all the above

cases, it would be helpful if one could devise a method to create a ferroelectric imprint which
is temporally as well as stable on multiple cycling, is tunable and process independent.
Moreover, if we can device a methodology by which we can tune the electric field at the
ferroelectric-electrode interface we can also analyze the effect of the gradual increase of the
interface electric field on the switching dynamics of a ferroelectric (Discussed in detail in
Chapter 4).
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3.2 Results and Discussion
3.2.1 Theory
In this paper a simple method to tune the imprint of a ferroelectric which is temporally stable
and in principle should be process independent is reported. To achieve the goal of stabilizing
one

state

of

polarization

over

another,

heterostructures

of

ZnO

and

PbZ0.58 Ti0.42 O 3(PZT(58/42)) as a model system were chosen. PZT(58/42) in the rhombohedral
phase (space group R3m) has a ferroelectric polarization along the (111)c direction2 . ZnO in
its parent wurtzite structure (space group P63 cm) has a non-switchable polarization along
the (0001)h direction21, 22 . Growing the PZT along the (pseudo) cubic (111)c direction provides
us with the unique opportunity to study the interaction between the switchable and nonswitchable polarization at the interface (Figure 3.1(a) ). Because of the non-switchable
polarization of ZnO one polarization state of PZT should be more stable than the other. The
electric field due to the dipole is directly proportional to the thickness of the layer (dZnO) and
its in-built polarization (PZnO)23 . Hence, it would be very important to see how the
ferroelectric imprint varies with the thickness of the ZnO. The thickness of the nonswitchable ZnO layer is dZnO and the thickness of the switchable PZT is dPZT. The dielectric
permittivity and polarization of ZnO and PZT are εZnO, εPZT and P ZnO, P PZT respectively. Applying
the condition of the continuity of the electric displacement field across the PZT/ZnO interfac e
and calculate the applied voltage 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 across the layer stack we can write

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝜀𝜀0 𝜀𝜀𝑃𝑃𝑍𝑍𝑍𝑍 𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑃𝑃𝑍𝑍𝑍𝑍𝑍𝑍 + 𝜀𝜀0 𝜀𝜀𝑍𝑍𝑍𝑍𝑍𝑍 𝐸𝐸𝑍𝑍𝑍𝑍𝑍𝑍
𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃 𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐸𝐸𝑍𝑍𝑍𝑍𝑍𝑍 𝑑𝑑𝑍𝑍𝑍𝑍𝑍𝑍

(1)

(2)

EZnO, EPZT are the electric fields across the piezoelectric and the ferroelectric respectively and
Vapp is the applied voltage. In order to find the offset voltage Voff, i.e. the difference in voltage
that can produce the same amount of switching for both the biases we need to balance the
VPZT for both the biases. The intrinsic coercive field of the PZT will remain the same only the
applied voltage across the PZT will get changed for opposite biases due to the built in field.
Following this we arrive at
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VPZT = Vapp- Voff + dZnO(PPZT + ε0εPZTEPZT)/ε0εZnO
Voff = PZnOdZnO /ε0εZnO

(3)

(4)

It can be seen from the Equation 4 that the imprint (Voff) is linearly dependent on the
thickness of the non-switchable ZnO. In order to obtain a high imprint the non-switchable
material should have a high polarization and a low dielectric constant. On the other hand a
low dielectric constant material will also increase the operating voltage, as is evident from
Equation 3. We can also see from Equation 3. (dZnO(P PZT + ε0 εPZTEPZT)/ε0 εZnO) the presence of
ZnO also leads to a symmetric increase (with respect to voltage) of coercive voltage with ZnO
thickness. In our case the dPZT is fixed at 1µm, whereas dZnO is varied from 25 nm to 150 nm.
However, it must be mentioned here that the presence of bound charges would make the
up‐state polarization unstable if not compensated by free charge carriers. The presence of
free charge carriers will however modify the effective field at the interface between the
switchable ferroelectric PZT and nonswitchable ZnO layer. The presence of free charge
carriers can in effect lead to the accumulation of free charge carriers at the PZT-ZnO
interface. If, σ represents the trapped free charge carriers then

Voff = (PZnO + σ)dZnO/ε0εZnO

It will in effect lead to a decrease of Voff 18, 24, 25 .

(5)

3.2.2 Experiment
In this chapter a simple concept is reported to tune the imprint of a ferroelectric which is
temporally stable and in principle should be process independent. Capacitor structures of
SrRuO 3 (80 nm)/PZT(58/42)(1000 nm)/ZnO(25-150 nm)/SrRuO 3 (80 nm) were fabricated on
STiO 3 (111) substrates using pulsed laser deposition followed by photolithography and
etching26 . For the purpose of tuning the ferroelectric imprint devices with four different
thicknesses of ZnO, 25 nm, 50 nm, 100 nm and 150 nm as well as a device without ZnO, were
fabricated. Hereon, these samples are named PZT25, PZT50, PZT100, PZT150 and PZT0,
respectively. The SrRuO 3 and PZT grow epitaxially on SrTiO 3 in the (111)c direction whereas
ZnO grows preferentially in the (0001)h direction. The ferroelectric characterization was
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carried out at room temperature using the aixACCT 3000 TF Analyzer set up. As mentioned
in the previous chapter from the reciprocal space map it was seen that the PZT films are fully
strain relaxed.
In order to measure the tuning of the ferroelectric hysteresis with the ZnO thickness, the PE hysteresis loop for all samples are analyzed. In Figure 3.1 (b) the P-E hysteresis loops of the
PZT0 and PZT100 devices measured at 1000 Hz is shown. It is observed that for the device
without ZnO layer (PZT0) the saturation polarization (P s) is around 34 µC/cm2 and the
coercive fields are approximately ± 3 MV/m. In the case of the PZT100 sample the saturation
polarization was 34 µC/cm2 and the coercive fields were -9.33 MV/m and 21.55 MV/m
respectively for the negative and positive bias.

F i gure 3.1 Schematic of the devices and the ferroelectric P-E hysteresis loop measured at 100 Hz of the
PZT and PZT100. a) Heterostructure device used for imprint control. The thickness of the PZT was kept
fixed at 1µm and the ZnO thickness was varied between 25 nm and 150 nm. b) The figure shows
significant imprint for the PZT100 sample as well as opening up of the loop due to increase in the
coercive fields.

In Figure 3.2. the coercive fields for the opposite biases for all samples the hysteresis loop
opens up with increasing thickness of ZnO, and the coercive voltages also increase linearly
with ZnO thickness according to Equation 3.
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F i gure 3.2 Coercive field as function of ZnO thickness. This figure shows the linear variance of the
coercive fields with the thickness of the ZnO layer measured at 100Hz.

To see the actual tunability of the imprint due to the fixed polarization of ZnO in Figure 3.3
the offset voltage (Voff) (imprint (Vc++Vc-)/2) (Equation 3) is plotted. We can see that the Voff
is linearly proportional to the thickness of ZnO as in Equation 3. The coercive voltage was
nearly independent of the measurement frequency (10 Hz-10 kHz)

3, 27 .

Defect dynamics

involving charging/discharging of the defect states result in large frequency dispersion of the
hysteresis loops in ferroelectrics3,

27, 28 .

This indicates that our electrical measurements are

not dominated by defects and other relaxation mechanisms. This frequency dispersion study
of our ferroelectric hysteresis loop shows our measurements are not dominated by artefacts
resulting from leakage, and other space charge and other relaxation mechanisms and we are
measuring the intrinsic switching characteristic of the system

3, 27-29 .

The voltage offset per

unit nm of ZnO is 0.05 V as determined from the slope of the imprint versus ZnO thickness
plot. . In our case the PZT is in contact with SRO on one side and ZnO on another side which
gives rise to different built-in voltages

30 .

The offset voltage due to the different built-in

voltages can be written as Vdepoff ∝ Vd1 -Vd2 , where Vd1 , Vd2 are the two built-in voltages across
the PZT. The value (Vd1 -Vd2 )/2 was found to be (using temperature dependent currentvoltage measurements shown in Chapter 5) ~ - 0.4.V, which is in the order of what is normally
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observed in ferroelectric thin films. However the value of this built-in voltage is much less
than imparted by the ZnO layer and is constant for all the samples and doesn’t scale with the
ZnO thickness. To ensure that the imprint effect is not dominated by the depletion effect
because of the presence of two different materials across the PZT we measured the imprint
for a 500 nm thick PZT with a 100 nm ZnO on top of it. In case the imprint is dominated by a
depletion effect it should scale inversely with the thickness of PZT which was not observed
(Figure 3.3 inset).

Furthermore, symmetrical capacitance voltage measurements also

showed there was no significant depletion layer formation inside the ZnO layer. To
understand the effect of the free charge carriers in ZnO as described by Equation. 5, all the
samples were annealed at 600°C for 15 mins in O 2 atmosphere to decrease the free charge
carriers in ZnO 31, 32 . We can see that upon annealing (Figure 3.3) the slope of the imprint vs
ZnO thickness increases according to Equation. 5. This shows that a more insulating ZnO layer
would be more efficient for inducing imprint.

F i gure 3.3 Tuning of the imprint and with the ZnO thickness and the effect of annealing. Imprint
(Offset voltage) of PZT (thickness fixed at 1 µm) samples measured as a function of ZnO thickness
(25 nm, 50 nm, 100 nm, 150 nm). The figure shows that the imprint varies linearly with the
thickness of ZnO. It can be seen upon annealing the imprint increases but still varies linearly. The
inset shows the time dependent imprint behaviour of the PZT, PZT100 and PZT 500nm sample
with 100 nm ZnO on top.
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To make sure that the imprint is stable upon aging a cyclical voltage of ±35V was applied at
1 Hz frequency for up to 1000 secs. It was seen that even after 1000 secs of cycling the
imprint didn’t change by more than 4% for all the samples.
Waser et al

16, 17

showed that the imprint in ferroelectrics is caused by an interface field at

the ferroelectric-electrode interface arising due to the finite separation between the
polarization and screening charges. This interface field leads to charge injection from the
electrode into the film which gets trapped at the interface and since the ferroelectric
switching time is much faster than the charge detrapping time these trapped charges at the
interface give rise to an imprint increasing with time. In case when the imprint arises due to
the interface field which is along the direction of polarization, upon poling the sample in one
direction, the samples prefer that state due to electrical stress because of more charge
injection and trapping17, 20 . On application of a constant electric field along (or opposite to)
the direction of this built-in field would lead to an increase (decrease) of the imprint.
To test the role of the above mechanism role how the imprint evolves with time and also the
effect of a constant voltage along to the direction of the imprint on the voltage shift was
investigated. In Figure 3.4 we can see that for all the samples the imprint remains almost
constant with time with which shows that the imprint is very stable to the effect of interfac e
field. In Figure 3.4 inset shows that for PZT100 the application of a constant voltage leads to
a very small change in the imprint as compared to the 0 V as a function of aging time. As a
matter of fact, it’s seen that the imprint actually decreases with time, indicating that the
direction of the induced imprint is opposite to the direction of the interface field. Similar
trends were also observed for all the PZT25 and PZT50 but for PZT0 the imprint increased
with time as was also observed by Waser et al16 . These observations show that the role of
interface screening in inducing imprint is very small compared to that induced by the ZnO
layer. Also, the imprint induced by interface field increase with the temperature which was
not observed in our case, on the contrary the imprint increased with for lower temperatures.
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F i gure 3.4 Stability of Imprint with aging. Stability of the imprint for all the samples with aging. Inset
shows the evolution of the imprint for PZT100 upon application of a constant field along the direction
of the imprint, the decrease in imprint with the voltage shows that the direction of the imprint induced
by the ZnO layer is opposite to that of the interface field.

3.3 Conclusions
In conclusion, it is shown that the imprint or the offset voltage in a ferroelectric can be
controlled and analyzed the underlying mechanism behind this phenomenon. Control of
ferroelectric imprint is necessary for the FeFET which has very short retention time as well
as for RRAM based kinetic memories where it is necessary to make one state more stable
than the other. Moreover, tunable imprint in a ferroelectric, which is also stable over time
can lead to higher figures of merit and stable performance in energy harvesters. Our results
have shown that the imprint is directly proportional to the thickness of the ZnO layer
thickness. This simple and robust method of gradually tuning the electric field at the
ferroelectric-electrode interface is used in the succeeding chapters to modify the switching
dynamics of the ferroelectric PZT film.
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CHAPTER 4
MULTI-STABILITY IN BI-STABLE FERROELECTRIC
MATERIALS TOWARDS ADAPTIVE APPLICATIONS 1

Traditionally thermodynamically bistable ferroic materials are used for non-volatile
operations based on logic gates (e.g. in the form of field effect transistors). But, this
inherent bistability in these class of materials limit their applicability for adaptive
operations. Emulating biological synapses in real materials necessitates gradual
tuning of resistance in a non-volatile manner. Even though in recent years few
observations have been made of adaptive devices using a ferroelectric the principal
question as to how to make a ferroelectric adaptive has remained elusive in the
literature. Here it is shown that, by controlling locally the nucleation energy
distribution at the ferroelectric–electrode interface we can make a ferroelectric with
addressable multiple states behave as necessary for adaptive applications. This is
realized by depositing a layer of non-switchable ZnO on thin film ferroelectric
PbZrxTi(1-x)O3 . This methodology of interface engineered ferroelectric should enable
us realise brain-like adaptive memory in CMOS devices. Furthermore the
temporally stable multistability in ferroelectrics should enable us to design
multistate memory and logic devices.

1

This chapter has been published in: Advanced Functional Materials Volume 26, Issue 31
August 16, 2016, Pages 5748–5756
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4.1 Introduction
Lately research has focussed on the realization of artificial brain like computation motivated
by their ability to learn and perform very complex computations e.g. pattern recognition,
which are not viable using present day computers based on the Von Neumann architecture
1-10 .

Analog computers could in principle overcome the limitations of digital computers by

adaptive processing of information

4, 10-14. An adaptive system

can be defined as one that can

dynamically adjust its system parameters rather than having a fixed input to output relation.
In the human brain adaptive computation is carried out by the neurons; a neuron
communicates with other neurons through synapses and the learning function is derived
from the plasticity of the synapse 7,10,13-16 . The strength of a neuron connection is determined
by the weight of the connection between two neurons which is remembered by the synapse
and the ability of the synapse to update itself gives rise to the adaptability (learning ability)
4,6-8,10,14,17

. Recently, a lot of work has been reported on memristor like devices where the

internal resistance of the system was modified using an external stimuli

18, 19 .

In particular

switching speed and CMOS compatibility are major issues with the materials used, while the
processing of these materials are still under development

4,18 . To

summarize, a non-volatile

system with multiple valued and tunable internal states (e.g. resistance, polarization,
magnetization etc.) but also exhibits stability and endurance of the intermediate states, has
a suitable operating temperature, CMOS processing compatibility

4, 20

and sufficient

switching speeds needs to be developed.
Ferroelectrics because of their intrinsic non-volatility, fast switching and CMOS compatibility
naturally become are a promising candidate for adaptive switching, the bottleneck being its
bistability

2,4,21. The identification

of ferroelectrics for adaptive computation in the form of

field effect transistor (FeFET) was already proposed by Ishiwara in 1993

22, 23

and more

recently observed in the form of a tunnel junctions (FTJ) by Barthelemy et al 2 . In order to
quantify the observed adaptive nature of the device the authors approximated the fraction
of the switched domains as a summation of five Heaviside step functions without any explicit
physical reasoning. What still needs to be answered is the question of how to achieve multi-
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level states and how to tune the number of internal states in an otherwise bi-stable system
needed for adaptive computation which has, to our knowledge, never been addressed in
literature.
Additionally, it is not only important to be able to adjust the weights but also the rate at
which the weights are updated upon each iteration. The neuron learning and weight
adjustments are made using a back propagation algorithm and the rate of change of weights
(neuron activation function) based on the delta rule determines the learning rate and error
13-15 .

In an artificial neuron network the neuron activation functions used are usually

sigmoidal in nature, the main reason for sigmoidal functions being used is that the derivative
of a sigmoidal function being a double sigmoidal function, it makes it suitable for the back
propagation method. Activation functions can be broadly classified as hard and soft
activation functions. For realizing a discreet neuron (perceptron) a hard activation function
is used based on ON and OFF switch, this can be used to solve simple problems very fast
however the convergence might not be accurate and are only be used as binary classifiers.
For more complex, continuous neurons (multi-layer perceptrons) where learning and
accuracy are most important one needs soft activation functions which are generally
sigmoidal. The ability of a neural network to learn depends on the number of degrees of
freedom available to the network (for an electronic device it means the number of switchable
states). The number of degrees of freedom determines the plasticity of the system, i.e., its
capability of approximating the training set (plasticity scales with the number of degrees of
freedom)

1-9

. For a rapid convergence and avoiding over shooting the weights need to be

adjusted gradually in small steps and which requires a moderate slope of the activation
function. In general the lesser the slope of the polarization switching curve higher will be the
plasticity which in turn enhances the learning ability and helps to reduce the training error.
The learning ability of the neuron scales inversely with the steepness of the activation
functions which determines the plasticity of the neuron. For a optimal performance of a
neural network one needs activation functions with different steepness

4, 8-15, 24. So, it

is also

necessary to reproduce different neuron activation functions in the switching characteristic s
of the ferroelectric.
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In this work it is shown how we can create multi-level states and also tune the number of
states in a ferroelectric thereby tuning the plasticity of the ferroelectric. This can pave the
way for ferroelectrics to be utilized for adaptive computation based on different measurable
quantities as a function of the switched polarization e.g. in an FeFET or an FTJ

2, 25, 26

.

4.2 Experimental Section
The ferroelectric characterizations were carried out at room temperature using an aixACCT
3000 TF Analyzer set up. The pulse switching method was employed to measure the
switching polarization as function of the voltage and time (Scheme 1). Measurements were
carried out on 200 µm by 200 µm capacitor structures. The write pulse width (t3 ) ranging
from 2.5 μs to 1 s, was applied with a 0 s rise time. In order to make sure that RC time
constants did not affect the measurement 50 x 50 µm2 and 100 x 100 µm2 capacitors was
tested, which did not show any difference in switching characteristics. Additionally, a 100 Ω
resistor in series was also put to ensure that the switching characteristics is not affected by
the RC time constant. The measurements were carried out using a sequence of four pulses.
Pulses 1, 3, 4 had the same amplitude of 35 V and a duration of 25 µs (See Scheme 1). The
amplitude V2 of pulse 2 was varied between 1 V to 23 V depending on the coercive voltage,
and was varied in the range 2.5 µs to 1 s. Pulse 1 defines the state of polarization of the
ferroelectric, pulse 2 (write pulse) switches the polarization, pulse 3 measures the switched
part of the polarization defined by pulse 2 and from pulse 4 the non-switching polarization is
obtained. As have been mentioned in the manuscript in case of WURD (write up read down),
V1 is negative, V2 is positive, V3 and V4 are negative, and vice versa for WDRU (write down
read up). The measurements pulses were separated by a delay time t1 = 1 sec

29

. A cyclical

voltage of ±35 V was applied at 1 Hz frequency for up to 1000 secs was applied to all the
samples before performing any measurements

49.

The switching polarizations were

measured for the opposite biases on four different samples PZT, PZT25, PZT50 and PZT100,
as described above.
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Schem e 1. Sequence of voltage pulses used for measurements of the switching polarization

4.3 Results and Discussion
To elaborate on this we first turn to the switching in a uniformly polarized ferroelectric which
is explained using Kolmogorov-Avrami-Ishibashi (KAI) model 21,27,28

ΔPt/2Ps=1- exp[ - (t/t0)n]

(1)

t0 ~ exp(Ea/Eext)

(2)

here, P s is the saturated polarization, ΔPt time dependent change in polarization, t0 is the
characteristic switching time, Eext is the electric field, n the effective domain growth
dimension and Ea is the effective activation field. As can be seen from the above two
equations there is just one unique switching time for a given Eext and the slope of ΔP t vs write
time curve is independent of the applied electric field. To explain deviations from the ideal
KAI model two different concepts were proposed. Tagantsev et al 29 proposed that switching
kinetics is governed by the statistics of nucleation, whereas Noh et al

30

and Zhukov et al

31

took into consideration the statistics of domain growth (dependent on random field
variations and pinning centres inside the film). Rappe et al's
and subsequent experiments

33

32

first principles calculations

showed that the nucleation and growth activation fields are

comparable in magnitude. It can be contended here because of the comparable magnitudes
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of the nucleation and growth activation fields it is very difficult to control the switching by
either nucleation or growth alone. Since most of the film actually switches via sideways
motion of the domain wall the statistics of growth would always dominate over the
nucleation. Tagantsev et al

34

proposed that the nucleation of opposite domains are

stimulated at the ferroelectric-electrode surface. Furthermore Kalinin et al

35

observed that

the nucleation activation energy is extremely sensitive to the built-in electric field near the
surface. Hence, it would be more advantageous if we can control the switching by controlling
the statistics of nucleation alone rather than the statistics of growth. In epitaxial thin films
we can have a substantial control over the interface, in contrast to random field variations
inside the film which neither can be controlled nor are dynamically stable.
Taking a cue from the above observations the local electric field at the ferroelectric-electrode
surface is controlled and increase the nucleation activation field to a much higher value than
the growth activation field and as a result control the switching through nucleation alone.
Moreover, we manipulate the distribution of the local electric field by manipulating the
normalized roughness (to the thickness) of an interface layer thereby controlling the
statistics of the nucleation controlled switching. Controlling the normalized roughness allows
one to manoeuvre the fractional variation in the local electric field Figure 4. 1 (a). This
resulting control over the local distribution of electric fields enables us to create independent
regions in the film with individual switching times which in turn enables us to achieve
adaptability of the ferroelectric switching by varying the write time for a given electric field
Figure 4. 1 (a).
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F i gure 4.1 Ferroelectric switching for a wide distribution of nucleation switching times a) The schematic
shows how a ferroelectric can be switched progressively by applying different electric fields. If the
nucleation activation energy at the interface is non- uniformly distributed different regions of the film
switches under different applied fields for a given write time or vice versa. b) Heterostructure device
used for switching kinetics manipulation. The thickness of the PZT was kept fixed at 1µm and the ZnO
thickness was varied from 25 nm to 150 nm. The non-switchable polarization of ZnO along (0001)h
couples with the switchable polarization of PZT along (111) c. In the schematic shows the average
thickness of the ZnO layer with a finite roughness.

As mentioned in the previous chapter, in order to achieve the goal of increasing the local
activation field for switching in a controlled manner heterostructures of ZnO and
PbZr(0.58)Ti(0.42)O 3(PZT) as a model system, see Figure 4.1 (b) were fabricated. Lead zirconate
titanate (PZT) in rhombohedral phase (space group R3m) has a polarization along the (111)
direction

21,36

and ZnO (space group P63 cm) in its parent wurtzite structure has a non-

switchable polarization along the (0001) direction 37 . Using Equation 4 Chapter 3 the electric
field exerted at the PZT-ZnO interface was tuned by changing the thickness of the nonswitchable ZnO. As shown in Figure 3.2 we can see the Voff changes linearly with the thickness
of ZnO.
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To understand how the non-switchable polarization of ZnO affect switching kinetics of the
PZT it was analysed how the domain nucleation and growth was modified with ZnO thickness.
The switching polarization kinetics was analysed using the KAI 27, 41 and NLS

29

models. The

pulse switching method was employed to measure the switching polarization as function of
applied field and time

29

(For details of the measurements see Experimental Section). The

switching polarizations were measured for the opposite biases on four different samples PZT,
PZT25, PZT50 and PZT100, as described above. Hereon, the switching for the opposite
polarities are defined as Write Up Read Down (WURD) and Write Down Read Up (WDRU).
Figure 4.2 shows the WURD ΔPt/2Ps vs write time switching curves for PZT25, PZT50 and
PZT100 and WDRU PZT50. In order to find the relevant switching parameters e.g.
characteristic switching times, the dimension of switching and switching activation energy
we fitted the above plots with Equations. 1 and 2. Figure 4.3 plot shows the activation field
for the four different samples for both biases. It can be seen that for the negative bias the
activation field remains almost constant with the ZnO thickness whereas in the case of the
positive polarity the activation field changes by up to 150 times for 100nm ZnO. The
exponential increase in the effective switching activation field with linear increase in the
offset voltage indicates that the nucleation energy is extremely sensitive to the orientation
and strength of local dipole near the surface. Since the growth activation field remains
unaltered with the polarity of switching we can contend that the increase in the effective
activation field is because of the increase in the nucleation switching field. And because of
the order of magnitude increase of the nucleation activation field over the growth activation
field it allows us to control the switching in the hard direction (higher coercive direction)
through nucleation alone.
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F i gure 4.2 Modification of the
adaptability of
ferroelectric
switching with ZnO thickness
Normalized switched polarization
measured as a function of write
time (t3) and write field for a)
write down read up (WDRU)
PZT50, this curve show the
switching taking place within an
order of magnitude of write time
as in KAI model b) write up read
down (WURD) PZT100 sample c)
write up read down (WURD)
PZT50 sample d) write up read
down (WURD) PZT25. The
normalized switched polarization
curves
shows
a
gradual
sharpening of the switching with
the
thickness
of
ZnO.
Measurements were carried out
on 200 µm by 200 µm capacitor
structures. The write pulse width
(t3) ranging from 2.5 μs to 1 s, was
applied. The measurements
pulses were carried out at a delay
time t1 = 1 sec.
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4
F i gure 4.3 ln(Activation field) measured as a function of ZnO thickness. The curve shows that the
activation energy varies exponentially with the ZnO thickness for the Write Up direction whereas for
Write Down it remains almost constant.

We can see that for the WURD in Figure 4.2 that in addition to the shifting of the
characteristic growth time to lower values with increase in field there is also an increase in
the slope of the curve indicating that switching is governed by a distribution of switching
times. For WDRU the shape of the ΔP t/2P s vs write time switching curves doesn’t change with
field and is similar to that of PZT indicating that for the negative bias the nucleation is
unhindered and the domain coalescence statistics governs the switching. The consistency of
the shape of the ΔP t/2P s vs write time switching curves for different fields for PZT and for the
WDRU for the other samples points to the uniqueness of the characteristic switching time
distribution. In contrast, for WURD it is seen that the sharpness of the switching increases
with the thickness of ZnO. Whereas for the PZT and WDRU the sample switches within an
order of magnitude of write time, in the case of WURD PZT25 the distribution of switching
time spans over six orders of magnitude, for PZT50 over four orders and for PZT100 over
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couple of orders of magnitude. This points to the fact that the distribution of switching times
becomes sharper with the thickness of ZnO. The inset of Figure 4.4, shows the effective
domain growth dimension of all four samples for the two opposite biases (The inset of Figure
4.4 (a)/(b) were obtained by fitting Equation 1 to Figure 4.2). For the WURD we can see that
the compared to the WDRU at a given field the domain growth dimensions are much lower.
The lower value of dimensionality of switching in the case of WURD arises because of the
wide distribution of switching times that becomes narrower with the thickness of ZnO, and
is also reflected in the increase of dimensionality with the thickness of ZnO.
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F i gure 4.4 Modification of effective domain wall velocity Inverse t0 as a function of applied field for
different ZnO thicknesses (a) WDRU, (b) WURD. In case of WDRU there is a clear transition from creep
to slide motion with increase in electric field but in case of WURD there is no clear distinction between
creep and slide motion. (Insets) Effective domain dimension as a function of applied field for different
ZnO thicknesses.

Figure 4.4 shows the inverse of time constant of the domain growth as a function of electric
field (E). The velocity of domain growth scales linearly with the inverse of time constant. We
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can see from Figure 4.4 that for WDRU and WURD the domain wall dynamics are markedly
different. As a representative comparison we take the example PZT0 and PZT50. For WDRU
we can see that compared to PZT0 the effective domain wall velocity for the same applied
electric field (7 MV/m) is less than a couple of orders of magnitude. In case of WURD the
effective domain wall velocity of the PZT50 is about six orders of magnitude lesser than that
of PZT0 (7 MV/m). For PZT50 the effective domain wall velocities for WURD and WDRU differs
by 4 orders of magnitude for the same applied electric field (7 MV/m). The ferroelectric
domain switching can be considered as the growth of an elastic object in a disordered media
42-44

. The domain wall velocity has different relationship with the applied field v = 0 (when

pinned at very low electric fields), log(v) α Eext (creep at intermediate electric fields), v α Eext
(slide at high electric fields)

42-44

. From Figure 4.4 the slope of log(1/t0 ) versus E can give us

very important information how the switching is actually taking place. From Figure 4.4 (a) we
can see that for WDRU the shape of the curve doesn’t change with the thickness of ZnO.
From Figure 4.4 (a) we can see that for WDRU the shape of the curve doesn’t change with
the thickness of ZnO. The domain wall motion is dominated by creep at lower fields and at
higher fields is dominated by slide motion. From Figure 4.4 (b) unlike WDRU in WURD there
is no sudden change from creep to domain wall slide motion. In case of epitaxial ferroelectric
thin films as has been shown by Noh et al

44

the pinning regime is actually determined by

overcoming the initial nucleation barrier, followed by temperature assisted creep and finally
slide motion at higher fields. In this case the initial nucleation barrier energy is lower than
the onset of the flow regime. In case the nucleation energy is much higher than the onset of
the viscous flow regime the domain can in principle directly go into the viscous flow with the
suppression of creep regime. However more temperature and frequency dependent studies
would be necessary to confirm this.
To analyse the distribution of the switching times and its evolution with the thickness of ZnO
the statistics of local electric field distribution at the PZT-ZnO interface was analysed. It is
assumed that the ferroelectric film is divided into regions having different switching times.
∞

𝑡𝑡

𝑛𝑛

ΔPt= 2P𝑠𝑠 ∫0 �1 − exp �− �𝑡𝑡 � �� 𝐹𝐹 (𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡0 )𝑑𝑑(𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡0 )
0
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(3)

Where 𝐹𝐹 (𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡0 ) is the distribution function for(𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡0 )

30,31 .

Since the individual switching

times are related to the local electric field we need to map the spatial distribution of electric
fields. Using the relation 𝐹𝐹 (𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡0 ) 𝑑𝑑 (𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡0 ) = 𝐹𝐹(𝐸𝐸)𝑑𝑑 (𝐸𝐸) and approximating as a Heaviside

step function 𝜃𝜃 [ 𝐸𝐸 − 𝐸𝐸𝑡𝑡ℎ ] the local reversal of polarization using Equation. 2 and Equation. 1,

we can write

∞

ΔPt= 2P𝑠𝑠 ∫0 𝜃𝜃 [𝐸𝐸 − 𝐸𝐸𝑡𝑡ℎ ] 𝐹𝐹 (𝐸𝐸 )𝑑𝑑(𝐸𝐸 )

And for statistical normalization
∞

∫0 𝐹𝐹(𝐸𝐸 )𝑑𝑑(𝐸𝐸 ) = 1

(4)
(5)

Here Eth is the threshold field for a given write time which can be obtained from Equation. 2
and the physical meaning of the above equation is as soon as the applied field exceeds the
threshold field polarization switching happens immediately. To get the functional form of the
𝐹𝐹 (𝐸𝐸 ) the derivative of the ΔP t/2P𝑠𝑠 as a function of the applied electric field was determined

for different write times. In order to maintain switching volume conservation the switching
curves which reached the saturation polarization within the maximum possible write time of
1 sec were only fitted.
Figure. 4.5 shows the ΔP t/2P𝑠𝑠 as a function of the applied electric field for different write

times for the PZT50 sample for WDRU (The plots for PZT and WDRU of PZT25 as well as
PZT100 have similar characteristics.). Since the data points were scattered the curves which
are shown here were spline fitted. As can be seen from Figure. 4.5 (a) as the write times
decrease the maximum peak voltage increases. The observed plots were found to fit best
with Lorentzian distribution functions as compared to a Gaussian. Figure. 4.5 (b) shows the
rescaled plots of Figure. 4.5 (b) using (E-Emax)/w where Emax is the central maximum value and

w is the full width at half maxima. This scaling behaviour suggests that the distribution is
intrinsic.
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(a)

(b)

F i gure. 4.5 (a) Logarithmic derivative of the fractional switched polarization versus applied voltage (b)
Normalized distribution of activation field for WDRU for PZT50. All the distributions were found to fit
best with a Lorentzian.

Similarly as above, Figure. 4.6 shows the ΔP t/2P𝑠𝑠 as a function of the applied electric field for

different write times for the PZT50 sample for WURD. Similar to as observed in Figure. 4.5
(a) as the write times decrease the maximum peak voltage increases. As we can see from
Figure. 4.6 (a) the curves don’t quite follow any regular shape and also the shape varies with
the write time. It signifies that the local fields are not symmetrically distributed about the
mean. Since the switching here is governed by the local field variations at the ZnO-PZT

interface, which is dependent on the roughness and local disorder the distribution of local
electric fields need not necessarily be a singular well defined peak function. In order to
rescale these asymmetric curves the asymmetric double sigmoid function was used. The
switching curves with the asymmetric double sigmoid (ASD) curve was fitted.

y = B*(1/ (1+e (-(E-Emax+w1/2)/w2)))*(1-1/ (1+e (-(E-Emax -w1/2)/w3)))

(6)

Its notable here that Tagantsev et al assumed a mesa like function to map the distribution of
characteristic switching times which can qualitatively describe the linear ΔPt/2P𝑠𝑠 vs write

time curve but would not be sufficient to fully map the local electric fields as in our case. As
in Equation. 6 Emax is the central value of the derivative and w1 is the full width at the half
maxima and w2 and w3 determines the asymmetry of the distribution in the lower and higher
value than Emax. The above curves was rescaled using (E-Emax)/w1 which is shown in Figure.
4.6 (b).
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(a)
(b)
F i gure. 4.6 (a) Logarithmic derivative of the fractional switched polarization versus applied voltage (b)
Normalized distribution of activation field for WURD for PZT50. All the distributions were found to fit
best with an asymmetric double sigmoidal function.

4

F i gure 4.7 Distribution of local nucleation field a) Normalized distribution of activation field for WDRU
for PZT, PZT25, PZT50 and PZT100. All the distributions were found to fit best with a Lorentzian. The
distribution activation field of all the films are same. b) Normalized distribution of activation field for
WURD for PZT25, PZT50 and PZT100. All the distributions have been normalized with an asymmetric
double sigmoidal function. The distribution of the activation field becomes narrower with increase in
ZnO thickness.
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We find that for WDRU and PZT, 𝐹𝐹 (𝐸𝐸 ) fits best with Lorentzian distribution. Normalizing all
the derivative of switching curves using (E-Emax)/w

30,45

where Emax is the central value of the

derivative and w is the half width at half maxima we see that for all the samples all the curves
for different write times merged into a single characteristic curve which shows that the
Lorentzian distribution of the activation field is intrinsic. But most importantly we find as
shown in Figure 4.7 (a) that the characteristic activation field distribution for PZT, and all the
other samples for negative switching direction merge together. It indicates that the total
switchable polarization and the distribution of activation fields for all the samples are same
which again is consistent with our observation from the switching curves that the
polarization switching in normal PZT and the other samples for the lower coercive field
direction is governed by the statistics of growth activation field which should remain same
for all the samples. A Lorentzian can describe the distribution of horizontal distances at which
a line segment tilted at a random angle cuts the x-axis. Similarly the distribution of the
component along the axis of any fixed electric field at a random angle with the axis is always
Lorentzian

45 .

In this case if the growth activation field subtends an angle with the growth

direction then the distribution of activation field will be a Lorentzian.
For the case of WURD the same procedure as above to find the distribution of the local
activation energy was followed.
Unlike the case of the Lorentzian peak fit which can be ab initio ascribed to a well-defined
physical phenomena in the case of the WURD the switching is determined entirely by the
local field variations, hence one needs a more versatile function which can map these
variations. The biggest advantage of the asymmetric double sigmoid (ASD) function is that it
can be it can be used to map a very broad distribution of switching time as well as any
asymmetry in the distribution function

46 .

Furthermore, there is an added advantage

pertaining the description of neuron activation function using the ASD function. Since the
neuron activation functions are usually sigmoidal (the derivative of a sigmoidal is a double
sigmoidal) the distribution of the local electric fields should also be a double sigmoidal in
nature to realize the activation functions. Hence analysing the distribution of the local
electric fields in terms of an asymmetric double sigmoid can help us correlate the required
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activation function to the actual local electric field distribution. Rescaling the above
distribution for the above fitted curves (E-Emax)/w1 as shown in Figure 4.7 (b) unlike Figure
4.7 (a) the curves for PZT25, PZT50 and PZT100 don’t merge which shows that the
distribution of the local activation nucleation fields are very different from each other. We
see that the distribution of activation field becomes sharper with the thickness of ZnO which
gives rise to a broader distribution of the switching times which is reflected in the gradual
increase of the sharpness of the ΔP t/2P s switching curves with the thickness of ZnO.
Comparing the above distribution of WURD Figure 4.7 (b) with Figure 4.7 (a) it is observed
that for the WURD the activation fields are much widely distributed and is also not symmetric
as this depends on the roughness of ZnO, PZT and also the static disorder at the PZT-ZnO
interface. To find out why the distribution of the nucleation activation field becomes sharper
with the thickness of ZnO we note that from Figure 4.3 we can empirically write ln(Ea) =
A*dZnO, where Ea is the activation energy and A is a constant. Assuming the rms roughness of
the ZnO is σ. Using the above empirical relation and Equation. 1 and Equation. 2 we can write
𝜎𝜎

𝐸𝐸𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑+𝜎𝜎 = (𝐸𝐸𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 )(1+𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 )

(7)

Where 𝐸𝐸𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑+𝜎𝜎 is the activation field for the thickness dZnO+σ and 𝐸𝐸𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the activation

energy for dZnO. As we can see from the above Equation. 7 the local activation field has a
power law relation with the

𝜎𝜎

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(normalized roughness), it makes the local activation field

extremely sensitive to the normalized roughness of the ZnO layer. Since the rms roughness
of the ZnO remains almost constant with the thickness of the ZnO the term

𝜎𝜎

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

decreases

with the thickness of ZnO which makes the distribution of the activation field sharper with
the thickness of ZnO. Here, for simplicity just the roughness of ZnO was considered, in actual
case the roughness of PZT and the static disorder at the PZT-ZnO should also be considered
while taking into account σ. The roughness of PZT and the static disorder at the PZT-ZnO
however remains constant with the thickness of ZnO hence will not have any qualitative
difference with our description. This extreme sensitivity of the activation field on the
allows us to modify the distribution of the switching times. The value of
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𝜎𝜎

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝜎𝜎

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

can lie between

4

0 and 1 and for different values we can achieve different sharpness of the ΔP t/2P s versus
write time curve; the value of 0 would correspond to intrinsic switching behaviour. The term
σ/d = 0 would mean a perfectly flat and 0 roughness and disorder of the non-switchable ZnO
film. On the other hand, in the other extreme of theoretical limit σ/d = 1 would mean the
extreme situation of a square wave like pattern which however will make the distinct regions
discrete, similarly for a sinusoidal roughness pattern σ/d = 1/√2. As mentioned above the
term σ represents not only the roughness but the static disorder as a whole. Hence in order
to thoroughly model and engineer this particular parameter one would require to take into
account not only the roughness of the ZnO layer but also the shape of the ZnO as well as the
PZT layer at the interface as it would influence the net effective local field.
The most important implication of having a double sigmoidal distribution of local fields (also
of distribution of switching time) is in realization of different neuron activation functions. As
mentioned earlier in neural networks the activation functions normally used are sigmoidal 13,
14 . The

very fact that 𝐹𝐹 (𝐸𝐸 ) can be approximated by a double sigmoidal curve would enable

us to realize in the switching behaviour of the ferroelectric different activations functions by
optimizing the roughness parameters.
From above discussions it can be concluded that by controlling the average roughness and
also the shape of the individual regions we can reproduce different activation functions by
controlling the local electric fields. This would require to reproducibly create different
regions with a substantial control over roughness and shape of the roughness profile. In
future, towards achieving this nano-imprint lithography can be a very important technique
for creating different regions with different thicknesses. It is possible to create patterns down
to 10 nm in lateral dimensions. It has been known that PZT can be patterned down to 130
nm in order to achieve high density memory. Additionally, by varying deposition conditions
(laser frequency, laser energy, deposition temperature etc) also films with different
roughness and shape profiles can fabricated

47.

However, for multi-state memory the ultimate thermodynamic limit for the number of
intermediates states will be determined by the Kittel’s law. But, even under the limitations
of Kittel’s law the present day energy storage density (present day device size of 130 nm) can
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be increased by 4-5 times for similar perovskite oxide based ferroelectric memories. But in
real materials, especially in thin films the stability of a domain can be strongly influenced by
the electrode materials and also the presence of defects due to their influence on the
depolarizing field. The stability of the states will also be affected on decreasing the device
size as the depolarizing fields increase with decrease in film thickness. This restriction
imposed by Kittel’s law on the number of fractionally switched state will however will not be
a limitation for dynamic adaptive operations. More first principles theoretical work as by
Rappe et al

32

on different materials systems taking into consideration different boundary

and electrode conditions would indeed be required for a better understanding of the
nucleation phenomena.
For realistic applications of ferroelectrics for multi-state memory applications and adaptive
applications it is very crucial that the intermediate (fractionally switched) states remain
stable with time 4. It is important that the ΔPt/2P s vs write time switching curve shape doesn’t
change for a given write voltage. Retention failure normally happens due to finite
depolarization field, interface traps and presence of electrets

21. Hence

the quality of the

interface and the ferroelectric film are of utmost importance. Hence to study the stability of
the intermediate states the retention properties of the intermediate states was studied by
varying the delay time between write and read to up to 1000 secs. Figure 4.8 shows that the
intermediate states for PZT25 at 7 V write voltage are stable up to 1000 secs with very little
loss in polarization (within 5%). For comparison with PZT25 sample it is also shown the
retention behaviour of the PZT0 sample in Figure 4.8 In general we see that upto 1000 secs
the stability of the intermediate states show similar behaviour as the fully switched states.
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F i gure. 4.8 Stability of intermediate states Retention of the intermediate states for PZT25 sample at 7
MV/m write field for two different delay times between write and read. Normalized polarization plotted
as a function of Write time. The blue curve represents a delay time of 1 sec and the green one a delay
of 1000 secs.

The retention of the polarization for all the samples was measured by varying the delay to
read time from 10-1 - 10 3 secs as in Figure. 4.9. The switched polarization was found to be
stable with less than a 2% drop over the measured time scale for PZT0 and a maximum of 4%
drop for PZT100 sample. It shows that the switched polarization is stable over time. Here the
retention of the switched polarization as a function of delay to read time from 10-1 to 103
secs was plotted for all the samples for both the biases. The retention up to 104 secs was
studied which showed similar trends as in Figure 4.9.
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F i g ure. 4.9 Retention: Switched polarization as a function of delay to read time.

4.4 Conclusions
Concluding, it was demonstrated how to create multiple states in an otherwise bi-stable
ferroelectric material. The extreme sensitivity of the local switching times on the presenc e
of fixed dipole near the surface allowed us to create independent regions within the same
capacitor structure having individual switching times by controlling the relative roughness of
the fixed dipole layer. By enabling the ferroelectric to switch in a multivalued manner we not
only enable further development in achieving neuron like adaptive memory but also give the
possibility to create multi-state memories which can also lead to very high density of storage.
These results should stimulate more theoretical and experimental work on methodologies
of controlling the switching kinetics in ferroelectrics and other thermodynamically bi-stable
materials.
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CHAPTER 5
ELECTRICAL CHARACTERIZATIONS OF PZT-ZNO
HETEROSTRUCTURES

The semiconducting nature of the ferroelectric PZT were investigated in this chapter.
Temperature dependent leakage (I-V) were performed on SRO/PZT/ZnO/SRO
heterostructures

to understand

the

leakage

mechanism

acting in

these

heterostructures. The leakage mechanism was found to be due to interface
controlled Schottky emission and was analysed using the Schottky Simmons
equation. The built-in voltage at different interfaces (SRO-PZT and PZT-ZnO) and
effective charge densities were determined. Temperature dependent capacitance
voltage (C-V) measurements was used to determine the free charge carrier density
inside the PZT thin films. The interface trap density was determined using the
parallel conductance method and was found to be of the order of 10 10 cm-2 . At low
voltages negative differential resistivity regime was observed and was ascribed to
trap emptying and filling. Admittance measurements were performed which
showed that capacitive contribution was much higher than the leakage contribution.
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5.1 Introduction
Electronic devices based on ferroelectric MFM structures depend on reading currents due to
polarization changes under the application of an external voltage

1-3 .

In the ideal limit

ferroelectrics for this purpose are assumed to be ideal insulators and the response of the
MFM structures totally capacitive in nature. In bulk ferroelectrics, both single crystal and
ceramics, the above presumption can be quite good, as the leakage contribution is orders of
magnitude lower than the capacitive contribution4 . However, for thin film MFM structures
the leakage contributions can be quite significant to obscure the capacitive contribution due
to polarization differential. A significant amount of leakage can adversely affect the
ferroelectric hysteresis loop, which is obtained by integrating the charge released during
polarization switching

1, 5 6 7 .

Additionally, the presence of free charge carriers also has a

detrimental effect on the reliability of the devices including fatigue, retention etc.

1, 8-11.

Hence, it becomes utmost important to understand the leakage mechanism in MFM/MFSM
structures so that these detrimental effects can be minimized.
Regarding the transport properties an MFM structure can be considered as two back to back
Schottky diodes arising from the interface between a metal and a semiconductor

12-16.

Ferroelectric undoped PZT is a wide band gap semiconductor and is normally considered as
a p-type semiconductor in bulk because of its defect chemistry

1, 17-19 .

However in some

literature due to the higher mobility of electrons and due to oxygen vacancies at the surface
PZT has also been considered as n-type semiconductors

1, 20 .

Nevertheless, oxide ferroelectrics like PZT cannot be treated as any normal semiconductor
because of the extreme low mobility of the free charge carriers due to very small mean free
paths as well as the very long relaxation times

13, 21 .

This also introduces serious challenges

in their characterization using conventional semiconductor characterization methods. ZnO
on the other hand is normally an n-type semiconductor due to the O vacancies

22, 23 . Since a

ferroelectric can be considered both an insulator and a semiconductor, a comprehensive
understanding of an MFM or MFS structure can only be obtained by P-E, C-V and I-V
measurements together

1, 12, 13, 24 .

In the previous chapters the polarization-electric field

characterizations were performed in detail, here we consider the C-V and I-V measurements
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to understand the semiconducting character of ferroelectrics. I-V measurements are used to
determine the built-in voltage at the two heterojunctions as well as the main leakage
mechanism in the studied heterostructures. C-V measurements can be used to determine
the free carrier density inside the PZT film as well as to find out the interface trap density at
the ferroelectric-electrode interface12, 13, 25, 26 .

5.2 Transport Mechanisms and Current-Voltage (IV) Measurements
As mentioned above for transport properties an MFM structure can be considered as two
back to back Schottky diodes connected via a resistor. Hence, the conduction mechanism in
these structures can be governed by either the bulk resistance or the interface resistance
4, 27 .

2-

Bulk limited mechanisms can be categorized as a) Ohmic conduction, b) Space charge

limited currents (SCLC), c) Poole - Frenkel emission (PFE), d) Hopping conduction, e) Ionic
conduction, and f) Grain boundary limited conduction 1, 3, 4 . Interface limited conduction can
be divided into a) Thermionic or Schottky emission (SE), b) Fowler-Nordheim tunnelling
(FNT), and c) Direct tunnelling 1, 3, 4 . Even though one of the above mechanisms may be the
main current limiting one, all or more than one of the above mechanisms may be operating
simultaneously and are not completely independent from one another1,

27 .

Moreover,

different conduction mechanisms may be acting at different voltage regimes. Hence, it
becomes an experimental challenge to determine the main operating mechanisms
responsible for leakage. Below we briefly describe all the conduction mechanisms in detail
and after that we describe how different I-V and C-V measurements can be performed to
determine the relevant parameters.
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5.2.1 Bulk Limited Conduction Mechanisms
The bulk-limited conduction mechanisms depend on the electrical properties of the
ferroelectric itself.
a) Ohmic conduction:
Ohmic conduction is caused by the mobile electrons in the conduction band and holes in the
valence band. In this conduction mechanism, a linear relationship exists between the current
density and the electric field and is symmetric with respect to electric field. Even though the
band gap of ferroelectrics is quite wide, there will still be a finite amount of charge carriers
contributing to Ohmic conduction due to thermal excitation. It is normally observed at low
electric fields in oxide insulators. The current density in this case is expressed as

Johm = (neµe+ nhµh)qE

(1)

where, ne, nh is the number of free electrons and holes, q elementary charge, and µ the
mobility28 3 and E is the applied electric field.

b) Space charge limited current (SCLC):
Space-charge-limited conduction (SCLC) is similar to the transport of electrons in a vacuum
diode due to injected space charge inside the ferroelectric

1, 3, 29, 30 .

The current density-

voltage characteristic of a vacuum diode is governed by Child’s law:

JSCLC = 9/8µε0εrE2/d3

(2)

where, µ the mobility and d the film thickness (in the above equation it is assumed that the
mobility remains unaffected by the electric field), and εr is the static dielectric constant. Since
SCLC is directly proportional to d-3 the thickness of the film, thickness dependence study of
I-V characteristics are necessary to determine their contribution especially for very thin films.
We also study thickness dependent I-V behaviour to determine the contribution of space
charge to the leakage contribution 1 .
c) Poole - Frenkel emission (PFE):
Poole-Frenkel emission is very similar to Schottky emission; namely, the thermal excitation
induced electron emission from traps into the conduction band of the dielectric. Considering
an electron inside a trapping centre, the Coulomb potential energy of the electron can be
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reduced by an applied electric field across the dielectric film. This reduction in potential
energy will increase the probability of an electron being thermally excited out of the trap into
the conduction band. The current density in this case is expressed as

JPFE = nqµEexp[-q{φT-(qE/πεop)1/2}/kT]

(3)

where, φT, is the trap energy and εop is the optical permittivity. Even though PFE current
density vs electric field has similar characteristics as Schottky emission it can be distinguished
from the later due to its symmetric nature with respect to applied electric field

1, 3, 27, 31 .

d) Hopping conduction:
Hopping conduction is from the tunnelling effect of trapped electrons hopping from one trap
site to another in ferroelectric films. Unlike thermally activated electron emission in PFE it is
determined by the applied electric field. Due to the asymmetric and temperature dependent
characteristics of the measured I-V we don’t consider the contribution of this mechanism in
our films 3, 32 33 .

e) Ionic conduction:
Ionic conduction originates from the movement of ions under an applied electric field. The
formation of the ions come due to the presence of lattice defects in the dielectric films.
However because of the heavy ionic mass, this mechanism is usually not important apropos
ferroelectric films in CMOS technology. Hence in this chapter we neglect the contribution of
ionic conduction 3 28 .

f) Grain boundary limited conduction:
In a polycrystalline ferroelectric material, the resistivity of the grain boundaries may be much
different than that of the grains. In this case, the conduction current could be limited by the
electrical properties of the grain boundaries. In our case the films are epitaxial hence we
don’t consider grain boundary conduction in our analysis of the I-V measurements
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3, 28 .

5.2.2 Interface Limited Conduction
The interface limited conduction mechanisms depend on the electrical properties of the
electrode-ferroelectric contact. The most important parameter is the barrier height at the
electrode-ferroelectric interface.
a) Thermionic or Schottky emission:
A ferroelectric metal contact can be considered as a Schottky contact. When a metal and
semiconductor are brought into contact, electrons/holes flow from the semiconductors into
the metal until the Fermi energies (more accurately in the case of semiconductors it should
be called the electrochemical potential) of both sides are equal

1, 34-37. This

redistribution of

charges leads to a band bending as shown in Figure 5.1

5

F i gure 5.1 Band alignment diagram between a metal and a semiconducto a) when not in contact b)
when in contact.

For an n-type semiconductor the contact is Ohmic if φM < φS, and rectifying if φM > φS 1 . The
band bending in the ideal case can be quantified as

φ0B = φM – χs

(4)

where, φS, φM, and χs are the semiconductor work function, metal work function and
semiconductor electron affinity respectively. In the above diagram EC,EV and EF stands for the
conduction band, valence band and Fermi level energy. In Figure 5.1(b), w represents the
depletion layer thickness.
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The above equation doesn’t take into account the role of interface states, surface states
(broken bonds at the surface) and only considers the bulk electron energy levels. However
in practice at the surface the bonds are broken which can change the electron energy levels,
and unlike inside the bulk the surface can also be charged which will change the charge
neutrality level

37 38 14 .

Depending upon the type of surface charge the surface can act as

either an acceptor or donor type dopant. Moreover, in any heterostructure interface surface
states are also present which can also alter the Fermi energy (electrochemical potential) of
the semiconductor. In case the surface state density is very high the actual band bending
(built-in potential) will be governed by the surface state energy level

15, 16 . Depending

upon

the type of these surface states the energy level can be either close to the valence or the
conduction band, which can in effect lead to a reduced band bending. The limit when the
bend bending is completely determined by the interface states, also known as the Bardeen
limit, which can be expressed as

φ0B = S[φM – χS]+(1-S)[Eg - φ0]

(5)

where, Eg is the semiconductor band gap and φ0 the charge neutrality level at the surface 3741 . As

can be seen from the above equation S = 1, corresponds to the Schottky limit, and S=

0 corresponds to the Bardeen limit.
In ferroelectrics the presence of polarization charges adds to additional complexities within
the present Schottky diode concept of the MFM structure. The switchable polarization
charges can be visualized as a sheet of surface charge at the ferroelectric metal interface
12 .

4,

Depending upon the nature of this sheet charge it can increase or decrease the built-in

voltage. Moreover due to the presence of switchable polarization care should be taken to
eliminate the contribution of polarization charges in the leakage current.
The current density when controlled by interface limited Schottky emission can be expressed
as

JSC = A*T2[-q{ φ0B -(qE/4πε0εr)1/2}/kT]

(6)

where, A* is the effective Richardson coefficient (here we use the term effective since it also
depends on the effective mass of the electron inside the ferroelectric film) 3 . As can be seen
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from the above equation this current decreases exponentially with the band bending and
increases exponentially with the temperature.
As can be understood from the above discussions the built-in voltage (Vbi), effective space
charge density (Neff) and the depletion layer width (w) are the important parameters for a
Schottky diode and which can be determined from the temperature dependent I-V
measurements

12, 13 42 .

Vbi = φ0B – kT/qln[Neff/ Ndop]

(7)

w = [2ε0εr(V+ Vbi)/qNeff]1/2

(8)

In the above equation it was assumed that the mean free path of the charge carriers is much
larger than the depletion width. As mentioned earlier oxide ferroelectrics cannot be
considered as normal semiconductors due to the extremely short mean free path of the
electrons and the above equation will get modified. Simmons derived the correct equation
for that case which is commonly known as the Schottky-Simmons equation1, 27, 43, 44 .

JSS = αµE(m*/m0)3/2T3/2[-q{ φ0B -(qE/4πε0εr)1/2}/kT]

Here, m* is the effective electron/hole mass inside the ferroelectric, m0

(9)

is the free electron mass, µ is the electron mobility and α = 3*10 -4 Ascm3 /K 3/2 . As can be seen
due to the pre exponential linear factor of E at low voltages (when the exponential term is
very low) the ferroelectric will behave like an Ohmic conductor. Temperature dependent I-V
measurement can be performed to determine φ0 B and will be discussed later in the section
4.6.1 45 27, 46 .

b) Fowler-Nordheim tunnelling:
As was mentioned in the previous section a metal ferroelectric interface forms a potential
barrier due to band bending. Fowler-Nordheim (F-N) tunnelling occurs when the applied
electric field is large enough so that the electron wave function penetrates through the
triangular potential barrier into the conduction band of the ferroelectric. The FN tunnelling
current can be expressed as

JFN = AE2exp[-B/E]
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(10)
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where, A is 1.38072*10 -6 / φ Am/eV2 , and B is 6.3995*φ3/2 eV/nm. As can be seen from the
above equation this mechanism is temperature independent and hence temperature
dependent I-V measurements can be performed to examine the role of this mechanism

1, 3,

47 48 .

c) Direct tunnelling:
For very thin oxide films if the electric field across the oxide can be too high that electrons
can tunnel through the oxide from one electrode to the other. Unlike FN tunnelling where
the tunnelling is only across the interface layer in this case the tunnelling occurs across the
whole oxide. The current here decays exponentially with the (φB)1/2 (φB barrier height) and
the thickness of the oxide layer

3, 49, 50 .

This concept has recently been applied to make

ferroelectric tunnel junctions (FTJs) wherein the barrier height was modified by switching the
polarization. In our case the thickness of the films is ~ 1 µm thus we can neglect this
mechanism as possible conduction mechanism.

5.3 Capacitance-Voltage Measurements
C-V measurements have been one of the most basic and important characterization
techniques especially for metal-oxide-semiconductor (MOS) structures. Unlike P-E and I-V
measurements, C-V being small signal quasi-static in nature allows one to examine small
fluctuations in the space charge region

25, 51 .

C-V measurements are used to determine the

doping concentration, doping profile, built-in potential, flat band voltage, oxide capacitance
(for MOS structures), density of interface states and the charge density in the oxide layer
42, 52 .

1,

However, unlike in MOS structures, in MFM/MFS structures, due to the switchable

polarization of the ferroelectric, measurements can often be dominated by the movement
of the polarization charges within the coercive voltage regime. Hence for our measurements
we consider the C-V curves only at high voltages where the contribution from polarization
switching becomes very small. Moreover frequency and temperature dependence C-V
measurements can give us a lot of insight into the defect/trap dynamics which is especially
important for heterostructures. Here, we have used C-V measurements to study the free
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carrier density inside the ferroelectric film and their temperature dependence and the
interface trap density. Below we describe each one of them briefly13, 24, 53, 54 .

5.3.1 Free carrier density
Within the Schottky diode picture of an MOS structure the doping density can be written as
12, 13, 24, 25, 42, 53, 54

Ndop = 2/qε0εr[d(1/C2)/dV]

(11)

The above equation assumes uniform doping in the space charge region. In the above
equation Ndop represents only the mobile charge carrier density not the effective charge
inside the space charge region, since only the mobile charges can respond to the small high
frequency ac signal. Due to the presence of switchable polarization only at higher voltage the
value of d(1/C2 )/dV should be taken into account for proper calculation of Ndop. In the above
equation the low frequency/static permittivity εr is determined from the saturated part of
the P-E hysteresis loop. Temperature dependence studies can also shed light into the
ionization of traps in the bulk. With increase of temperature the deep trap levels will get
ionized and will significantly affect the C-V characteristic. If in case the carrier concentration
doesn’t change with temperature it can be inferred that the energy levels of the free carriers
are shallow and the film is completely ionized at room temperature

13, 55 .

5.3.2 Interface trap density
The presence of traps in an MFM/MFS structure can significantly affect the properties of a
device such as retention of charge, leakage etc.2, 56, 57 . As mentioned in the previous section
in practice heterojunction the Fermi energy could get pinned because of the presence of trap
states at the interface, leading to a deviation of the built-in potential from the theoretical
value58 15, 16, 59. The presence of these traps leads to fluctuation of the surface potential and
can be characterized by their typical relaxation time, distribution and trap density etc. The
presence of traps at the ferroelectric electrode interface is also very detrimental to the
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retention behaviour of the ferroelectric polarization especially for FET devices60-62 . Hence it
also becomes important to characterize the trap density levels at the interface7 .
Here, we use the parallel conductance method to study the interface states

52, 63-66. The

conductance represents the loss mechanism caused by the capture and emission of carriers
from the interface traps, and is used to extract the interface state density.

(a)
(b)
(c)
(d)
F i gure 5.2. (a) (b) Equivalent circuits including interface state effects, Cit and Rit . (c) Low-frequency limit.
(d) High-frequency limit

In Figure 5.2 (a), Cox and CD represent the oxide capacitance and the depletion region
capacitance in the semiconductor respectively. Cit and Rit are the capacitance and resistanc e
due to the interface states. CitRit = τit determines the interface trap life time τit. Resistance Rit
represents the loss due to the capture and emission of carriers from the interface traps. The
trap life time τit determines the frequency behaviour of the interface states. Rit is 0 in the
low-frequency limit Figure 5.2(c), and CD is parallel to Cit. The Cit –Rit branch is ignored in the
high-frequency limit since the interface trap life time τit is relatively long to respond to the
high frequency signal52, 67 Figure 5.2(d).
We measure the parallel conductance loss (Gp/ω) as a function of ac frequency. The parallel
conductance loss is related to the interface traps as

Gp/ω = [Cit/2 ωτp] ln[1+(ωτp)2]

(12)

Where, Cit is the interface trap capacitance, τp is the trap response time and ω is the applied
frequency. The parallel conductance can be measured from the admittance Ym = Gm + jωCm,
where Gm, Cm are the measured conductance and capacitance. The measured parallel
conductance Gm is not equal to the equivalent parallel conductance Gp due to the finite
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contribution of the ferroelectric oxide capacitance Cox. After subtracting the reactance due
the ferroelectric capacitance the Gp/ω in depletion can be represented as

Gp/ω = (ωCoxGm)/ [Gm2+ω2 (Cox-Cm) 2]

(13)

In the above equations no fluctuation in surface potential due to non-uniformities was
considered. If we consider the surface potential fluctuations from the above equations the
interface density can be derived as

Dit = (Gp/ω)|fmax[qAσb]-1

(14)

Where, Dit is the interface trap density, A is the capacitor area, σb is the standard deviation of
the surface potential. It is assumed there that the distribution (interface state energy
distribution) is Gaussian in nature and σb is determined as described by Nicollian et al 65 . In
this chapter we determine the value of Dit as a function of gate to bulk voltage.

5.4 Admittance angle
Analyzing the admittance angle gives us information about the relative contribution of the
capacitive and resistive elements in a MFM/MFS structure68 . Moreover the frequency
dependent admittance angle measurement can give information about the defect dynamics
and the contribution of defects to the capacitive and resistive components. In case of
dominance of defects there will be a dispersion in the admittance angle with frequency due
to finite relaxation time of the defects7, 68 .

5.5 Experimental Section
For the leakage, capacitance–voltage and admittance measurements the Keithley 4200 SCS
set up was used. The temperature was controlled using a Linkam LNP95 controller. For the IV measurements the applied voltage was swept from 0 to ± 15 V in a stepwise manner with
a step size of 0.4 V. In order to measure the current in a steady state a dwell time of 10 secs
13 was

used for each voltage step. Before a measuring the I-V curve in any the sample was

pre-poled for 100 secs at + 30 V or -30 V to minimize the contribution of polarization reversal
to the total measured current. For temperature dependent measurements to ensure that
the sample is in thermal equilibrium the temperature was allowed to stabilize for 15 mins at
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a given temperature before commencing the measurements. The static/low frequency
dielectric constant used for determining the relevant parameters was derived from the high
voltage part of the P-E loops and the optical dielectric constants were taken from the
literature69, 70 .

5.6 Results and Discussion
5.6.1 Temperature Dependent I-V measurements

F i gure 5.3 Temperature dependent leakage current as a function of applied voltage for all samples
(PZT0, PZT25, PZT50, PZT100)

Above we show the temperature dependent current-voltage characteristics for all samples.
We can see that for positive polarities the values of the current is much lower for PZT25,
PZT50 and PZT100 samples as compared to the negative polarity which gives rise to an
asymmetric I-V characteristic.

Further the current for both polarities is temperature
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dependent. It can be seen that the current increases with increasing temperature. Due to
the asymmetric I-V characteristic we can rule out the contribution of Poole-Frenkel emission
as well as hopping conduction as the main current controlling phenomena. In addition, from
the temperature dependent I-V characteristics we can rule out the role of FN tunnelling
which is a temperature independent phenomena. In order to make sure that the current is
not space charge (SCLC) controlled we compared the current density (J) of the PZT0 sample
with that of a sample with 500nm PZT. In case the SCLC is the main governing mechanism
the current density would be very sensitive to the thickness of the sample Equation 2. We
didn’t observe any PZT thickness dependent change in the current density which ruled out
SCLC mechanism as the major charge transport mechanism in these films.

5

F i gure. 5.4 Definition of the band alignment for the heterostructures. The mentioned energies are in
eV

From the above analysis we can rule out the role of the bulk transport mechanisms as the
current controlling factor and therefore the current must be interface controlled. Hence, we
can conclude that for the concerned samples interface controlled phenomena due to a
different built-in potential at the two interfaces which determine the leakage current. To
understand the interface built-in potentials we show in Figure 5.4 a schematic band
alignment diagram. In our case we assume that the PZT is p-type and ZnO is n type doped.
We shall see later why our conjectures are correct. As we can see from the above Figure 5.4
that there exists three different heterojunctions71 (1) SRO-ZnO, (2) ZnO-PZT and (3) PZT-SRO.
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Since the band bending for the ZnO-SRO is much lower than the other two heterojunctions
we can infer that the ZnO-SRO heterojunction is not the current controlling junction.
Additionally, I-V measurements on SRO/ZnO/SRO structures showed that the resistance was
in the range 2-10 Ω depending on the thickness of ZnO which is much lower than what is
reported in Figure 5.3.
Hence, we analyze the I-V curve in terms of the SRO-PZT and PZT-ZnO contacts. Whereas the
SRO-PZT contact can be treated as a metal-semiconductor Schottky diode the latter is a
semiconductor heterojunction diode71, 72 . For our case for positive polarity the PZT-SRO
interface (bottom) is reverse biased hence current controlling whereas for negative polarity
the PZT-ZnO is reverse biased and thus current controlling. As mentioned previously PZT is
very insulating therefore we use the modified Schottky-Simmons equation instead of the
traditional Schottky model for the PZT-ZnO interface. We determine the height of the
potential barrier via a two-step method from the temperature dependent I-V measurements
as follows. Equation 9 can be simplified as55

ln(Jss/ET3/2) ~ [(ln(C*) - qφ0B/kT)] – f(V1/2)

(15)

Where C* is a system dependent constant as can be easily seen from Equation 9 (depends on
the mobility as well as the effective mass of the free charge carriers). The first right hand
term (square brackets) is voltage independent and inversely proportional to the temperature

F(T ) ~ ln(C*) - qφ0B/kT

(16)

In case of Schottky-Simmons controlled current the ln(Jss/ET3/2 )-V1/2 should be a straight line.
From the intercept of the above curves with V= 0 axis at different temperatures the value of
φ0 B can be determined using Equation 16. Below we show ln(Jss/ET3/2 ) - V1/2 and F(T) vs 1/T
curves for PZT0 and PZT25. Similar plots were obtained for the other two samples PZT50 and
PZT100.
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F i g ure 5.5. Schottky-Simmons representation of Equations. 15 and 16 for PZT0

F i g ure. 5.6 Schottky-Simmons representation of Equations 15 and 16 for PZT25
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From the linear characteristics of the above plots we conclude that the main current
controlling step is governed by the Schottky–Simmons mechanism. In Table 1 we present the
height of the potential barriers as determined from the temperature dependent I-V
measurements. As can be seen the reported errors for potential barrier are within 10 %, and
have been obtained from the linear fits of F(T) vs 1/T curves. We can see that for negative
polarity when the PZT-SRO diode is reverse biased and the current controlling step the
heights of the potential barrier are almost similar in magnitude and are also in agreement
with previously reported barrier height in similar systems. However for the positive polarity
when the PZT-ZnO heterojunction is reverse biased and the main rate controlling we can see
that the barrier heights are much higher which is also reflected in the much lower leakage
currents for positive polarity.
We had previously assumed that the PZT is p-type, from analyzing the potential barrier
heights we can see that our assumption is correct. In our case we can see that upon
depositing the ZnO on top of PZT the barrier height in the positive direction on gets affected.
In case the PZT was n-type doped the reverse would have been true. For n-type PZT the
bottom SRO-PZT diode would be reverse biased for positive polarity unlike what is seen in
our case.

Sample

PZT0

PZT25

PZT50

PZT100

Positive polarity

0.29 ± 0.03

1.09 ± 0.12

1.14 ± 0.09

1.05 ± 0.11

0.33 ± 0.03

0.39 ±

0.33 ± 0.04

0.36 ± 0.05

(eV)
Negative
Polarity (eV)
T a ble 1. Effective Potential barrier heights φ 0B for both polarities for all the samples as derived from
the temperature dependent current- voltage measurement. The measured error limit as determined
from the standard deviation of the linear fit is also mentioned.

At low voltages we can see deviations from the linear characteristics of ln(Jss/ET3/2 ) - V1/2
curve. As can also be seen from Figure 5.6 (c) that at low voltage there is deviation from ideal
Schottky behaviour. As can be seen from Equation 9 when the voltage is very low the
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exponential term is very low and the linear part which varies directly with the applied electric
field dominates hence the deviation.
The above plots were also analyzed using standard Schottky conduction mechanism as in
Equation 6 in similar manner as described above. The extracted potential heights were within
5% of the above reported potential heights. However, as is very commonly reported for these
type of materials the effective Richardson coefficient was much lower ~ 10 -7 A/cm2 K 2 which
is comparable to other literature1,45 reports. This significantly low value of the obtained
Richardson coefficient can be ascribed to the extremely low mobility of the free charge
carrier inside PZT.
The effective charge density Neff inside the space region can be determined from the slope
of the ln(J) - (V+Vbi)1/4 plot12, 13 . It was seen that the effective charge density inside the space
charge region Neff for PZT0 for both the polarities was determined to be ~ 5*10 19 cm-3 .

ln(J) = (q3Neff/8π2 ε03εrεop2) (V+Vbi)1/4

(17)

The obtained value of the Neff is similar (lesser by a factor ~ 2) magnitude to that of the free
charge concentration Ndop as obtained from the C-V measurements (see next section). The
comparable values of the Ndop and Neff shows that the concentration of deep traps are not
significant inside the PZT films. In case of significant presence of deep traps inside the PZT
films the Ndop would be much less than Neff. For the positive polarity for PZT25, PZT50 and
PZT100 the Neff value was determined to be ~ 2*10 19 cm-3 .
At very low voltages there is a small voltage region where dI/dV is negative. Negative
resistivity is a typical characteristics of trap emptying and filling 1 . This negative resistive
region was predominantly observed for the positive polarity for PZT 25, PZT50 and PZT100
samples at lower temperatures. For positive polarity a depletion region at the PZT-ZnO
interface region forms and free carriers are released from the traps upon the formation of
the depletion layer at low voltages. At higher temperatures since the negative resistive
regime decreases as the deep trap levels become activated and the charges become free to
move. As we concluded earlier since the deep trap concentration in PZT is not significant the
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deep traps must be inside ZnO. (We show later in section 5.6.3 that the interface trap
concentration is also very low)
All the samples showed a hysteresis in the I-V plots for all the samples. Generally, it is seen
that the current is higher for sweep down as compared to the sweep up. A gradual increase
of the voltage for positive polarity leads to higher charge injection into the depletion layer.
Since the measurements are also done at a relatively high dwell time the application of
voltage can inject charges into the system, giving rise to higher current density during sweep
down. Further, it was seen that the amount of hysteresis decreases with increase in dwell
time which indicates the presence of deep traps which get occupied. For positive polarity the
amount of hysteresis decreases with increase of temperature as the deep traps inside the
ZnO already get activated. Also at higher temperatures we can see a decrease in I-V
hysteresis for the positive polarity due to the activation of the deep trap levels inside the ZnO
1, 55

layer.

It is however important to note here that the magnitude of leakage currents is at least an
order of magnitude lower than the measured capacitive currents measured due to
polarization switching for the highest measured voltage at room temperature. This
observation is also reflected in our admittance measurement as reported in Section 5.6.2

5.6.2 Temperature dependent C-V measurements
Below in Figure 5.7 we show the C-V measurements for all samples for three different
temperatures, measured at 10kHz. In our case the dc voltage was swept from -30 V to 30 V
and the value of the small signal ac field was kept at 0.1 V. The delay time was set at 10 sec
and the step size for the dc voltage was 0.25 V. Before the measurements the films were
kept for a dwell time of 120 secs at -30 V. Ferroelectrics are normally characterized by anticlockwise butterfly loops, with two maximas which theoretically should correspond to the
two coercive fields51 . These capacitance peaks are associated to the polarization reversal
mechanism. We can however see that the coercive field measured from the C-V
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measurements are much lower than the ones measured using the dynamic hysteresis
measurements due to the quasi-static nature of the measurements24,

25 .

5
F i g ure. 5.7 Temperature dependent Capacitance-Voltage measurements for all the samples

We can see from the above C-V curves that the curves are anticlockwise which shows the
ferroelectric capacitive characteristics of the samples. Only for PZT100 at 150°C above -20 V
we can observe clockwise characteristics, indicative of charge injection 73, 74 . Also, we can see
that the capacitance value at high voltages are almost equal in value for both polarities which
shows the absence of depletion layer formation inside the ZnO layer75 . Additionally, as can
be expected we can see that the capacitance decreases with increase in ZnO thickness. Also,
we can see that the capacitance increases with increase in temperature for all the samples
due to the increase in permittivity as can be expected for normal PZT samples (permittivity
increases according to Curie-Weiss law)76 . It is important to note here that the value of the
measured capacitance can depend also on the measurement conditions. As mentioned
earlier due to the presence of the switchable polarization and long relaxation times in
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perovskite ferroelectrics, the system doesn't reach equilibrium instantaneously upon the
application of the dc field. Hence, the delay to read time as well as the speed of the
measurement (which determines the time for the device to reach equilibrium) needs to be
optimized for a particular device53 . It was observed that upon decreasing the delay times the
value of the measured capacitance are higher even though the shape of the C-V curves
doesn't change. Additionally, the C-V were measured over a frequency range of 4 orders of
magnitude up to 10MHz, but no significant dispersion was observed which signifies the
contribution of defects is negligible for our samples.

F i g ure. 5.8. Temperature dependent free carrier concentration from C-V measurements

In Figure 5.8 we show the free charge carrier density for different temperatures as derived
from the Figure 5.7 using Equation 11. We can see that the free carrier density remains
almost equal for all the samples and is in the order of 1-2*10 20 cm-3 which can also be seen
from the similar curvature at high voltages in Figure 5.7. Most interestingly it is also seen that
the concentration of the free carriers doesn’t change with temperature, which shows that
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the ferroelectric films are completely ionized even at room temperature13,

74 .

The abrupt

change of sign of the free carrier concentration near the coercive field points to the
redistribution of the free charges from one electrode to the other. The negative sign for the
concentration of free carriers is due to the change in sign of the derivative d(1/C2 )/dV 13, 24,
25, 53 .

For our purpose of estimating the free carrier concentration to eliminate the

contribution from the ferroelectric switching we have only considered the high voltage
regime of the C-V measurements within the red box in Figure 5.8. It can however be seen
that at high temperatures there is a slight increase in the free carrier concentration when
the films have been subjected to 120 secs dwell time at - 30 V. This points to finite field
induced charge injection into the ferroelectric thin films at high temperature which is also
reflected in the C-V curves73, 74, 77 . As mentioned earlier about the clockwise hysteresis C-V
loop in PZT100 sample at 150°C, we can also see from Figure. 5. 8 that there is increase in
the free carrier concentration inside the film.

5.6.3 Interface trap density measurements

5

F i g ure. 5.9. Capacitance loss G p/ω vs frequency for PZT
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As mentioned earlier measuring the parallel conductance loss can be used to derive the
interface trap density. In the above Figure 5.9 we show the equivalent conductance loss Gp/ω
as a function of frequency (see Equations 12, 13). The position of the peak in the conductance
loss is determined by the characteristic frequency response time τit of the traps. If the
frequency of the signal is much lower than the characteristic frequency then all the traps
move in phase with the ac signal causing no energy loss (as a limiting low frequency the signal
can be considered as a dc voltage) as soon as the ac frequency is increased the traps lag
compared to the external ac signal upto the characteristic frequency. When the frequency is
increased beyond the characteristic frequency the traps are not able to respond to the ac
signal anymore, leading to less energy loss (at extremely high frequencies no trap will be able
to respond to the ac signal leading to zero loss). We also see that the gate to bulk voltage
doesn’t change the frequency characteristic of the traps, only the loss slightly increases.
Similar plots were also obtained for the other samples and were used to determine the
interface trap density.

F i g ure. 5.10 Interface trap density vs gate voltage for all the samples for positive bias
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In Figure 5.10 we show the interface trap density derived from the curves of Figure 5.9 using
Equation 14. It is seen that the interface trap density is of the order 1010 cm-2 for all the
samples for positive bias which is couple of orders less than reported in earlier26 , however
the samples used in those measurements were much different than used in this thesis
(Chemical solution deposition of Bi4 Ti3 O 12 on Si wafers). Unlike for linear dielectrics in case
of ferroelectrics we can’t plot the trap density as a function of bad gap energy near the mid
gap since the surface potential doesn’t vary linearly with the applied gate voltage and due to
the presence of switchable polarization

78 .

The above Figure also shows that Dit hardly

depends on the applied voltage. For the conductance measurements the measurements
need to be performed in depletion, and if the leakage currents are very high they can lead to
incorrect measurements especially at low frequencies.

5.6.4 Admittance Angle
To confirm that our measurements are dominated by capacitive contributions and not by
leakage we measured admittance angle-voltage characteristics of the PZT sample from 10
kHz to 2 MHz Figure (Figure 5.11 (a) for positive bias). 5. 11 (b) shows the admittance angles
for all samples for opposite biases at 10 kHz. We can observe that the magnitude of the
admittance angle is ∼90° at all frequencies for all the devices. This points to insignificant

leakage contribution in our samples as compared to the capacitive contribution. Also, the

frequency independent admittance angle reflects that the overall capacitive contribution is
not affected by the defect dynamics68 .
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(a)
(b)
F i gure. 5.11 (a) The frequency dispersion of the admittance angle between 10 kHz and 2 MHz of the
PZT0 sample and (b) Admittance angle of all the samples for opposite biases measured at 10 kHz
frequency.

5.7 Conclusions
In conclusion a detailed analysis of the semiconducting and transport properties MFSM
heterostructures by mainly the using temperature dependent I-V and C-V measurements is
presented. It was demonstrated that the capacitive contributions are much higher than the
resistive leakage contribution. From the temperature dependent I-V measurements we
could show that the current is governed by the PZT-SRO and PZT-ZnO interface junctions. It
was also shown that the interface trap density and the deep trap levels inside the PZT is very
low which otherwise could be detrimental to the device performance as an FET. It was shown
that the hysteretic I-V characteristics arise because of the presence of deep traps inside the
ZnO. In addition, we also determined the effective potential barriers at the two different
interfaces and found them to be much lower than that imparted by the non-switchable ZnO
layer as mentioned in the previous chapters. We also show that the extrinsic contribution to
ferroelectric switching is negligible and the switching is intrinsic.
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CHAPTER 6
MESO-FREQUENCY STUDY OF SWITCHING
DYNAMICS IN PZT-ZNO HETEROSTRUCTURES

The dynamic coercive fields of PZT and PZT-ZnO heterostructures used in previous
chapters were measured as a function of frequency (10 -10 4 ) Hz and temperature (77298 K). We observe for the measured temperature range two scaling regimes in the
log (Ec) versus log (frequency) plot for the PZT0 sample. The two scaling regimes
arise from the dynamic cross over from the thermally activated to the flow regime
of the ferroelectric domain wall motion. We also constructed a dynamic temperature
(T) – electric field (E) phase diagram of the ferroelectric switching dynamics for the
PZT0 sample. For the PZT 25, PZT50 and PZT100 samples the two scaling regimes
are not prominently visible for the positive coercive field direction, whereas in the
negative direction two different scalings similar to that of PZT0 is observed. Also,
the coercive field in the positive direction is less sensitive to the temperature unlike
the coercive field in the negative direction.
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6.1 Introduction
As previously mentioned in Chapter 4, ferroelectric domain reversal involving domain wall
motion can be considered as the movement of an elastic interface in a disordered medium
under an applied electric field 1-6 . Understanding the static and dynamic behaviour of domain
walls, and specifically their interaction with random (defects/disorder) pinning sites is
important to understand, and to control, domain switching, growth and stability, all
questions of high technological as well as fundamental interest. This random pinning
potential landscape is caused by dipole defects (random bond and random field disorders)
8,

7,

which act as pinning centres for domain wall movement 9 . This competition between the

elasticity, which tends to flatten the interface, and pinning, that induces a fluctuating
potential energy landscape, gives rise to a complex dynamical response to the applied
electric field2, 10 . Even though first principle calculations have been able to provide accurate
estimates of domain wall energies and defect interaction energies, it has not been possible
to scale up the simulation sample size to reproduce realistic conditions11, 12 . Hence a
statistical treatment of the random potential fluctuations at multiple length scales is
necessary. This kind of simplified treatment of domain walls can be a very useful technique
to study such a disordered elastic system and addresses the glassy nature arising from the
multiple local energy minima4, 5 .
The ferroelectric domain reversal mechanism involving nucleation and growth generally
takes place in the meso-frequency (10 1 - 10 7 Hz) region9, 13, 14 . As was shown in Chapter 4, the
domain reversal can be either nucleation or growth/propagation controlled, and in the mesotemporal region the competition between these mechanisms can give rise to very interesting
switching dynamics. Hence, dynamic, meso-frequency domain wall motion studies can be
very helpful in understanding the underlying domain reversal dynamics in ferroelectrics. The
effect of an external force on an elastic interface in a disordered potential can be categorised
into three regimes, depending on the magnitude of the applied force (field) at a finite
temperature: a) the pinning regime; b) the temperature assisted creep regime and c) the
flow regime1, 4 . These three different voltage regimes have three different domain wall
velocity- electric field relationships: v = 0 (when pinned at very low electric fields), log(v) ∼
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Eext (creep at intermediate electric fields), v ∼ Eext (slide at high electric fields) as illustrated in
Figure 6.1.4, 5

F i g ure 6.1. Illustration of the dynamic response of a pinned elastic interface. Interface velocity as
function of the driving external electric field. 15 (Reproduced with permission)

In the above curve at 0 K temperature the interface starts to move once the applied electric
field exceeds the critical field EC0 , at finite temperature thermally activated slow interfac e
motion is possible even at sub-critical fields.
In Figure 6.2 we illustrate the energy landscape in a disordered medium based on
Nattermann et al’s 10 work and the various mechanisms of domain wall motion for different
applied fields.
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F i gure 6.2. Energy landscapes φ(x) for various domain wall motion regimes as function of the applied
electric field E in a random medium. (a) For the case when domain wall exist initially and (b) when
they do not exist initially. 16 (Reproduced with permission)

In Figure 6.2(a) it is shown that a system, in which initially domain walls already exist, is a
disordered system, in which the energy landscape varies from one point to the next, with
minima caused by randomly positioned pinning centres. For very small fields the domain
walls can only move inside a local potential well without any finite drift. With a gradual
increase of the applied electric field at finite temperatures the domain walls can hop into a
next potential well, giving rise to the creep regime. At much higher fields the domain wall
motion goes over into the flow regime. In case no pre-existing domain walls are present, a
potential landscape φ(x) cannot be defined. Initial reverse domains need to be nucleated for
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which the nucleation barrier has to be overcome15, 16 . Hence, as shown in Figure 6.2(b), the
thermally activated creep motion can occur after crossing the nucleation barrier EN. For large
fields the system enters again the flow regime.
In Chapter 4 we showed that the local activation energy is very sensitive to the local dipole
strength (the switching activation field increases exponentially with a linear increase in builtin field), hence it would be very interesting to see if the system can go directly from the
pinned regime into the flow regime, by making the nucleation barrier much higher
(compared to kT at room temperature) and in this way suppress the thermally activated
creep regime and the domain wall depinning.
Mathematically pulse based measurements (as discussed in Chapter 4) and frequency
dependent studies are equivalent, since one is the Fourier transform of the other13 . However
in practice they are quite different. In pulse based measurements, as performed in Chapter
4, a constant magnitude field is applied to the film, whereas in the case of frequency
dependent hysteresis measurements the film is subjected to a changing field which does not
allow the system to reach equilibrium (equilibrium here means reaching steady state velocity
for a given applied field). Normally, in pulse based measurements there is a delay time
between the write and read voltage pulse, which allows enough time for the moving domain
walls to come to a halt due to the internal viscosity (for details see Chapter 4). In frequency
dependent hysteresis measurements however, there is no continuous increase of electric
field from 0 to maximum applied voltage Vmax, rather the voltage sweep for a complete loop
is made by a fixed number of voltage steps (in this thesis the number of steps is 400), hence
for a 1kHz measurement the sample stays at any particular voltage for 2.5µs17 .
For technological and application reasons frequency dependent hysteresis behaviour of
ferroic systems have been studied in great detail especially in ferromagnetic systems. Over a
century ago Rayleigh

18, 19

and Steimetz

18, 20

proposed a scaling relationship between the

coercive field of a hysteresis loop and the sweep rate (f) of the magnetic field: [Ec ~ fα, where
α is a scaling factor]. Rao et al. gave the first theoretical explanation of this frequency
dependent scaling from a microscopic point of view by considering the system as a 2 or 3
dimensional Ising21 . Here it is noteworthy to mention that the scaling coefficient α does not
represent any physical quantity, but defines the rate at which the area of the loop grows as
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a function of applied frequency. Later it was noticed that a single scaling law was not enough
to describe the observed frequency dependence because the theoretical models did not take
into account the domain wall dynamics, which dominates the magnetization process14, 22, 23.
Further the predicted theoretical values of α were orders of magnitude larger than the
experimentally observed values

14, 22, 23 .

Later work by Racquet et al24, 25 and Bland et al14

showed that the observed phenomenon (the presence of two different scaling parameters)
can be explained by considering two separately acting mechanisms, namely domain
nucleation and domain wall motion. From their analysis they concluded that at low
frequency/sweep rate the domain wall motion is the main domain reversal mechanism, while
at higher sweep rate domain nucleation is the dominant reversal mechanism.
Previous work on the frequency dependence of the coercive field in ferroelectrics was based
on the work of Ishibashi et al, and Chen et al. While Ishibashi et al.

26, 27

considered

unrestricted domain growth (based on the Avrami theory as the main mechanism), Chen et
al.28 proposed that the nucleation is the main rate determining step. Later experimental
results by Scott et al. 29 showed that their results fitted moderately better with Chen’s model.
But none of these above two works (Chen et al. 28 and Ishibashi et al. 27 ), unlike in magnetism,
considered the nucleation and growth mechanism separately, nor their temperature
dependence. Moreover, Chen et al.

28

and Ishibashi et al.

27

did not consider domain wall

motion as an elastic disorder media problem. Because of the analogy between the underlying
physics of domain reversal in a disordered media in ferromagnetics and that in ferroelectric s,
we decided to use the analysis adopted for ferromagnetism to analyse our results in
ferroelectric systems.
As discussed in Chapter 4 we need to consider the role of nucleation and growth mechanism
separately, therefore we followed the analysis of Raquet et al24, 25 and Bland et al

14

to

distinguish the role of domain nucleation and growth in domain reversal from the presenc e
of two different scaling parameters. Further, using the temperature (T) and frequency
dependent P-E hysteresis loops we construct the T-E dynamic phase diagram of the PZT0
sample. This diagram, as proposed by Nattermannn et al.10 , and shown in Figure 6.3, can give
a complete description of how the domain reversal takes place in a disordered elastic system
under the application of an ac field. The solid (red) E1 and (blue) E2 lines demarcate the
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dynamic crossover lines, separating the relaxation and creep regimes and the creep and flow
regimes, respectively. The horizontal (green) E(t) line denotes the first quarter period, 1/4f,
of an E(t) cycle, of the P-E hysteresis loop measurement. The frequency dependence of the
P-E hysteresis loop correspond to how fast the E(t) line is swept. The dotted (black) line
separates a critical depinning region from other dynamic regimes (not specified further
here), occurring at low T.

F i gure 6.3. Dynamic phase diagram of domain wall dynamics as a function of the temperature and
electric field. 16 (Reproduced with permission)

Figure 6.3 can be related directly with Figure 6.1 where at 0 K temperature the walls remain
completely pinned, at finite temperature and intermediate fields the domain wall starts to
move in a thermally activated manner (creep) and at much higher fields the domain wall
motion goes over into the flow regime.
In the above analysis by Nattermannn et al. 10 the authors also mention that the creep regime
is in practice a thermally activated regime and can therefore also be classified as a thermally
activated nucleation regime. The reason they attributed terming this thermally activated
regime to creep and not to thermally activated nucleation was that the activation takes place
at the interface of the domain wall (not to be confused with the ferroelectric-electrode
domain wall but the interface between two domain walls in the bulk), whereas in their case
and all the previous models considered nucleation as a bulk phenomenon. Nattermannn et
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al.30 also note that if there exists a distribution of energy barriers on varying length scales,
then the activation energy will vary as a power function of the applied magnetic field. These
same criteria can also be applied for spatially varying heterogeneous nucleation barriers (at
the ferroelectric-electrode interface), since the nucleation takes place at the ferroelectric electrode interface and the spatial variation can be due to distribution of barriers at this
interface. Noh et al.15, 16 use the creep terminology to describe their observation of double
scaling (in the coercive field vs frequency plots); however they did not address the above
question why the thermally activated nucleation is not considered. Hence subsequently in
this chapter we do not use the term creep for the intermediate thermally activated regime
between E1 and E2 , but refer to this regime as the “thermally activated regime” (TAR). Even
though in the previous literature reports and also in Chapter 4 the velocity vs electric field
relation is used and classified the low voltage regimes in the PZT0 and WDRU for all the
samples as the creep regime, it remains an open question whether it is actually creep or
thermally activated heterogeneous nucleation. Because of the absence of any theoretical
work taking into account the role of heterogeneous nucleation in disordered elastic media
dynamics, it would be not be pertinent to categorically assign these regimes as creep.
In this chapter we also show that the scaling (log (Ec) versus log (frequency) plot) varies with
increasing nucleation activation energy and how the reversal field varies depends on the
temperature (if the reversal field is thermal or athermal).

6.2 Experimental Section
The frequency dependent hysteresis measurements were performed using the TF analyzer
3000 (aiXACCT). The temperature was controlled using the Linkam LNP95 controller. An
average over 10 hysteresis measurements was performed to obtain a better representative
value of the coercive field. In order to avoid incomplete switching the maximum applied
electric field was at least 2.5 times Ec.
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6.3 Results and Discussion

F i gure 6.4. Temperature dependent dynamic hysteresis loop of the PZT0 sample from 77K to 298K
measured at 103 Hz.

Figure 6.4 shows the P-E hysteresis loops of the PZT0 sample as a function of temperature.
It is seen that the coercive voltage increases with decreasing temperature and that the shape
of the loop does not change (there is second order change in shape due to domain dynamics
will be discussed later). The decrease in the value of the coercive field with temperature
shows that the ferroelectric switching is a thermally activated process. We also notice that,
even though the saturation polarization Ps value hardly changes with the temperature, the
remnant polarization Pr increases with decreasing temperature. This also indicates that the
loss in polarization, due to back-switching, is also a thermally activated process.
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F i gure 6.5. Frequency dependent dynamic hysteresis loop of the PZT0 sample from 1 Hz to 104 HZ
measured at 177K. The inset shows the switching current at 103Hz. The arrow inside the inset shows
the onset of nucleation.

In Figure 6.5 we show the hysteresis loops of PZT0 as a function of the frequency. We can
see that the slope of the loops at Ec increases with decreasing frequency. This frequency
dependent change in slope points to the finite reaction time associated with the domain wall
dynamics due to viscous forces. If the rate of change of electric field is very high then the
switching takes place over a larger voltage range, while for low applied frequencies, the
switching takes place at a lower voltage and over a small voltage range.
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F i gure 6.6. The coercive voltage as a function of frequency for different temperatures. The dashed red
line denotes the critical frequency where the change in scaling takes place.

In Figure 6.6 we plot the coercive field as a function of frequency for different temperatures
on a double log scale. We see that there exist two different linear slopes, which exist even
down to 77K. The difference in the slopes decreases for lower temperature, however the
crossover frequency does not change with the temperature. The critical frequency fcr is found
to approximately 2*103 Hz by finding the intersection point between the two lines with
different slopes representing two different scalings. A similar analysis by Noh

16

on 001

oriented PbZr0 .2 Ti0 .8 O 3 gave a value of about 500 Hz.
Crossover from no nucleation to TAR
When the sample is fully switched in one polarization direction then there are no domains in
the reverse direction. Hence we should first consider reverse nucleation. Reverse domain
nucleation will start for fields above a certain field EN, after which the domain nucleation will
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be aided by thermal activation. For higher fields the system enters the TAR regime in which
the domain walls can hop over the energy barrier ΔE in a thermally activated manner with a
hopping time constant τ ~ exp(ΔE/kT) as illustrated in Figure 6.2 (b) (orange line). This energy
barrier ΔE is dependent on the local pinning energy and the nature and type of the disorder.
Because of the finite hopping time constant associated with the hopping the creep motion
can only occur when τ is smaller than 1/f, where f is the frequency of the ac field. Hence, for
a very high frequency of the ac field the domain wall will not have enough time to follow the
electric field to hop over the energy barrier and TAR induced domain wall motion can’t take
place.
Crossover from TAR to flow regime
With a further increase of the applied electric field the ΔE becomes negligible and the domain
wall goes into the viscous flow regime. Since the domain wall velocity in this regime is directly
proportional to the applied electric field this difference in domain wall velocities can be used
to distinguish TAR from the flow regime as we did in Chapter 4.

6
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Double scaling in Ec vs frequency

F i gure 6.7. (a) Schematic of high frequency and low frequency ac signal and the relative time and
magnitude spent in each of the 3 regimes (b) Fractional switching as a function of applied electric field
for different sweep rate. The green line denotes the switching at the critical frequency. 16 (Reproduced
with permission)

As mentioned earlier the process of magnetization reversal can be divided into two stages:
nucleation of domains with opposite magnetization directions and growth of these domains.
Which process dominates depends on system parameters. The relative importance of the
above two mechanisms on the switching process depends on the regime in which the system
stays longer, which in turn depends on the frequency of the ac field. Figure 6.6 (b) shows the
fraction of the switched polarization as function of the applied field. It is seen for E < E1 there
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is no nucleation, between E1 and E2 the system is in the TAR regime and beyond that in the
viscous flow regime. From Figure 6.6 (a) we can see that, when the field is applied at a very
low frequency, the system remains in the TAR regime for a longer time, while if the applied
frequency is very high then the system hardly remains in the TAR regime. As can be seen
from Figure 6.5 the shape of the loop changes more beyond the critical frequency (2*103
Hz). At a low frequency the system stays in TAR for longer period of time and the switching
is dominated by the thermally activated motion. Since the switching happens now in a
narrow voltage range (switching can occur at lower voltage due to the longer dwelling time)
the loops become sharper with decreasing frequency. As we increase the frequency the
system goes to the flow regime very quickly and domain wall flow dominates the switching.
Since the time duration at each voltage is very short the switching takes place over a wider
voltage range which makes the loop more tilted.
Construction of the T-E phase diagram
To construct the T-E phase diagram we need to determine the two crossover electric fields.
E1 is determined by the electric field at which the nucleation starts. We determine the onset
of nucleation from the switching current vs voltage as shown in the inset of Figure 6.5. To
determine the value of E2 we need to consider the frequency dependent hysteresis loops. E2
determines the onset of flow dominated switching. We notice that at fcr the switching
becomes dominated by domain wall flow. At coercive field Ec the sample is 50% switched.
For low frequencies Ec < E2 and for higher frequencies Ec > E2, hence we can identify E2 with
the coercive field value at fcr. In Figure 6.7 we plot the T-E phase diagram for the PZT 0
sample. The EN is the nucleation field at fcr and Ec is the coercive field at fcr.
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F i gure 6.8 Temperature-electric field dynamic phase diagram for PZT0. EN corresponds to the E1 and
Ec corresponds to E2 as in Figure 6.3.

Effect of nucleation energy on scaling

F i gure 6. 9 The coercive voltage as a function of frequency for different samples at room temperature.
The dashed black line denotes the critical frequency where the change in scaling takes place.
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In Figure 6.9 we show the coercive fields as a function of the frequency for the different
samples PZT25, PZT50 and PZT100. In Chapter 4 it was discussed that the activation energy
increases logarithmically with the ZnO thickness in the WURD direction, but remains almost
constant in the WDRU. It is now interesting to see how the scaling is modified by the increase
in the nucleation energy in one direction. From the above plots we can see that for the
coercive voltage in the negative direction there is a change in slope at about 2*103 Hz
(obtained by extrapolating the lines with different slopes), marked with the black dashed line
in Figure 6.9 (a) for PZT25. It must be noted here that unlike in Figure 6.6 in figure 6.9 the Y
axis was kept in linear scale so that the change in scaling is visible. It clearly shows that for
the negative direction there exists two scaling as described above similar as for PZT0. TAR
regime dominates at the low frequency and flow governs the switching at higher frequency.
This observation is also consistent with our pulse based measurements discussed in Chapter
4 where we observed creep like behaviour at low voltages and flow behaviour at high
voltages.
But most interestingly, for the positive coercive field we do not observe any change in
frequency scaling for PZT50 and PZT100. Whereas for PZT25 there exists two scaling however
the difference in the slopes are much less. This indicates that in the positive direction the
films PZT50 and PZT100 switches via only one mechanism. In Chapter 4 we concluded that
the film switching in the positive direction is controlled by nucleation only. In case the initial
nucleation field becomes much higher than E2 (crossover field from TAR to flow) the domain
motion switches directly from the nucleation to the flow regime, skipping the intermediate
thermally activated regime.
To understand the role of temperature on the switching for different samples we plotted the
normalized coercive field values as a function of temperature in Figure 6.10. We can see that
the positive coercive field is much less sensitive to temperature change and the higher the
coercive field (higher nucleation energy) the less is the temperature sensitivity. This is also
reflected in the absence of the TAR for the positive direction. The negative coercive field is
much more sensitive to the change in the temperature and has approximately the similar
sensitivity with temperature.
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F i gure 6.10 Normalized difference of the coercive voltage as a function of temperature for different
samples at 1KHz. (a) For the positive direction coercive voltage and (b) for the negative direction
coercive voltage

To understand why with increasing coercive field (nucleation energy) the temperature
dependence becomes less we need to look at the nucleation mechanism. If ΔUN is the
nucleation barrier then the switching time at a given temperature T can be written as13, 30

τ ~ exp[(ΔEN-P.E)/kT]

(1)

Here P is the saturation polarization in the activation volume and E the applied electric field.
If ΔEN is higher, then the applied electric field becomes much more important for the
switching time compared to the temperature (for an ac signal with a given frequency the
switching time needs to be smaller than1/f). The absence of TAR can have significant effect
on the retention and back-switching properties of a ferroelectric thin film. As discussed
previously the difference in the Pr and P s value in PZT0 films is due to a thermally activated
motion. Hence if we can increase the nucleation energy this thermally activated backswitching can be minimized.

6.4 Conclusions
In conclusion: we have studied the switching mechanism of PZT thin films using frequency
and temperature dependent ac dynamics. We observe two different scalings present in the
hysteresis loop. We concluded that at low frequency the thermally activated mechanism
dominates the switching, whereas at higher frequency the viscous domain wall flow
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mechanism dominates the switching. From the frequency and temperature dependent
hysteresis loops study we could construct the T-E phase diagram for the PZT0 film and
determined the nucleation-TAR (E1 ) and TAR-flow (E2 ) electrical crossover field lines. We also
observed that the thermally activated regime can be suppressed (TAR), when the nucleation
energy becomes much higher than E2 . The suppression of the TAR can lead to better
retention and minimize the back-switching in ferroelectric films.
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Summary
Modern computing based on Von Neumann architecture and storage devices are based on
detecting a change in the state of a material. Hence, bistable materials e.g. ferromagnets and
ferroelectrics become a natural choice to achieve this objective in real devices. Since these
materials possess two stable states which can be switched from one to another and are also
non-volatile in nature they can be used both as a memory element and for non-volatile RAM.
However, with the demand for realizing brain inspired computing driven by applications
beyond what is achievable by conventional computers e.g. pattern recognition etc. novel
material properties need to be explored. Human brain unlike computing devices are analog
in nature and dynamically processes data. Hence analog computers in principle can
overcome the limitations of digital computers. In order to realize brain like computation in
real devices one would need to create multiple switchable non-volatile states. Switching in
ferroelectric thin films takes place via heterogeneous nucleation (at the ferroelectric electrode interface) and subsequent growth of domains. In this thesis it is shown how we
can create multiple states in a capacitor structure that comprises ferroelectric PZT by
controlling the switching through the manipulating the statistics of the nucleation energy.
We achieved this by controlling the local electric field at the ferroelectric-electrode interfac e
by coupling the switchable polarization of PZT and the non-switchable polarization of ZnO.
In Chapter 2 the growth and characterization of our model system is discussed. Epitaxial thin
film heterostructures of SrRuO3 (80 nm)/PbZr0.58 Ti0.42 O 3 (1000 nm) (PZT)/ZnO (25-150
nm)/SrRuO3 (80 nm) were fabricated on SrTiO 3 (111) substrates using pulsed laser
deposition. These heterostructures were utilized to manipulate the polarization switching
dynamics of PZT through polarization coupling. By being able to grow ZnO of different
thicknesses with similar a rms roughness allowed us to manipulate the disorder-(induced by
the roughness)-to-order ratio. This relative disorder value was utilized later in the thesis to
manipulate the overall switching statistics.
In Chapter 3 discusses how the electric field at the ferroelectric-electrode interface can be
manipulated by controlling the thickness of the non-switchable ZnO layer. Our results have

shown that the imprint or the offset voltage is directly proportional to the thickness of the
ZnO layer. It has also been demonstrated that the ferroelectric imprint remains stable with
the electric field cycling and electric field stress assisted aging.
In Chapter 4 the switching dynamics of the aforementioned heterostructures have been
analysed using the KAI (Kolmogorov Avrami Ishibashi) and NLS (nucleation limited switching)
models. It was concluded that the nucleation activation energy increased exponentially with
the built-in electric field at the ferroelectric-electrode interface. The extreme sensitivity of
the local switching times on the presence of fixed dipoles near the surface enables us to
create independent regions within the same capacitor structure each having individual
switching times. These independent regions were formed by controlling the relative
roughness of the fixed dipole layer. By enabling the ferroelectric to switch in a multivaluedmanner, an important step toward a neuron like adaptive memory and multi-state memories
was achieved.
In Chapter 5 the semiconducting nature of the ferroelectric PZT was investigated.
Temperature

dependent

leakage

measurements

(I-V)

were

performed

on

SRO/PZTO/ZnO/SRO heterostructures to understand the leakage mechanism acting in these
heterostructures. The leakage mechanism was found to be due to interface controlled
Schottky emission and was analysed using the Schottky-Simmons relation. This model
assumes that the interface controls the charge injection while the bulk controls the
transport. Temperature dependent capacitance voltage (C-V) measurements was used to
determine the free charge carriers inside the PZT thin films. The interface trap density was
determined using the parallel conductance method and was found to be of the order of 1010
cm-2 . It was also demonstrated that the capacitive contributions are much higher than the
resistive leakage contribution.
In Chapter 6 the dynamic switching behaviour of the aforementioned heterostructures was
analyzed in terms of the motion of an elastic media in a disordered potential. The dynamic
coercive fields of PZT and PZT-ZnO heterostructures introduced in previous chapters were
measured as a function of the frequency (10 -10 4 Hz) and temperature (77-298 K). Two
scaling regimes in the log (Ec) versus log (frequency) plot was observed for the PZT0 sample,

which existed over the whole temperature range. The two type of scaling arise from the
dynamic cross over from the thermally activated to flow regime of the ferroelectric domain
wall motion. A dynamic temperature (T) – electric field (E) phase diagram of the ferroelectric
switching dynamics for PZT0 sample was also constructed. For the PZT 25, PZT50 and PZT100
samples only one frequency scaling was observed for the positive coercive field direction
whereas in the negative direction two different types of scaling similar to that of PZT0 were
observed. The coercive field in the positive direction was much less sensitive to temperature
unlike the coercive field in the negative direction.

Samenvatting
Moderne gegevensverwerkingstechnieken zijn gebaseerd op de Von Neumann architectuur
en opslagapparaten zijn gebaseerd op het detecteren van de verandering van een toestand
in het materiaal. Daarom zijn bistabiele materialen zoals ferromagneten en ferroelektrisc h
een logische keus om deze effecten te realiseren in apparaten. Deze materialen hebben twee
stabiele toestanden die geschakeld kunnen worden van een toestand naar een andere.
Bovendien is er geen spanning vereist om een toestand aan te houden. Hierdoor kunnen ze
gebruikt worden als geheugen en niet-vluchtig RAM. Echter met de vraag naar het realiseren
van op hersenen gebaseerde gegevensverwerkingstechnieken, die gedreven worden door
applicaties die verder gaan dan conventionele computers zoals patroon herkenning etc.
moeten er nieuwe materiaal eigenschappen onderzocht worden.
Het menselijke brein van is nature een analoog dataverwerkingsmechanisme en verwerkt
data dynamisch, tegenstelling tot computers. Analoge rekenmethodes zouden in principe de
limitaties van digitale computers moeten overwinnen. Om hersen achtige berekeningen te
realiseren in apparaten zijn er meerdere schakelbare niet vluchtig toestanden nodig. Het
schakelen van toestanden in ferroelektrische dunne films gaat via heterogene nucleatie op
het ferroelektrische electrode interface en de daaropvolgende groei van de domeinen.
Dit proefschrift beschrijft hoe er meerdere toestanden in een condensator structuur
gemaakt worden. De structuur bestaat uit ferroelektrisch PZT dat kan schakelen door middel
van manipulatie van de statistiek van de nucleatie energy. Dit is bereikt door het controleren
van he lokale elektrische veld op het ferroelektrische electrode interface door de koppeling
van de schakelbare polarisatie van het PZT en de non-schakelbare polarisatie van ZnO.
In hoofdstuk 2 wordt de groei en karakterisatie van het model systeem besproken. Epitaxiale
dunne film heterostructuren van SrRuO3 (80 nm)/PbZr0.58 Ti0.42 O 3 (1000 nm) (PZT)/ZnO (25150 nm)/SrRuO3 (80 nm) zijn gemaakt op SrTiO 3 (111) substraten met behulp van gepulste
laser depositie. Deze heterostructuren zijn gebruikt om de gepolariseerde schakel dynamiek
van PZT te manipuleren door middel van polarisatie koppeling. De mogelijkheid om ZnO te

groeien met verschillende diktes met een vergelijkbare ruwheid heeft ons toegelaten om de
wanorder (geïnduceerd door de ruwheid) naar order ratio te manipuleren. De relatieve
wanorder waarde wordt later gebruikt in dit proefschrift om de totale schakel statistiek te
manipuleren.
In hoofdstuk 3 beschrijft hoe een elektrisch veld het ferroelektrische electrode interface kan
manipuleren door middel van de dikte van de niet schakelbare ZnO laag te controleren. De
resultaten hebben laten zien dat de afdruk of de offset spanning direct gerelateerd zijn aan
de dikte van de ZnO laag. Ook wordt hier beschreven dat de ferroelektrische afdruk stabiel
blijft met het schakelen van het elektrisch veld en elektrisch veld stres gesteunde
veroudering.
In hoofdstuk 4 is de schakel dynamica van de bovengenoemde heterostructuur geanalyseerd
met behulp van de KAI (Kolmogorov Avrami Ishibashi) en NLS (nucleation limited switching)
modellen. Met de conclusie dat de nucleatie activatie energy exponentieel toeneemt met
het ingebouwde elektrische veld op het ferroelektrische electrode interface. De extreme
gevoeligheid van de lokale schakeltijden op de aanwezigheid van vaste dipolen in de buurt
van het oppervlakte geeft de mogelijkheid om onafhankelijke gebieden te maken binnen
dezelfde condensator structuur die ieder een eigen schakeltijd hebben. Deze onafhankelijke
gebieden zijn gevormd door het controleren van de relatieve ruwheiden van de vaste dipool
laag. Door te zorgen dat het ferroelektrische materiaal op meerdere manieren geschakeld is,
is een belangrijke stap in de richting van neuronen achtige adaptief geheugen en geheugen
met meerdere toestanden.
In hoofdstuk 5 zijn de halfgeleidende eigenschappen van ferroelektrisch PZT onderzocht. De
temperatuurafhankelijke lekstroom metingen (I-V) zijn uitgevoerd op SRO/PZTO/ZnO/SRO
heterostructuren. Dit is om het lekstroom mechanisme te begrijpen die werkt op deze
heterostructuren. Het lekstroom mechanisme dat gevonden werd, werd gecontroleerd door
de interface gecontroleerde Schottky emissie en was geanalyseerd door de SchottkySimmons relatie. Dit model gebruikt de aannamen dat het interface de ladingsinjectie regelt,
terwijl

de bulk de transport

regelt.

De temperatuurafhankelijke

capaciteit-

en

spanningsmetingen (C-V) zijn gebruikt om de vrije ladingsdragers in de PZT films te bepalen.
De interface valdichtheid was bepaald door middel van de parallelle geleidingsmethode en
deze was in de order van of 1010 cm-2 . Ook laat dit hoofdstuk zien dat de capacitieve bijdrages
veel groter zijn dan de weerstandslekstroom bijdrage.
In hoofdstuk 6 is het dynamische schakelgedrag van de bovengenoemde heterostructuren
geanalyseerd, met betrekking tot de beweging van het elastisch media in een wanordelijk
potentiaal. De dynamische coërcieve velden van PZT en PZT-ZnO heterostructuren, die
geïntroduceerd zijn in de vorige hoofdtukken zijn gemeten als functie van frequentie (10 10 4 Hz) en temperatuur (77-298 K). Twee schalingsregimes in de logaritmische (Ec) tegen de
logaritmische (frequentie) grafiek zijn geobserveerd voor het PZT0 monster, over het gehele
temperatuurregime. De twee type schalingen komen door de dynamische cross-over van de
thermische geactiveerde naar de flow regime van de ferro-elektrische domein muur
beweging. Een dynamisch temperatuur (T) – elektrisch veld (E) fase diagram van de
ferroelektrische schakel dynamiek voor het PZT0 monster is ook gemaakt.
Voor de PZT 25, PZT50 en PZT100 monsters is er maar één frequentie schaling geobserveerd
voor de positieve coërcief veld richting. De negatieve richting zijn er twee verschillende typen
van schaling geobserveerd. Dit is vergelijkbaar met het PZT0 monster. Het coërcief veld in de
positieve richting is veel minder gevoelig voor temperaturen in tegenstelling tot het coërcief
veld in de negatieve richting.
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