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Ferroelectric materials are one of the most attractive candidates for the next gen-
eration of nonvolatile memories due to their unique properties such as spontaneous po-
larization, low operating voltage, and high fatigue resistance. In the development of high
density ferroelectric memories, the density must be increased by reducing both lateral and
thickness dimensions occupied by a memory capacitor. At the same time, sufficient and
stable ferroelectric properties must be maintained. Therefore, it is desirable to investi-
gate size effects, which can disturb the ferroelectric properties, both experimentally and
theoretically, and evaluate the fundamental aspects governing the scaling. In this disser-
tation, the switching behavior of ferroelectric materials was investigated as a function of
capacitor lateral size and film thickness.

To investigate the properties, a novel method of atomic force microscopy and pulse
switching measurement was used, where an atomic force microscope was used for mak-
ing an electrical contact with a submicron capacitor top electrode, and the pulse switching
setup was used to provide the testing conditions simulating the operation of real ferroelec-
tric memory devices. The thesis begins with a look at results of lateral scaling of ferro-

electric capacitors from the micron to the submicron range. In the study of lateral size



scaling, the switching properties of lead zirconium titanate (PbZrTiO3) were evaluated.
The second half of this dissertation focuses on thickness scaling of the ultra thin films of
thicknesses less than 100 nm.

The study on the lateral size effects revealed that there was no change in the switch-
ing polarization for the capacitor sizes investigated. However, the intrinsic size effects
were observed as the lateral size scaled down from the micron to the submicron range.
The study on the thickness scaling showed the suppression of polarization at a critical
thickness and an increase of coercive field as the film thickness decreased.
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Chapter 1

Introduction

1.1 Ferroelectric materials

Ferroelectric materials belong to a class of polar crystals in a subset of piezoelectric crys-
tals. They lack a center of symmetry, and exhibit moment per unit volume or spontaneous
polarization under an applied field. Under stress, they produce a linear strain response
called piezoelectric effect.[2] Ferroelectric materials have a distorted perovskite structure
with a general formula ABO3; where A is a monovalent or divalent metal, and B is a
tetravalent or pentavalent metal. A classic example of ferroelectric material is barium
titanate (BaTiOj3), which can be considered as a predecessor of lead zirconium titanate
(PbZr,Ti(;_,)O3 or PZT). In PZT, the Pb?* ions are located at the cube corners, Zr*+t /or
Ti** ions at the body center, and O®~ ions at the face centers. The switched polariza-
tion arises from shifting up/down of Zr** /Ti** ions with respect to the position of the
O?%~ ions. The perovskite structure is shown in Fig. 1.1a. A typical relationship between
polarization and applied field can be described by the polarization hysteresis loop shown
in Fig. 1.1b, where the remanent polarization (P,) is the polarization at zero field, and
the coercive field (E.) is the minimum field required to switch polarization between the
two opposite states. Under an applied field, the polarization can be switched between the

two thermodynamically stable states +F, and - P,. This represents the working principle



Polarization

Figure 1.1: a) Structure of PZT showing the shift of Zr** or Ti** with respect to
0?2~ representing the logic states of “1”” and “0”, and b) Hysteresis polarization
of ferroelectric materials.

of the binary logic states “1” and “0” used in the nonvolatile memory device.[7] The po-
larization versus field behavior of a single ferroelectric crystal is a superposition of two
contributions: 1) dielectric ionic and electronic polarization (non-ferroelectric), and ii)
spontaneous polarization where the remanent polarization F,, and the spontaneous polar-
ization Py are the equal. In a poly crystal, P, is less than P; because of backswitching
induced by space charges or elastic stress. This is shown in Fig. 1.2. Switching polariza-
tion is temperature dependent. It decreases as the temperature increases, and disappears
at the Curie point or the Curie temperature T.. The change of polarization as a function
of temperature is called the pyroelectric effect. The Curie temperature can be defined
as the temperature at which the transformation from the paraelectric to the ferroelectric
phases takes place. This temperature is associated with a change in differential dielec-
tric response or permittivity €. The relationship between permittivity and temperature is

described by the Curie-Weiss law where,

e=— (1.1)
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Single crystal

Poly crystal

Figure 1.2: Comparison of single- and poly-crystal polarization hysteresis
loops.

and 6 is the Curie-Weiss temperature, which is equal to the Curie temperature T, in the
case of continuous transition. Often the transition is discontinuous. At below T, there
are depolarizing fields associated with the spontaneous polarization. To minimize these
fields, different regions of crystal are polarized in opposite directions. As a result, a
volume of uniform polarization called a ferroelectric domain is formed. The formation
produces a near complete compensation of polarization, and the crystals would exhibit
very small or no pyroelectric effects unless they are poled by an external field.[2] Fig-
ure 1.3 shows the phase diagram of the Pb-Zr-Ti system. [8] Tetragonality describes the

degree of distortion of a perovskite unit cell, and can be expressed as

Tetragonality = ¢/a — 1, (1.2)

where a and c are the lattice parameters shown in Fig. 1.4. The degree of tetragonality
is affected by the PZT composition. A decrease in zirconium content, and an increase

in titanium content results in an increase in the tetragonality. And the higher degree of
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tetragonality or ¢/2 ratio gives higher polarization where tetragonality oc P?. Figure 1.5

shows the plot tetragonality, calculated from (c/a) of different Zr% or PZT compositions.

1.2 Switching properties

Early studies of ferroelectric switching were by Merz in 1954 [7, 9], Stadler, and Miller
in the late 1950s [10-12], and Fatuzzo in 1962 [13] The most popular ferroelectric mate-
rial studied in that period was barium titanate (BaTiO3). Merz observed that by reversing
the applied electric field many new domains were created, and BaTiOs preferred to cre-
ate many new small domains instead of making an existing polarized domain grow.[7]
Merz proposed the two switching mechanisms in the BaTiOj3 crystals: 1) formation of
new domains when the electric field was reversed called nucleation, and ii) growth of

small domains called domain wall motion. The later publication by Fatuzzo, however,
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suggested that switching mechanisms could in fact be broken down into four stages: a)
homogeneous nucleation, usually at the anode or cathode; b) forward growth regime;
needle-like domains moved at the speed of sound parallel or anti-parallel to the applied
field; c) sideways growth in which the needle-like domains spread out laterally; d) co-
alescence. The rate limiting parameter can be a), b), or c¢) in different materials. [13]
Figure 1.6 shows the stages in the switching of ferroelectric domains.[13] Generally the
time for the lateral growth was much slower than the forward growth i.e. tf4pqra (1 1S)
<< tiateral (20 ns to 1us). Therefore, the lateral growth was the rate determining step.

In 1971, Ishibashi published the theoretical model which described the switching
behavior of ferroelectrics.[15] The model was based on the combination of the classical
theories from Kolmogorov and Avrami (also called the K-A theory). [16—-18] The Kol-
mogorov and Avrami theories were based on the study of statistical behavior and the
probability of nucleation and growth. The details of these theories will be presented in a

later chapter.



Overall, the studies mentioned above lead us to the study of the switching kinetics
which is critically important in understanding the switching behavior, and the types of
switching processes taking place. As a result, the materials quality, in terms processing

and properties, could be evaluated and improved. [19-21]

1.3 Pulse switching polarization

In this study, we will use the pulse switching measurement as a tool in our study to mea-
sure the switching property. A typical current vs. time measurement from a ferroelectric
capacitor is shown in Fig. 1.7. From the current transient, we can calculate the switching
properties such as the switching polarization, and coercive field. The switched polariza-
tion from this measurement, compared to polarization hysteresis, is more relevant to the
ferroelectric memory since the memory uses square pulses to operate, and it offers a much
faster speed. The switching results also allow us to determine other extrinsic and intrinsic
properties. From the switching transient, we can extract many switching parameters such
as maximum current (%,,,), time at the maximum current (¢,,), and switching time (¢),
all of which are interesting and useful properties. [15] The shape of the switching transient
can be modeled, which would allow us to obtain insight into the type of nucleation and
growth during the switching process. [21] The switching time ¢, for polarization rever-
sal of ferroelectric thin-film capacitors was of direct relevance for such applications and
should be as small as possible. The details of the switching properties, and the theories
governing them will be discussed in more detail in Chapter 3.

Figure 1.7 shows the switching response, current vs. time, of a ferroelectric ca-



max

Current (A)

¥ 10% of 1,,,,,

Time (s)

Figure 1.7: Definition of switching where ¢, was defined as the time at 10 % of

Umaz-
pacitor where 7,,,, 1s the maximum current, and ¢ is the switching time. The graph can
be described by equation 1.3 where ¢, is the switching time which is defined as the time
required to transfer 90 % of the charge from one side of the nonlinear capacitor to the
other or the time when the switching current ¢ becomes 0.1%,,,,., and Ps; and n were the
spontaneous polarization and the dimensionality of the domain growth.[19, 22] From the

switching current transient, the polarization can be found by integrating the current as

P = /idt. (1.3)

In addition, the activation field which describes the intrinsic switching property can be

follows:

found from the exponential dependence of the maximum current (%,,,,) or the switching

time (¢,) on the applied electric field £. These can be written as

bmaz = i€, (1.4)

8



and

t, =t (1.5)

The activation field (o) has the same units as the coercive field £, but its magnitude is
much higher (typically, the ratio of a/ E. is of the order of 10 in single crystals as well as

in thin films).[20]

1.4 Applications

Ferroelectric materials have a lot of useful properties such as large piezoelectric effect,
high dielectric and high pyroelectric coefficients. They can be used for a wide range of ap-
plications such as electromechanical sensors, actuators and transducers, dynamic random
access memories (DRAMs), and infrared sensors. Apart from these applications, there is
a great interest in ferroelectric materials for the next generation nonvolatile high-density
memory applications, where the direction of the spontaneous polarization is used to store
information digitally. The most basic component of the memory is the capacitor built
from a ferroelectric layer sandwiched between top and bottom electrodes, which are con-
nected to the transistors. In ferroelectric random access memories (FRAMs), the memory
function is obtained by applying an appropriate voltage across a capacitor to switching
the remanent polarization between two polarization directions. The nonvolatile property
is due to the ability of the material to hold the polarization state when an external field
is removed. FRAMs are attractive for the next generation of high densities nonvolatile
memories due to: i) fast writing speed; ii) low power consumption; iii) high endurance;

and, iv) compatibility with integrated silicon based semiconductor devices. These proper-
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ties make they more superior to any other memory types. FRAMs can be used for a wide

range of memory applications such as

e Low-density applications (up to 16kB) for smart ID, memory cards, and contactless

TAG.
e Moderate density (up to 256kB) for computer games.

e High density (up to 64MB) for high-end smartcards, networking cards, cellular

phones, and audio/video/image/fax/ printing storage.

The FRAM cells of 2T/2C and 1T/1C structures are shown in Fig. 1.8. The 2T/2C was
used until the year 2000. Not until recently, the 1T/1C was being used to increase the
capacitor density. In the 1T/1C architecture, a memory cell contains one ferroelectric
capacitor and one access transistor. The information is stored in the ferroelectric capac-

itor and the transistor addresses the desired cell. The memory addresses “1” and “0” by

10
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Figure 1.9: Roadmap showing scaling trend of FRAMs device.[23, 24]

comparing the signal output with the bit line (dummy) capacitor. At present, the standard
value of of the operating voltage V¢ is 3 V but will become 1.8 V for the next generation
of submicron high-density memories. Figure 1.9 shows the roadmap of future scaling
of the FRAM device. It can been seen that there is a demand to scale the ferroelectric
capacitor area to less than 1 ym?, and the film thickness to less than 100 nm to achieve
the next generation 1 Gbit high-density memories. Details regarding the recent and future

development are summarized in Table 1.1. With the current trend, the memory density is

expected to reach 2000 Mbit (2 Gbit) in the year 2007.[23]

11
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Design rule (xm) 0.5 0.35 025 0.18 0.13 0.1

Density (Mb) 1 16 64 256 512 2000
Architecture 2T2C  2T2C/1T1IC 1TIC 1TI1C 1T/1C 3DITIC
Capacitor area (um?) 3.0 1.0 0.5 0.13  0.07 0.03
PZT thickness (nm) 200 180 140 100 80 65
Operating voltage (V) 5 33 2.5 1.8 1.5 1.2
Qs (uClcm?) 30 30 30 35 40 45
Endurance (cycles) 10'°/10% 104 0% 10 10% 1016
Retention (yr) 10 10 10 10 10 10
Access time (ns) 70 50 30 20 15 10
Switching time (ns) <10 <10 <10 <10 <5 <5

Table 1.1: Design rules of next generation high-density FRAMs.[23]

1.5 Overview of thesis

The thesis is divided in into two main themes: 1) lateral size scaling, and 1ii) thickness
scaling. Chapter 2 introduces the experimental method of pulse switching and atomic
force microscopy which can be considered as state-of-the-art measurement for modern
electrical characterization of discrete submicron ferroelectric memory devices. Chapter 3
begins with a look at the general switching behavior as the lateral dimensions of capac-
itors are scaled down from micron to submicron areas. Theoretical issues related to the
switching kinetics, and related models are discussed. Chapter 4 concentrates on the thick-
ness scaling where the switch properties of ultra thin films studied with thicknesses from
100 nm to 4 nm (10 unit cells) were studied. This chapter finishes with an investigation of

coercive field behavior as a function of thickness, and a discussion of the depolarization

12



models which played an important role in the thickness effects. Chapter 5 concludes the

findings with suggestions of further studies.
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Chapter 2

Experimental

2.1 Atomic force microscopy

An atomic force microscope (AFM) is a type of microscope used for imaging a topog-
raphy. Atomic force microscopy is a non-destructive imaging technique which provides
images at nanometer resolution. The microscopes can be operated under ambient con-
ditions, and the samples require no special preparation. This makes AFM one of the
favorite microscopy techniques as compared to scanning electron microscope (SEM) and
tunneling electron microscope (TEM). Its basic components include a micron-size can-
tilever with a sharp tip, a laser source, and a photo-detector. The topography image is
generated from sensing of the laser beam movements, reflected from a cantilever, through
the photo-detector. The movements of the laser beam in the x,y,z directions translate into
an image on a computer screen. Apart from the topography, AFM provides useful infor-
mation such as surface roughness, cross-sectional view, and dimensional analysis. There
are three modes of AFM operation; contact mode, tapping mode, and non-contact mode.
For electrical measurements, the contact mode is used. Figure 2.1 shows a typical setup
of the atomic force microscope. This modern electrical measurements technique utilizes
the AFM for making an electrical contact with the nanosize features. Hence, a variety

of the electrical signals, such as sine, triangle, and square waves, can be applied to a fer-

14
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Figure 2.1: Setup of atomic force microscope components.



roelectric device. AFMs have often been used for piezoelectric measurements (ds3), and
polarization hysteresis (F,).[25, 26]

As the methodology of AFM has been well documented elsewhere[27], this thesis
will concentrate on the key AFM component that is important for the pulse switching
studies. The most important AFM component which affects the pulse switching setup
is the AFM cantilever. The cantilever properties such as its dimensions, force constant,
resonance frequency, and coatings played a crucial role in the measurement sensitivity.
In this research, the coating is the most important property. Theoretically, for the contact
mode AFM, the ideal cantilever should be short in length to provide a high resonance
frequency and small force constant. This makes the cantilever more sensitive to deflection
by very small forces to increase the imaging resolution. [27] However, it was found that
the measurement resolution was unaffected by size but by the coating. Bigger cantilevers
with thicker coating are more robust and have better fatigue resistance.

In the electrical measurements, typical cantilevers used were silicon based with con-
ductive coatings. During the course of this work, a number of the conductive coated tips
such as Rh, Au (Seiko Instruments Inc.), Pt-Ir (NanoWorld), W,C (MikroMasch), Co-Cr,
doped diamond (Veeco Instruments Inc.), and carbon nanotubes (University of Wiscon-
sin) were tested. Table 2.1 shows properties of cantilevers used in the pulse switching
experiments. The dimensions of the Pt-Ir, and Co-Cr coated cantilevers were 225 pm (1)
x 28 pm (w) X 3 pum (t). The dimensions of Rh and Au coated cantilevers were not
available from the manufacturer but from the comparison through an optical microscope,
the sizes of the Rh and Au coated cantilevers were estimated to be about 10 times larger

in area than the Pt-Ir, and Co-Cr cantilevers. Among these cantilevers, the Rh coated
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Coating materials Ph Au  Pt-Ir

Resonance frequency (kHz) 28 28 75
Force constant (N/m) 1.9 1.9 2.8
Coating thickness (nm) 100 100 23
Performance rating Excellent Good Fair

Table 2.1: Properties of cantilevers used in pulse switching measurements.

cantilever showed the best wear resistance and electrical conductivity. In summary, it
was found that the cantilevers used in the pulse switching experiments should have i) Rh

coating, i1) Thick coating, and iii) Large size.

2.2 Electrical measurements

Although quasistatic hysteresis (60-1000 Hz) and piezoelectric loops for submicron ca-
pacitors have been well documented [25, 26, 28] and Tiedke et al. have shown non-
averaged hysteresis curves down to 0.09 um? with excellent signal-to-noise (S/N) ra-
tio [29]; there is a critical need to understand the dynamic switching behavior of such
nanoscale capacitors.

The standard electrical characterization such as polarization hysteresis, capacitance
(C-V), and current (I-V) measurements on the large micron size capacitors with diameters
between 30-50 pm were usually carried out using Precision Premier (Radiant Technolo-
gies, Inc.) and an electrical probe station. Precision Premier was a commercial ferroelec-
tric tester, with its signal output and input connected to the probe station equipped with

two metallic needles, and an optical microscope. In this setup, the probe needles were
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used to make the electrical contacts with the capacitor’s top and bottom electrodes. The
smallest capacitor diameter that could be measured using this setup was 9 pm. Apart from
the standard characterizations, many modern electrical characterizations were becoming
more common but needed different kinds of tools and experimental techniques. For ex-
ample, the Precision LC (Radiant Technologies, Inc.), and TF Analyzer 2000 (aixACCT
system) were developed for electrical measurements of submicron capacitors [26], while
the lock-in techniques were used for piezoelectric measurements. [25, 30]

Polarization hysteresis, which allows a fast characterization of the ferroelectric thin
films, was considered a standard technique. In the measurement, a triangle waveform was
applied to a ferroelectric capacitor in a Sawyer-Tower circuit. The number of charges
was measured across a couple capacitors, and plotted as a function of applied voltage.
The polarization hysteresis setup of a commercial TF 2000 Analyzer (aixACCT Systems,
Germany) is shown in Fig. 2.2. The C-V and I-V measurements on the submicron capaci-
tors were carried out using the Precision LC (Radiant Technology, Inc.). This testing unit
allowed the electrical measurements to be done at the submicron level with accuracy and
precision. The LC unit was very portable with programmable software. The purpose of
using the LC unit specifically for the C-V and I-V measurements was that the Radiant’s

equipment has been long established as the standard equipment in laboratories.

2.3 Pulse switching

In the 1950s, Walter J. Merz used pulse switching measurements to study the switching

kinetics of ferroelectric material (Barium Titanate) for the first time.[7] The experimental
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Figure 2.2: Setup of commercial ferroelectric tester and atomic force micro-
scope.

results show the dependency of switching current and switching time on applied electrical
fields, temperatures, and sample sizes. In his study, it was found that the maximum current

Imae Obtained from the switching transient can be represented by
imaz ~~*TE, 2.1)

where «(7T') is the activation field which is also temperature dependent, and E is the elec-
tric field. In this study, the activation field decreases linearly with temperature. In 1980s,
the pulse switching measurements were standardized to solve the problems of different
testing practices which could lead to different conclusions. [31] This would allow a direct
comparison of test data generated at different facilities. The methodology of pulse switch-
ing was carried out as a function of voltage, and the measured switching polarization was
obtained from the integration of the voltage transient measured across a capacitor or a
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shunt resistor coupled to a ferroelectric capacitor. According to the standardized method-
ology, five pulse "PUND” type pulse train (- + + - -) should be used, with the minimum
sample size of 5 capacitors, and preconditioned with a bipolar waveform. It was also sug-
gested that pulse width below 100 ns was necessary for high speed memory design. [31]
Li’s experimental setup had a resolution that detected switching times in the pico
second range but lacked the ability to make a direct measurement on submicron capaci-
tors. In Li’s experiments, the micron size capacitors measured were connected to the pulse
switching setup using a wire bonding. [32]. Larsen commented that a direct measurement
is necessary. [33] Tests on series of capacitors connected together yield the average prop-
erties but do not explain the failure and deviation of properties of a single capacitor. In his
studies, electrical measurements on capacitors down to 0.04 um? were presented. Direct
electrical measurements on an array of 800 capacitors (800 x 800 nm? or 300 x 300 nm?)

connected in parallel shows good but average results.

2.3.1 Setup

The electrical circuit used in the pulse switching measurement was a modified Sawyer-
Tower circuit where a reference capacitor was replaced with a resistor. The resistor used
in this method is called the “Shunt” resistor. Figure 2.3 shows the modified Sawyer-Tower
circuit. [34] The transient current ¢ 5(t) of the ferroelectric capacitor C'rp during switch-
ing was determined by measuring the transient voltage V' (¢) developed over the Shunt
resistor R. By applying a pulse of sufficient amplitude and width to produce polarization
reversals and measuring V' (¢), both the switched charge A P (polarization times area) and

the switching time ¢5 could be determined from the integration of V (¢)/R(irg) over its
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Figure 2.3: Modified Sawyer-Tower circuit used in pulse switching measure-

ments.

transient.

2.3.2 PUND pulse train

The pulses used to measure the positive (+/\ P) and negative (-A P) switching charges
were configured as a pulse sequence called a “PUND” pulse train ! shown in Fig. 2.4.
The pulse train consisted of five pulses: negative, positive, positive, negative, and neg-
ative separated by a period called “delay time”. In the experiment, the preset negative
pulse was applied to arrange the ferroelectric domains in the same initial polarity state
before being switched. Then, the first positive pulse (pulse P) was applied to switch the
capacitor to the opposite polarity (positive). The charges measured from this pulse P*
contained the contribution of the switching (AP) and the non-switching (P”) compo-

nents. To separate the two components, the second positive (pulse U) was applied where

'The term PUND stands for Positive Up Negative Down.
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Figure 2.4: PUND pulse train.

it would measure only the non-switching (P”) component as the ferroelectric domains
were no longer switched. Thus, the subtracting the charge of pulse U from the charge of
pulse P would give the switching polarization (/A P) corresponded to the switching of the

ferroelectric domains, and can be expressed as
AP = P* — P", (2.2)

Figure 2.5 shows the subtraction of the transient responses of P* and P" giving AP. The
switching polarization (A P) was defined by the integral of the difference between the
switching current and non-switching current. Here, A was the top electrode area of the

capacitor.

AP - %/(Zp* - ip/\)dlf, (23)

The experiment was repeated in the negative polarity by applying two negative
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Figure 2.5: Subtraction of P* by P" gives switching polarization A P.

pulses. These two pulses were necessary because the switching properties in both positive
and negative polarities were not always the same. As shown by Abe et al. a ferroelectric
capacitor could possess asymmetry due to asymmetry of top and bottom electrodes or the
discrepancy in coercive voltage between polarities.[35]. The switching polarization (A P)

was usually quoted as the average value obtained of positive and negative pulses
AP =[(P-U)+ (N —-D)]/2, (2.4)

It should be noted that AP is sometimes referred as “Q,,” (Q switched). This term
was popularly used in the industry when referring to the switching charges of the FRAM
devices. The PUND measurement can be combined with single bipolar pulse sequences
to switch the ferroelectric capacitor over extended pulse cycle ranges, e.g. from 10% up
to 101 — 10'3 cycles, to test the fatigue properties. From the nonvolatile memory point
of view, the pulse switching measurement method is most relevant for characterizing the
ferroelectric properties since the memory write and read processes, and their speed are
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governed by the applied voltage pulses. In this method one measures A P, which is the

difference between the switched P* and nonswitched P” responses. [31, 33, 36-38]

2.4 Pulse switching and atomic force microscopy combined

The electrical characterization of ferroelectric thin films is usually performed under condi-
tions not close to the real device operating conditions. For example, the actual real device
size is expected to be in the range of 1 pm or less with an excitation frequency of several
MHz, whereas a typical measurement is usually performed on 200 m? at kHz or lower
frequencies. However, it should be noted that the polarization hysteresis test was not the
most suitable test for the memory applications because: i) Polarization hysteresis mea-
surement uses triangle pulses whereas ferroelectric memory uses square pulses for read
and write functions. ii) Polarization hysteresis is measured at kHz frequencies whereas
ferroelectric memory operates at hundreds of MHz. Since the pulse switching measure-
ment uses square pulses, it could be considered as the most relevant testing method for the
memory applications. However, the existing pulse switching tests needed improvement

because:

e Most pulse switching measurements were carried out using microsecond pulses
whereas ferroelectric memory operates using nanosecond pulses. For example, the

write speed of FRAMs is 70 ns.[23].

e If nanosecond pulses were used, the measurements were carried on either micron
size capacitors, or an array of submicron capacitors connected together.[38] No

measurements using nanosecond pulses have ever been performed on a single sub-

24



micron capacitor.

Fujisawa et al. used AFM and pulse switching combined, but did it on micron size ca-
pacitors using microsecond pulse widths.[39] The experimental setup for polarization
hysteresis was a lot simpler than pulse switching. This is because there are commercial
ferroelectric testers available which provide the test circuit, and computer programs to
calculate and plot the polarization hysteresis. Even though the hysteresis measurement
was a simpler one, it gives much useful information on the switching properties such as
remanent polarization, and coercive field. Furthermore, the shape and position of the loop
could give qualitative information on current leakage, and fatigue properties.

In this research, attempts at combining the commercial equipment with an AFM to
perform the pulse switching measurements on a discrete ferroelectric submicron capac-
itors were unsuccessful. Therefore, it was necessary to construct a pulse measurement
setup combined with AFM to carry out the studies.

Atomic force microscopy (AFM) can be considered as the elegant tool for electrical
measurements of ferroelectric devices. It is now widely used for characterizing the size
effects in ferroelectric materials. [26, 30, 39-41] The objectives of the experimental setup

in this research were to fulfill the following criteria:

1. Measure discrete submicron capacitors: The setup must be able to measure the
switching polarization AP of a discrete submicron capacitor via AFM and pulse

switching setup.

2. Automated and programmable: A computer program which could be written to
control the equipment, and to acquire the data, where a number of experiments
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Figure 2.6: Criteria for successful pulse switching measurement and AFM com-
bined.

could be repeated automatically, and the experimental conditions could be input

through the computer.

3. Increase measurement capability: The measurement capability must be increased to

measure smaller and smaller submicron capacitors until it is instrumentally limited.

4. Accurate, reliable, and simple: The equipment setup, and the computer software
must give accurate, and reliable results. The equipment must also be reliable when

operating, and the computer software interface must be simple, and easy to use.

These are illustrated in Fig. 2.6.

2.4.1 The Experimental setup

The setup of the pulse switching measurement and AFM combined is shown in Fig. 2.7,

and the key components are listed below:
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Figure 2.7: Setup of pulse switching measurement and atomic force microscope
combined.

1. Atomic force microscope (Digital Instruments Nanoscope IV, D3000).

2. Rh-coated 100-nm-thick silicon based conductive cantilever.

3. Waveform generator (Agilent 32250A).

4. Oscilloscope (Tektronix”™ 620B).

5. Active probes (Tektronix”™ P6245).

6. Resistor.

7. RF cables.

8. Isolated Au wire.

The measurement setup for pulsed probing was based on a combination of a pulse gen-
erator, an AFM, a shunt resistor and a digital sampling oscilloscope, which was used
to measure the switchable polarization of a submicron capacitor. The input parameters
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such as pulse sequence, width, delay, and amplitude were adjustable and could be used
to mimic the operating conditions for the actual FRAMs capacitors, such as 3V volt-
age pulses of 10-50 ns with similar delay times between the pulses. The circuit layout
for the pulse measurement was the same as the modified Sawyer-Tower circuit except
that a commercial atomic force microscope (Digital Instruments Nanoscope IV, D3000)
equipped with an Rh-coated 100-nm-thick silicon based conductive cantilever was used
to make electrical contact with the capacitor. The thicker Rh layer helped to prevent the
vaporization of the coating due the high current density, and thus it prolonged the good
electrical conductivity of the tip. A waveform generator (Agilent 32250A) was used to
generate pulses, in conjunction with an oscilloscope (Tektronix 620B) that was used to
record the switching responses, and a LabVIEW?™ program was used to run the experi-
ments, and to acquire the experimental data. Figures 2.8 and 2.9 show the detailed setup
of the pulse switching and AFM combined, and the construction of the load resistor.

The pulse switching setup can also be integrated with the Multimode AFM. The
advantages of the Multimode were: i) the sample’s stage could be heated up to ~ 250 °C,
i1) it could be used with a gas cell to test a sample under different gaseous conditions. The
disadvantage was that the sample stage was relatively small with the maximum diame-
ter of 15 mm. Figure 2.10 shows the pulse switching setup with the Multimode AFM,
Fig. 2.11 shows the preparation of the sample holder for the Multimode AFM and the
pulse switching setup, and Fig. 2.12 shows a photograph of the isolated sample stage and

its associated components.
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Figure 2.8: Detailed setup of pulse switching and AFM combined.
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Figure 2.9: Construction of the load resistor used in pulse switching.
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Figure 2.10: Diagram showing integration of pulse switching and Multimode
AFM.
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2.4.2 Experimental conditions

To take the measurement, the PUND sequence of pulses was applied to a ferroelectric
capacitor to obtain the switching transients corresponding to P, U, N, and D pulses. [31]
Before a PUND pulse train was applied, the capacitor was trained by applying bipolar
pulses of 3 V (200 ns width and delay) for 60 s to obtain a saturated AP value. It
should be noted that for the study of switching dynamics, such as the switching speed,
a rise time less than Ins is desirable. [33] However such conditions cause ringing in the
switching signal, thereby distorting it. Therefore, in my measurements, the optimum
conditions were 8 ns rise time (10%-90%), sensed through a 330 €2 load resistor. These
conditions minimized the ringing effect, and provided sufficient signal strength of 16 mV
for the submicron capacitors. The maximum noise level in the measurement was £0.05

mVpk_pk.

2.4.3 Parasitic capacitance

Parasitic capacitance can be described as unwanted capacitance in the measurement cir-
cuit. This capacitance arises from the components such as the electrical cables (transmis-
sion lines), equipment parts, and the AFM cantilever. In the polarization hysteresis mea-
surement, a parasitic compensation procedure was necessary to extract the polarization of
the capacitor material from the parasitic influence of the measurement setup. [26] On the
other hand, in the pulse switching measurement, parasitic compensation was not needed.
Figure 2.13 illustrates that the switching (P*) and the non-switching (P") responses con-
tained the same parasitic contributions of “b” and “c”. Hence, when subtracting P* and

P” to calculate the switching polarization (A P), the parasitic influence of “b” and “c”
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Voltage

Switching Nonswitching

Figure 2.13: The switching transient contains equal contribution of parasitic
charges in both switching and non-switching pulses.

would canceled each other out. This could be considered as one of the advantages in
doing the pulse switching measurement where the parasitic compensation procedure was
not necessary. However, it should be noted that the parasitic component still remained
a big problem in small signal measurements and had to be minimized by reducing the
length of the transmission cables. If the magnitude of the switching transient was smaller
than the parasitic transient, it would not be possible to extract the switching polarization.

Prume et al. developed a finite element model of an AFM cantilever to calculate its
parasitic capacitance. This model enables us to calculate the parasitic capacitance, which
has to be subtracted from the measurement data dependent on geometric parameters of
the cantilever and parameters defined by the measurement setup, e.g. the distance from
the wafer in the lifted position. The compensation procedure was carried out on a sample

capacitor with an electrode area of 0.09 um?.[28] It could be seen from published mea-
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Figure 2.14: Profile of capacitance vs. sample-AFM tip separation obtained
from experiments (circles), and calculations (solid line).

surements that it is not sufficient to perform an open measurement with a lifted cantilever
and subtract this measurement from the recorded data to obtain the material characteris-
tics. Lifting the cantilever results in a decrease of parasitic capacitance, which cannot be
neglected. In my study, it was also found that the parasitic component changes with the
cantilever lift height from the top electrode. Figure 2.14 shows the decrease of capaci-
tance as a function of tip separation. In the study by Larsen, a bonding pad was used as
a common electrode connecting capacitors but this leads to parasitic capacitance. Evans
and Tiedke indicated that the largest source of the parasitic capacitance comes from the
AFM cantilever, and the parasitic capacitance from the transmission line is negligible if it
was properly shielded and grounded. [26] However, the length of the transmission cable

used should be minimized to reduced the parasitic capacitance from the transmission line
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to as low as possible. For example, Li used the transmission lines of different length to

vary the rise time and the RC time constant. [32]

RC time constant

Generally, the total capacitance of the measurement setup can be approximated by the

equation,

1 1 1 1 1

=—+—+ + ,
Ctotal C1FE Cair Ccantilever Ccable

(2.5)

where Cy,; 1 the total capacitance of the circuit,C'rg is the capacitance of the ferroelec-
tric capacitor, C'4,,. is the capacitance of the air gap, Cqntiever 15 the capacitance of the
AFM cantilever, and C... is the capacitance of the transmission lines. The capacitance

between the two electrodes can be defined as

; (2.6)

A
C= coer—

where C is the capacitance (F), ¢, is the permittivity of free space (F/m), ¢, is the dielectric
constant or relative permittivity of the insulator used, A is the area of each plane electrode
(m?), d is the separation between the electrodes (m). Substituting equation 2.6 into 2.5,
we can calculate the total capacitance of the system. Figure 2.14 shows the comparison
between the approximation from equation 2.5 and the experimental measurements. The
approximation only agrees with the measurements at the small lift height of 5.4 m where
the RC time constant was estimated to be 7.62 ns. As the tip and sample were moved
further apart, the electric field lost its strength, and the air gap no longer behaved like
a capacitor. This method was not an accurate way to define the parasitic capacitance as

shown by Tiedke but good enough for an approximation. [26]
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Figure 2.15: Capacitance measurements and estimation as function of capacitor
sizes.

2.4.4 Signal optimization

In an early investigation, it was very important to determine the capability of the sys-
tem i.e. noise level, and signal strength. Thus, this enabled us to get an accurate pulse
switching signal measurement from a submicron capacitor. Figure 2.15 shows the mea-
surements and estimation of the capacitances of micron capacitors. Capacitance measure-
ments of 15x15,25x%x25,50x50, 100x 100 ,um2 capacitors were obtained from HP4194A
impedance/gain-phase analyzer, with frequency sweep 100 — 1KHz, 0.5 V AC. From Ta-
ble 2.2, it can be seen that the ratio of capacitance per unit area remains constant, and
equals to 0.049 pF/um?. If we assume that this ratio remains the same, we can estimate
the capacitance of the smaller sizes capacitors (shown in sub Fig. 2.15, and Table 2.3).

Further more, we could use the 0.049 ratio to estimate the capacitance of the sub-
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Capacitor size (um) Capacitance (pF) Capacitance/Unit area (pF/um?)

100 491 0.049
50 122 0.049
25 30 0.049
15 11 0.049

Table 2.2: Capacitance measurements of micron size capacitors.

Capacitor size (um) Capacitance = 0.049 x Area (pF)

7 2.39
5 1.22
3 0.44
1.5 0.11

Table 2.3: Capacitance estimations of micron size capacitors.

micron capacitors. For example, the capacitance of 1 ym, 0.5 pm, 0.1pm were found to
be 49 fF, 24.5 {F, and 4.9 fF, respectively. The advantage of doing this estimation was that
we could use a linear capacitance with the equivalent value of a ferroelectric capacitor as
a dummy capacitor for testing the circuit. Figure 2.16 shows the voltage transients mea-
sured from 100 pF and 10 pF linear capacitors. Here, the 10 pF capacitor is equivalent to
~ 15x15 um? capacitor. As the voltage signal measured across a capacitor gets lower, it

will be necessary, in the next step, to amplify the signal level.

Signal amplification

In the small signal measurements of submicron capacitors, a shunt resistor was needed

to amplify the output voltage transient. Figure 2.17 shows an increase of the transient
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Figure 2.16: Voltage transients measured from 100 pF and 10 pF linear capaci-
tors.

output measured from a ferroelectric capacitor as the value of the resistor increases. If
was found that a 330 €2 resistor was the optimum size for submicron size capacitors.
Further increase of the resistor value barely improved the signal strength i.e. using a 3
k(2 resistor gave the switching strength of 1.2 times higher while using a 7 k() resistor
increased the signal strength about 1.6 times. Increasing the resistor beyond this value
resulted in a distorted switching transient, which appeared as a distorted square pulse. In
summary, the experimental setup was successfully optimized to obtain a clean switching
transient output measured from a submicron ferroelectric capacitor, and the noise level

was minimized to increase the measurement resolution.

Other problems associated with measurements

The most common problems associated with pulse switching measurements are reflection,
noise, and ringing of the signal. Figure 2.18 shows an example of these problems appear-
ing on the switching transients. These problems could be solved by impedance matching,

electrical shielding, and grounding. In the experimental studies, it was necessary to use
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Figure 2.17: Switching transients dependent on resistors used in the circuit.
Voltage signal increases as a function of resistance.

shielded cables to protect the live wire carrying the electrical signal from the electrical
noise of the measurement circuit, equipment, and environment. Figure 2.19 shows the
background noise level of the AFM-pulse switching setup. During the course of my re-
search, I discovered that there was noise associated with the Labview program. When
Labview was acquiring data, the module in the Labview program called CONFIG ampli-
fied the signal level, and thus, the noise level. This destroyed the smoothing configuration
(S/N averaging of 200 times) that should have been obtained from the oscilloscope. The
CONFIG module was required in order to get correct data acquisition. To get around this
problem, the "WAIT TIME” used in the program had to be increased i.e. from 1000 ms

to 3000 ms. The contents of the computer program will not be presented in this thesis.
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Figure 2.18: Reflection, noise, and ringing in small signal measurements.
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Figure 2.19: Noise level pick up by Labview data acquisition before and after
system improvement. The noise level was reduced to + 0.05 mV.

2.4.5 LabVIEW”™ programming

LabVIEW programs contain many variation of modules or virtual instruments (VIs) such
as signal generators, oscilloscopes, and multimeters etc. These modules can be linked
and built into an electrical circuit or virtual instrument on a computer. For example, a
virtual user interface with a front panel containing control knobs, push buttons, and graph
displays could be built to control the operating functions of the pulse generator, and to
acquire the voltage output data from the oscilloscope. LabVIEW communicates with
hardware and other devices via GPIB, PXI, VXI, RS-232, and RS-485. [42] Figure 2.20
shows the Labview measurement program used for the real-time measurements. This
program shows the measurement results as the pulses were applied to a capacitor. For
the submicron capacitors, it is recommended that passive measurements should be used

i.e. the data is taken first, and analyzed later. This is because, in many cases, the small
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Figure 2.20: LabVIEWT™ pulse switching program for real-time measure-

ments.

signal measurements need more attention in analysis. Figures 2.21 and 2.22 show the
programs that were used in the passive measurements where SETPUND was used to
input the PUND pulse train, and ANALYZE was used to analyze the data. Here, the
SETPUND program (Fig. 2.21), containing the applied pulse information, such as pulse
width, amplitudes, and cycles, was first applied to a capacitor, and recorded the data.
Once the data was recorded, the ANALYZE program was then used to recall the data for
the detailed analysis. The passive ANALYZE program offers more functions than the
dynamic program with many capabilities such as calculations of switching parameters

Vinazs tmaz> and t, data averaging and subtraction, and breaking down and saving data in

different formats.
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Manual method

In this method, it is assumed that users have fundamental knowledge about the functions
of pulse generators and oscilloscopes. Instructions for using this equipment can be found
in the user manuals. In the manual method, the PUND train is set on the pulse generator.
The PUND waveform can be saved on the pulse generator for later use. Once the pulse
width and delay periods and their amplitudes are set, press the output button on the pulse
generator to apply (input) the PUND pulse train to a capacitor. The voltage signal output
from the circuit corresponding to switching of the ferroelectric capacitor will appear on
the oscilloscope display screen. The waveforms on the oscilloscope can be saved onto
a floppy disk as the ASCII file and transferred to a computer. Finally, use the computer
software Microcal Origin to plot the voltage transient output and integrate the area under

the graph to find the number of charges, and hence the switching polarization.

Automated method

In this method, it is assumed that users have basic knowledge of Labview programming.
The PUND waveform parameters such as pulse width, delay, and amplitude are set in the
program. For the voltage series measurement, set the minimum and maximum voltage,
and voltage interval i.e. minimum voltage = 1 V, maximum voltage = 5 V, and voltage
interval /or step = 0.5 V. In this case, the pulse generator will apply the PUND pulse train
from 1 to 5 V at intervals of 0.5 V. After each PUND pulse train is applied, the voltage
output signal from the measurement circuit is recorded. The recorded transient waveform
is then divided into different sections P, U, N, and D. The voltage data is transferred
to the Labview mathematic integration module where the integration starting point and
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range can be set. The methods of finding the starting points for the integration will be
discussed in Chapter 3. In this case, the starting points were calculated automatically from
the voltage signal. After integration, other mathematic functions were used to compute
the switching properties such as polarization versus voltage /or fields, P*, P", and AP
voltage transients, %4z, tm, and switching time ¢;. The raw data saved could be pulled
up and analyzed off-line for later use. Comparing between the manual and automatic
methods, the manual method takes a few hours for each data series, whereas the automatic

method takes a few minutes.

2.5 Summary

The measurement setup for pulsed probing was based on a combination of a pulse gen-
erator, an AFM, a shunt resistor, and a digital sampling oscilloscope that was used to
measure the switchable polarization of a submicron capacitor. The input parameters,
such as pulse sequence, width, delay, and amplitude, were adjustable and could be used
to mimic the operating conditions for the actual FRAM capacitors, such as 3 V pulses
of 10—50 ns with similar delay time between the pulses. The circuit layout for the pulse
measurement was the same as Aoki et al., [34] except that a commercial AFM (Digital
Instruments Nanoscope IV, D3000), equipped with an Rh-coated 100-nm-thick silicon-
based conductive cantilever, was used to make electrical contact with the capacitor. The
thick-coated Rh layer helps to prevent the vaporization of the coating due to the high
current density, and it thus prolongs good electrical conductivity of the tip. A wave-

form generator (Agilent 32250A) was used to generate pulses, in conjunction with an
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oscilloscope (Tektronix?* 620B) that was used to record the switching responses. In
the measurement, we applied the PUND sequence of pulses and obtained the switching
transients corresponding to P, U, N, and D pulses. [31, 43]

Before a PUND pulse train was applied, the capacitor was trained by applying bipo-
lar pulses of 3 V (200 ns width and delay) for 60 s to obtain a saturated AP value. It
should be noted that for the study of switching dynamics, such as the switching speed,
a rise time less than 1 ns is desirable. [33] However, such conditions cause ringing in
the switching signal, thereby distorting it. Therefore, in our measurements, the optimum
conditions were an 8 ns rise time (10% — 90%), sensed through a 330 V load resistor.
These conditions minimized the ringing effect, and provided sufficient signal strength of
16 mV for the submicron capacitors. The maximum noise level in the measurement was
+0.05 mV,;_p. In order to compare our results with quasistatic behavior, I also mea-
sured the polarization hysteresis of capacitors using a TF Analyzer 2000 from aixACCT
Systems. In both voltage and pulse width experiments, I used the average integrated val-
ues of transients corresponding to each P, U, N, and D pulse to calculate the A P. [35, 44]
The voltage transients of the capacitor and the parasitic were processed with a S/N aver-
aging of 200 times, and followed by a five-point curve smoothing. For each capacitor, we

repeated this experiment 10 times, and measured 10 capacitors in total to find the mean

AP.
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Chapter 3

Lateral scaling

3.1 Introduction

The objective of this chapter is to investigate the scaling effects of ferroelectric capaci-
tors from micron to the submicron areas. In this investigation, the pulse switching setup
equipped with AFM was used to measure the switching voltage vs. time transients. From
the measurement results, various switching parameters such as maximum current (7,4 ),
switching time (¢), and switching polarization (A P)were extracted. This information
was fed into the theoretical models to determine the intrinsic properties. In this chapter,
we are trying to answer the following questions: 1) Is there a change in the intrinsic proper-
ties as a function of scaling? If so, what is the critical lateral size? ii) What is the ultimate

switching speed of a ferroelectric capacitor and what is the rate-limiting parameter? [45]

3.2 Background
3.2.1 Polarization reversal

The linear relationship between electric displacement, field, and polarization can be ex-
pressed as

D=¢FE+P, 3.1)
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The polarization arises from both the polarizability in the presence of a field Pr = xE, and
from the spontaneous alignment of dipoles P,. Ferroelectrics can be distinguished from
other pyroelectrics due to the reversibility of spontaneous polarization. Valasek demon-
strated the polarization reversal for the first time in 1920 using the Sawyer-Tower circuit
to observe the hysteresis loops. At low and high fields, the ferroelectric material behaves
like ordinary dielectric (usually with high a dielectric constant) but around the coercive
field E., polarization reversal occurs giving a large hysteretic, dielectric non-linearity.
The area under the loop measures the energy required to reverse the polarization twice.
At zero field, the electric displacement of a single domain has two values corresponding
to the opposite orientations of the spontaneous polarization; but in the multi-domain crys-
tal, the average zero-field displacement can have any value between the two extremes. In
principle, the spontaneous polarization is equal to the saturation value of the electric dis-
placement extrapolated to zero field. It is important to note that the remanent polarization
P, may be different from the spontaneous polarization P; if reverse nucleation occurs
before the applied field reverses. This can happen either in the presence of internal (or
external) stresses or if the free charges below the crystal surfaces cannot reach their new
equilibrium distribution during each half-cycle of the loop. This effect can be minimized
by cycling the loop at very low frequencies. However, there are precautions that must
be considered for this type of measurement. First, the measurement can be erroneous if
part of P is clamped. Second, the ferroelectric hysteresis can easily be confused with
non-linear dielectric loss. The coercive field is also a function of the frequency of the
alternating field since there is some switching time associated with polarization reversal.

The shape of the loop consequently depends on the dependence of the switching time on

48



the applied field.

The first quantitative experiments to determine the time and field dependence of
polarization reversal were carried out by Merz (1954) on BaTiOs. [7] The experimental
procedure involved applying a step-function field to the crystal and measuring the dis-
placement current density J = dP/dt as a function of time. This procedure is the most
direct method for studying the switching behavior for crystals of very low conductivity.
For conducting crystals the conduction current obscures the displacement current, and
other techniques such as piezoelectric (Husimi and Kataoka 1960) are more suitable be-
cause that one also gives a quantitative, non-destructive measure of the polarization. For

BaTiOs, the switching time followed an exponential law

ty ox e/ E (3.2)

for fields from 1 to 15 kVem™?, while higher fields up to 100 kVem ™!

tsoc E7" (3.3)

where the index n was about 1.5 for BaTiOs.

There has been a great deal of experimental and theoretical work on the mechanism
of polarization reversal and domain dynamics. The switching behavior can be greatly
affected by the nature of the electrodes, crystal surfaces, electrical conductivity, domain
geometry, and presence of defects. Polarization reversal can be accomplished by the
growth of existing domains antiparallel to the applied field, by domain-wall motion, or
by the nucleation and growth of new antiparallel domains. The domains can grow either

along the polar direction or by sideways motion of 180° domain walls. Sideways motion
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of 180° domain walls is preferred to forward motion. Direct measurement of the domain-

wall motion and switching current showed that the wall velocity in BaTiO3 varied as

V= Vooe_é/E (3.4)

where § is a constant up to 300 Vem ™! which appears to depend on the defect concentra-

tion of the crystal.

3.2.2 Landau-Ginzburg-Devonshire theory

This section is to introduce the activation field parameter which will be used as a tool
to explain the scaling phenomenon. To explain the meaning of the switching polariza-
tion, two approaches have been taken. The first is the theory proposed by Devonshire to
describe the free energy as a function of temperature and polarization. The second uses
nucleation and growth kinetics and the domain wall energy calculations. The activation
field can be described as the amount of energy required to switch 95% of the total po-
larization and is not the same as the coercive field. The theory relates the free energy
as a function of temperature and polarization. The elastic Gibbs free energy expressed
in terms of stress, displacement and temperature can be represented as the polynomial
function,

G = Gy + (a/2)D? + (3/4)D* + (v/6)D® (3.5)

under the assumptions that all stresses equal zero, the paraelectric phase is centrosymmet-
ric and the spontaneous polarization is directed along only one crystallographic axis with
the electric field. (It is assumed that this field is along the z-direction perpendicular to the

plane of the capacitor). The signs of 5 and ~ are all assumed positive for a second order
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Figure 3.1: Gibbs free energy diagram shows the free energy necessary to
switch from a - P, to a + P, spontaneous polarization state. [2, 3]

phase transition, but a negative sign of (3 implies a first order phase transition. The fer-
roelectrics described in this dissertation all undergo a first-order paraelectric-ferroelectric
phase transition. The coefficients 3 and 7y are generally assumed temperature independent
for simplicity. The « coefficient on the other hand can be expressed as A(7T" — 6), where
6 is the Curie-Weiss temperature and A is the reciprocal Curie constant. A is positive
for all known ferroelectrics, and v is the reciprocal isothermal permittivity at constant
stress in the paraelectric phase. 6 represents the temperature above which the metastable
non-polar paraelectric phase exists and below which only that stable ferroelectric phase
exists. # should not be confused with the Curie temperature T. where the ferroelectric-
paraelectric phase transition occurs. Equation 3.5 can be used to determine the minimum
free energy necessary to switch from a -F; to a + P, spontaneous polarization state, for
example, as shown in the Gibbs free energy diagram in Fig. 3.1. [2, 3] When equation 3.5

is differentiated with respect to P, equation 3.6 for the electric field E is obtained as a

51



function of P. This equation also helps in describing the general shape of the hysteresis
loop.

(dG/dP) = E = aP + P? + yP° (3.6)

Since the thermodynamics quantities «, 3 and  have been studied extensively and de-
termined by Merz, Devonshire, and Drougard for BaTiO3, one can use these values to
get some idea about the amount of energy necessary to cross the barrier, considering the
above assumptions. [3, 7] Equation 3.6 can be minimized with respect to P and set to zero
in order to obtain the polarization at +P and -P at the coercive field of the P-E curve. The
equation is

(dE/dP)x71 = a+ 38P* +5yP* =0 (3.7)

It was found that the theoretical values are significantly higher than the calculated values.
This is because the phenomenological theory does not account for the microscopic details
of the ferroelectric capacitor. It assumes that the ferroelectric is a homogeneous material
with no preferential sites to initiate the reversal of polarization. These factors are not nec-
essarily true in real crystals. One can conclude from the comparison of the theoretical and
the observed coercive fields that the ferroelectric in practice has a shallower energy well
compared to that predicted by the theoretical model. The measured values of the coercive
field are much lower than would be the case if the material changed its polarization in a
uniform fashion throughout the ferroelectric. It is therefore assumed that the reversal of
polarization is made particularly easy at certain points within the ferroelectric and that
the domains of reversed polarization spread out from these preferential sites. The reversal

of the domains therefore must proceed by a method other than a uniform reversal manner
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Figure 3.2: (a) and (b) shows AFM and SEM images of 0.19 pm? capacitor
patterned by RIE.

throughout the ferroelectric.

3.3 Thin film preparation

The sample used in this study was the sputtered 200-nm-thick polycrystalline (111) lead
zirconium titanate PbZrTiOg thin films, with an IrO top electrode and a Pt bottom elec-
trode, deposited on a Si/SiO, /Ti substrate, with capacitor sizes from 40000 to 0.19 ym?.
The scaled capacitors were patterned using reactive ion etching (RIE). Figure 3.2 (a) and
(b) shows AFM and secondary electron microscopy (SEM) images of 0.19 ;zm? capacitor
patterned by reactive ion etching (RIE). Both AFM and SEM instruments were calibrated.
The images show excellent conformity and uniformity of the submicron capacitor inves-
tigated. The capacitor areas were calculated by counting the number of grids drawn on
the SEM image. In addition, the AFM image was used to confirm the accuracy of the area

calculations.
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Figure 3.3: Polarization hysteresis loops of square capacitors scaled down from
225 t0 9 pum?.

3.4 Results
3.4.1 Hysteresis

Prior to the pulse switching measurement, polarization hysteresis measurements were
carried out to screen and evaluate the polarization properties. Figure 3.3 shows the po-
larization hysteresis loops of square shape capacitors scaled down from 225 to 9 pm?.
The capacitors show approximately the same properties where the remanent polarization
equals 15.240.37 ;C/cm?, and the coercive voltage equals 1.0240.07 ;C/cm?.

Figure 3.4 shows the polarization hysteresis loops of the scaled capacitors (a) as
measured, and (b) 40-points averaging with parasitic compensation. In Fig. 3.4(a), it can
be seen that as the capacitors scaled down from micron to submicron areas, the quality of
the hysteresis loop deteriorated due to parasitic, and electrical noise. Figure 3.4(b) shows

the measurements using the enhanced compensation procedure described by Tiedke to
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Figure 3.4: Polarization hysteresis loops of scaled capacitors (a) as measured,
and (b) 40-points averaging with parasitic compensation.

eliminate the influence of parasitic capacitance from the measurement setup.[26] The
parasitic value is obtained from the hysteresis when the AFM tip is lifted above the
capacitor’s top electrode. The parasitic capacitance is subtracted from the polarization
hysteresis of a capacitor. It should be noted that this compensation method can be incon-
sistent because the slope could be tilted, and the amount of the parasitic varied depending
on tip-sample separation which means that the polarization values could be manipulated.
Even though, the enhanced compensation procedure was used, the quality of the hystere-
sis measurement still needs to be improved as the polarization hysteresis of 0.19 pm? is
affected by noise [see Fig. 3.4(a)]. The noise level was reduced by using the shielded co-
axial cables, and proper grounding of cables. The parasitic capacitance was reduced by
minimizing cable length and diameter. Otherwise, further optimization of the hysteresis

measurement was limited, and mostly depended on the ferroelectric tester.
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Figure 3.5: Switching transient of voltage versus time as a function of capacitor
areas scaled from 225 to 9 um?.

3.4.2 Pulse switching

To evaluate the capacitor properties, two sets of experiments were conducted. The AP
was measured first as a function of voltage between 1.5 and 5 V, where the pulse width
and the delay time were fixed at 200 ns, and second, as a function of pulse width between
100 ns and 1 us, where the delay time and the applied voltage were fixed at 3 s and 3
V, respectively. Figure 3.5 shows the switching transients of voltage versus time as a
function of the capacitor for the same areas scaled from 225 to 9 ym?. It can be seen that
as the capacitor area scales down to 9 um?, there is a drastic decrease in the switching
signal. Therefore, it was necessary to increase the equipment’s resolution by increasing
the signal to noise ratio. This could be done by amplifying the output voltage signal and

reducing the noise level.
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Figure 3.6: Profile of P and U pulses applied to 0.19 zm? capacitor. The figure
shows the applied pulse as dashed lines, and the response of the capacitor and
the parasitic in black and red, respectively.

Figure 3.6 shows the input pulse, the transients of a 0.19 um? capacitor and a par-
asitic signal. The transients of the switching and the nonswitching terms were found to
be symmetrical in both positive and negative polarities. Figure 3.6 also plots the parasitic
contribution measured by lifting the AFM tip. It shows an equal parasitic contribution to
the P and U pulses, therefore, the subtraction between switching (P*) and nonswitching

terms (P”) to calculate A P will automatically eliminate the parasitic contribution.

Measurements processing and analysis

The small magnitude of the actual voltage signal corresponding to the switched polar-
ization necessitates careful analysis of the output data, specifically, the location of V=0
and t=0 points. We have therefore used three methods to analyze the data, as depicted in

Fig. 3.7, in order to locate these zero-points.
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Figure 3.7: Graphical description of the three methods used to identify onset of
the transients. The arrows point out the respective onset for each method.

1. An arbitrary zero voltage point, for which the first zero value in the input pulse
was used as the starting point. In this method, the onset was not well defined since

it was possible to use any onset positions between the transient peaks as long as

dV/dt=0. [46]
2. Determining the deflection point (d?V/dt?=0) in the input voltage pulse.
3. Linear extrapolation of the rising part of the input signal.

In this study, we present the output responses, analyzed using the deflection ap-
proach, since that could be executed consistently. Figure 3.8 shows the plot of P*, P",
and AP by this technique (with and without smoothing) of 0.19 um? capacitor at 3 V.

The AP value calculated by integrating the area under the transient was 30 uC/cm?(£3

uClem?).
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Figure 3.8: Switching (P*), nonswitching (P”) and the A P transients fora 0.19
pm? capacitor. The figure also shows A P with and without curve smoothing.

As discussed in the following paragraph, this obtained value is comparable to the
AP of the larger 21.5 um? capacitor, thereby indicating there is no significant drop of
the switched polarization when the device is scaled down to the submicron regime. In
Fig. 3.9, we plot the AP as a function of the applied voltage for a 0.19 um? capacitor,
calculated using the three approaches outlined in the previous paragraph. Also shown
is the value obtained after smoothing the /A P response. All three approaches yield AP
values that are mutually consistent. The A P values obtained from the deflection and ex-
trapolation methods were approximately the same, whereas the values from zero voltage
were generally higher. It is suspected that this difference is originating from the increased
time interval over which the integration is performed for the zero-voltage method.

In Fig. 3.10, the A P was plotted as a function of applied voltage for three capacitor

sizes, 21.5, 0.69, and 0.19 pum?. There was no significant difference in the switched
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Figure 3.9: AP vs voltage as a function of the data analysis method.

polarization when the capacitor area is scaled down to 0.19 um?. For example, the AP
values measured at 3 V for the 21.5, 0.69, and 0.19 um? capacitors were found to be 32,

29 (£2), and 30 um? (£3 pm?), respectively.

Results summary

Figure 3.11 shows the switching transients A P for all the capacitors in this investigation
for 225 (a), 49 (b), 21.5 (c), 7.74 (d), 0.69 (e), and 0.19 (f) m? capacitors. Generally,
the profiles of the switching transients measured as a function of voltage of the capacitors
show the same trend with an increase of the maximum current ¢,,,, and a decrease of
the corresponding time t,,,, as the applied voltage increases from 1 to 5 V. For exam-
ple, Fig. 3.11(d) represents the ideal quality voltage profile of the switching transients.

However, it can be seen that this ideal trend is deviated in the measurement of the submi-
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Figure 3.10: AP vs voltage as a function of lateral capacitor size, obtained by
the deflection method. The plot shows that the switchable polarization for 21.5
and 0.19 pum? capacitors are comparable.

cron capacitors due to circuit effects such as noise and ringing [Fig. 3.11(f)]. Figure 3.12
shows the switching transients of 0.69 um? capacitor measured under positive and nega-
tive pulses. The transient profiles show excellent symmetry indicating that the submicron

capacitors are well behaved in both directions of switching.

Hysteresis vs. pulse switching

We now compare the results of these pulsed measurements for capacitors of various sizes
with the polarization obtained from a quasistatic hysteresis measurement. Polarization
hysteresis is considered to be a standard technique, which allows for fast characteriza-
tion of ferroelectric thin films, but it does not test suitability for ferroelectric memories.
Investigations on the time scale of memory operations, i.e., in the range of 10-100 ns,

are necessary. [33]. Figure 3.13 shows the 2 P, value obtained from quasistatic hysteresis

61



1100
1000

Voltage (mV)

80 100

Time (ns)

120

140 160

180

200

Voltage (mV)
s I 8 5 &
(=] (=] =] (=] (=]
T T T T T

v
S)
T

Voltage (mV)

20
Time (ns)

40

Voltage (mV)

Voltage (mV)

Voltage (mV)

500

400

w
=3
S

[
=3
S

o
S

-100

o
=1

=
=}

'S
=}

3.0

2.5

2.0

0.5

0.0

-0.5

=Y
=4

(%3
=}

[}
=1

[
=1

1 1 1 1 1 1
0 10 20 30 40 50
Time (ns)
T T T T T T T T T T T
L , WA
(d) \ 774 um’ gy
- / 200 ns v

Time (ns)

—1V

® 0.19um* sy
200 ns v

—25V
Y

— 3.5V

0 10 20 30
Time (ns)

Figure 3.11: Switching transients as a function of voltage of (a) 225, (b) 49, (c)
21.5, (d) 7.74, (e) 0.69, and (f) 0.19 zm? capacitors.

62



Voltage (V)

20 25 30 35 40 45 50

Time (s)
Figure 3.12: Switching transients of 0.69 zm? capacitor showing excellent sym-
metry when measuring under positive and negative pulses.

60
o 21.5um’
ol o 0.69um’ A
A 0.19um’ é
40 é
)
L\j).30—
i [
('\12()_
10
3V 1000Hz
0 T T T T T T T
1 2 5

3
Voltage (V)

Figure 3.13: 2Pr vs voltage as a function of device size.

63



50
3V
3s dela
40 Y
“g 304
S
Q
2
S 204
o 21.5um’
0 o 0.69um’
l A 0.19um’
0 T T T T T T T T T T
0 200 400 600 800 1000

Pulse width (ns)

Figure 3.14: AP vs pulse width for all three capacitors measured by applying
a pulse of 3 V with a 3 s delay. The plot shows no observable pulse width
dependence, within experimental error.

loops as a function of applied voltage for capacitors of three sizes. The AP value was
found to be lower than the 2P, value as the hysteresis measurements were convoluted

with leakage current.

Pulse width

Figure 3.14 shows A P versus pulse width for the three capacitor sizes. In the pulse width
experiment we used a different pulse scheme, in which the P, U, N, and D pulses were
applied individually, with a 3 s delay due to the data acquisition period. This scheme
was necessary so that the pulse widths could be accurately controlled independent of the
delay time. It is observed that within experimental error the A P value is independent of

the pulse width.
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Figure 3.15: Current density vs. time of 225, 7.74, and 0.19 pm? capacitors.
The shape of transients becomes narrower with reduction of the RC time con-
stant as capacitor area decreases from micron to submicron range.

3.5 Analysis
3.5.1 Ishibashi Model

The classification of the switching process in ferroelectrics depends on the shape
of reversed domains, initial size, and nucleation rate, shown in Fig. 3.16 for: a)
one-dimensional plate-like nuclei, b) two-dimensional cylindrical nuclei, and c) three-
dimensional spherical nuclei. In each case, it was assumed the boundary moved at a
constant wall velocity v under a constant applied field £. These switching processes are
often analyzed on the basis of the Kolmogorov-Avrami (K-A) model. [16-18] While the
Kolmogorov theory provides the probability of nucleation and growth, the Avrami theory
can provide the basis for the switching by considering the different types of nucleation,

and domain growth.
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(c)

Figure 3.16: Type of domain growth and dimensionality (n) where (a) n=1, (b)
n=2, (c) n=3.

Kolmogorov theory

The Kolmogorov theory [47] assumes that 1) the probability of formation on crystalliza-

tion center during the time between ¢ and ¢ + At is

a(t)V' At + o(At), (3.8)

where V" is the volume given at anytime, o(At) is infinitesimal with respect to At, and ii)

the crystal grows at a linear rate

c(t,n) = k(t)e(n), (3.9)

depending on time ¢ and direction n. The above equations holds true for uniform growth
in all directions with crystals similarly oriented in space. Furthermore, probability of the
nucleation and growth of ferroelectric domains can be divided into two categories; 1) the

« model where the number of domains increase continuously

q(t) = exp[—(t/to)" ], (3.10)

and ii)  model where the domains are formed instantaneously

a(t) = exp[—(t/to)"]. (3.11)
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Figure 3.17: Switched volume diagram showing P in the volume A but not in
volume B.

Avrami Theory

In the Avrami theory [16—18], the characteristic time, which describes the transformed
volume of nuclei as a function of time, was introduced. Figure 3.17 shows the switched
volume diagram where point P exists in volume A but not in volume B. From Fig. 3.17,

the switched volume S after time ¢ can be expressed as

S, 7)=Cr.+v(t—1)", (3.12)

where n is the dimensionality, C is the factor determined by n (C=2, 7, and 47/3 for n=1,
2, and 3, respectively), 7 is the time when the domain originates, and 7., is the radius of a
nucleus. If point P is the switched volume at time ¢, the probability of no nucleus formed
in volume S is given by

1 — R(r)SAT (3.13)
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where R(7) is the probability of nucleation per unit volume per unit time. Hence, the

probability of P not included in the switched area is

) = exp[— / R(1)S(t, T)dT]

= exp(—A). (3.14)

And the probability of the switched volume ¢(t) is given as

q(t) =1-Q(t) =1 —exp(-A), (3.15)
where A is the Avrami extended volume.

Transients fitting

Using the expressions from the K-A theory, the current, which describes the ferroelectric

switching, can be found from the derivative of q(t). This can be written as
i(t) = 2P,——, (3.16)
, and therefore,

i(t) = (2P An/to)(t/to)" exp[—(t/to)"], (3.17)

where P, is spontaneous polarization, A is capacitor area, t, is characteristic switching
time, and n is dimensionality. [15, 19] This is a well-known expression and frequently
referred to in the literatures. The theoretical calculation of a transient from equation 3.17
was plotted against the experimental results for micron and submicron capacitors (21.5,
7.74, 0.69, and 0.19 pm?). These are shown in Fig. 3.18 for the micron size capacitors,
and Fig. 3.19 for the submicron size capacitors, respectively.
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Here, the comparison was done at 3 V where the dots represent the experimental
results, and the lines the switching model. The model fitting was adjusted to fit the exper-
imental results by varying the dimensionality n, and the characteristic time ¢,. Note: n
and ¢ are the intrinsic properties. From Fig.3.18, and Fig. 3.19, it can be seen that there
was good agreement between the experimental results, and the theoretical prediction for
the micron capacitors but not for the submicron capacitors. The Ishibashi’s model failed
to describe the decaying part of the submicron capacitors. This was because the model

did not take into the account of the circuit effect.

Intrinsic parameters (i,,t,,//\ P)

According to Ishibashi, the intrinsic behavior, could also be determined from the term
Imtm/ AP where i,, and t,, correspond to the maximum current (peak current transient)
and the time (at maximum current), respectively. The value of i,,t,,//A P can describe the
type of nucleation. The theoretical value of this term can be calculated from the following
expressions. It is divided into two categories depending on the type of nucleation. [15]

Category I: Constant nucleation rate

2n n u
L mazbmas Ps = L 1 ’ 3.18
' IP= e e ) ) ©5-18)
Category II: Latent nuclei, no further nucleation
, 2(n—1) n—1
maztma:c Ps - - y 3.19
i / T a exp( - ) (3.19)

where n is the dimensionality and u = ty/t,,. [15, 19, 22, 48] The values of the switching
parameters such as i,,, t,,, to, n, and AP of the capacitors are summarized in Table 3.1.
Table 3.1 also shows calculated values i,,t,,//A P obtained from the experimental results.
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Capacitors (um?) i, (10> A/em?) t,, (ns) AP (uClem?) iyt /AP

21.5 3.56 13.8 30.55 1.61
7.74 2.57 18.1 24.57 1.89
0.69 2.57 12.8 22.65 1.46
0.19 2.48 13.7 26.63 1.28

Table 3.1: Summary of the switching parameters obtained from the switching
transients of 21.5, 7.74, 0.69, and 0.19 pm? capacitors taken at 3V.

The magnitude of these values is in the same range and agrees with the study by Scott et al.
which varies in between 1 and 2. [22] Ideally, i,,t,,/AA P was expected to be a constant
which only varies for different ferroelectrics, and not size dependent. However, from the
results, it was also observed that i,,t,,//\ P decreases as a function of the capacitor areas.
For example, the values of i,,t,,//A P decreased from 1.61 to 1.28 as the capacitors were
scaled down from 21.5 ym? to 0.19 pum?. The i,,t,,//AP term is an intrinsic property.
This could imply that there are size effects associated with the scaling i.e. there was a
change in the nucleation and growth mechanism as a function of scaling.

As a comparison to the theoretical prediction, the values of n and ¢, obtained from
the transient fitting were substituted into the equations 3.18 and 3.19, and the theoretical
values of i,,t,,//\ P were calculated. They are summarized in Table 3.2

By comparing the experimental values in Table 3.1, and the theoretical values in Ta-
ble 3.2, it was concluded that experimental values lay closer to Category I. This indicates

that the nucleation occurs at a constant rate.
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Capacitors (um?) #y(ns) n  Category I Category II

21.5 9 2.5 1.52 1.00
7.74 12 2.2 1.38 0.84
0.69 11 2.2 1.26 0.75
0.19 11 2.1 1.25 0.72

Table 3.2: Theoretical values of i,,t,,/AP of 21.5, 7.74, 0.69, and 0.19 ym?
capacitors at 3V.

3.5.2 Shur model

Shur proposed a modification to the K-A theory. Shur, arguing that in reality, the dimen-
sionality n, obtained from experimental results, is often non-integer. Therefore, the as-
sumption of using the integer in the K-A theory is not practically appropriate. In addition,
the work by Tanagerv, Shur, and Omura stated that the Ishibashi model was unrealistic
and too simple to be applied to actual memory operations because only two states, an
initial and a stable final state, were considered, but the intermediate state, likely to occur
in the domain walls, was not taken into account.[49]

The key feature of the Shur model was the division of a current transient into smaller
segments, I and II, where the dimensionality of segment I must be greater than segment
II by one i.e. we can either have 3D and 2D, or 2D and 1D in I and II (see Fig. 3.20). The
time where the dimensionality changed is called the catastrophe time ¢.. Shur modified
the K-A expression of the probability by adding the term (1-t/t,,), and thus, the v model

becomes

q(t) = exp[—(t/to)" (1 = t/t)], (3.20)
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Figure 3.20: Current transient in Shur model is divided into segments I and II
where the dimensionality of segment I must be greater than segment II by one
i.e. we can either have 3D and 2D, or 2D and 1D in I and II.

and the 7 model becomes

q(t) = exp[=(t/to)" (1 = t/tm)], (3.21)

where t,, is the impingement time. The impingement time is the time constant that ac-
counts for the impingement of growing domains (individual transformed regions) on the
boundary of the media i.e. the domains touch the edge of the sample. Note that ¢,,, must
be greater than ¢ in order for the Shur model to be valid. In our study, the value of ¢,,
was unknown, and obtained from the fitting of the transient by varying ¢,,,, n, and ;. The
magnitude of ¢, was found to be in the range of 100 ns in agreement with the data pub-

lished by Shur. [21, 50-54] From the probability expression, the Shur expressions for the
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« model can be expressed as

i(t) = QP Ant™ /tiTH1 — [14+1/(n + 1))t /tm}

x exp[—(t/to)" " (1 —t/tm)], (3.22)
and for the 3 model as

i(t) = (2P, Ant"™  JE)[1 — (1 + 1/n)t/t]

x exp|—(t/to)"(1 — t/tm)]. (3.23)

According to Shur, the « model is used for the anisotropic growth whereas the 3 model
is used for isotropic growth. Also, it should be pointed out that the time scales in the
Shur experiment are much longer than Ishibashi. In several papers published by Shur,
the 5 model was used to treat the fitting of an epitaxial film. In my experiment, it was
found that the data was best fitted with the o model indicating that the domain growth was
anisotropic. The result of fitting the submicron capacitor using the Shur model is shown
in Fig.3.21. From the results, it can be seen that the Shur model fitted the experimental
data very well which could indicate that the change in the dimensionality could occur in

the submicron capacitors.

3.5.3 Ishibashi-Merz-Shur model

Another alternative of determining n and ¢, was to carrying the fitting in terms of frac-
tion switching (normalized current). This type of fitting is also popular, as shown in the
publication by Li, because it included the two extra terms describing the intrinsic and the

experimental properties, activation field («) and electric field (£), which Ishibashi did not
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Figure 3.21: Comparison between experimental result and Shur’s switching

model for submicron capacitors.

take into the account. [32] Here, the displacement current, Ai(t), related to the switching

process can be expressed as

Ni(t) = %. (3.24)

Integrating the current transient gives the switching polarization,

AP(t) = DI (3.25)

where A is the capacitor’s area. The fraction switching, f(¢), can be expressed as

AP(t)

f(t) = f(switched) = —
total

(3.26)

Or simply, f(t) is the normalization of AP(t).
Figure 3.22 shows the normalized polarization of 7.74 ym? capacitor, and Fig. 3.23

shows the normalized polarization of 0.19 um? capacitor. The normalized polarization is
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Figure 3.22: Normalized polarization, experimental results vs. Ishibashi-Merz
model fitting, of 7.74 ;um? capacitor.
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Figure 3.23: Normalized polarization, experimental results vs. Ishibashi-Merz
model fitting, of 0.19 xm? capacitor.
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given by the Ishibashi-Merz model, and can be expressed as

f(8) =1 = expl—exp(=F)(7-)"] (3.27)

where « is the activation field. This expression has the combination of both experimental
and theoretical parameters. The original expression by Merz did not consider the exper-
imental parameter i.e. the electric field. By combining the two expressions, the fraction
switching becomes more meaningful. By fitting the experimental data with the model,
we can extract ¢y and n which are the parameters related to the intrinsic switching proper-
ties. In addition, the Ishibashi-Merz model can be modified by combining to with Shur’s

model by adding the impingement time correction to give

f(8) =1 = expl—exp(=F) ()" (1 = )] (3.28)

It should be remembered that the value of dimensionality (n), which represents types of
nucleation and growth, used in the fitting should be an integer (n=1, 2, and 3) to give more
meaningful results even though it was possible to use n as a fraction, i.e. n=1.1, 1.2, 1.3..,,
to get a better fitting, and round up the value of n to the nearest integer afterwards. [32] It
was found that graph fittings, and the values of ¢,,, and n obtaining from Ishibashi-Merz
and Ishibashi-Merz-Shur models were the same. The addition of the impingement time
t.» played an insignificant role. Table 3.3 shows the values of ¢, and n as function of the
capacitor areas. From Table 3.3, it can be seen that the values of ¢, and n for the micron
capacitors 49, 21.5, 7.74 ;m? are constant, which indicates that there was no change in
the intrinsic properties in this regime. However, it can be seen that these values are not
constant for 225, 0.69, and 0.19 ym? indicating that the measurements were convoluted
by the RC time constant. For example, the value of ¢, is greater for 225 ym? because
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Capacitors (um?) t5(ns) n

225 11 2
49 7 3
21.5 6 3
7.74 7 3
0.69 35 2
0.19 7 3

Table 3.3: Theoretical values of ¢y and n obtained from the Ishibashi-Merz
fraction switching curves of 21.5, 7.74, 0.69, and 0.19 pim? capacitors at 3V.

of a larger capacitance but lower for 0.69 ym?. However, the value of the 0.19 ;um?
capacitor did not deviate. This was because the measurement itself was convoluted by
noise. Otherwise, the value of ¢, was expected to be lower for the 0.19 m? capacitor.

Considering the measurement error to be due to circuit effects, it can be concluded
that the dimensionality did not change as a function capacitor scaling, and the character-
istic time, an intrinsic property, decreased due to the circuit convolution.

Figure 3.24 shows the plot of characteristic switching time (%) vs. capacitor areas
obtaining from the Ishibashi-Merz model (equation 3.17). Generally, it can be seen that
to was decreasing as the capacitor areas were reduced. This was because Ishibashi-Merz
includes the activation fields (o) which were convoluted by the measuring circuits. In a
later section which discusses activation fields, it will be shown that the activation field
was also decreasing as a function of capacitor areas. It is very interesting to note that the
to values obtained from the Ishibashi model alone (equation 3.17) without consideration

of o and E shows a constant value of g ~ 11 ns.
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Figure 3.24: Characteristic switching time plotted as a function of capacitor
areas obtained from the Ishibashi-Merz model.

3.5.4 Switching time

Another interesting aspect of the switching studies of the submicron capacitor was the
determination of the switching time. There are two types of switching time, ¢, and t,
and one should not be confused with another. ¢, is the switching time of a switching
transient which measures the time of 90% switch completion which depends on the RC
time constant of a capacitor and the measuring circuit; whereas ¢, is the characteristic
switching time which is an intrinsic property and should not be affected by circuit pa-
rameters. Knowing switching speed could greatly improve the performance, efficiency,
and capability of the ferroelectric memories. Currently, from the theoretical calculation,
the switching time was expected to be in the tens of pico seconds range. The intrinsic

switching time can be approximated from the equation

3 1/3
to= | —— 3.29
0 [zNov;Ro] (3.29)
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where V ,,=maximum domain wall velocity~4000 m/s, Ry=rate of nucleation~108/cm?. [1,
55] From the equation, ¢y was calculated to be ~100 ps. Note: Values of Ry, Ny, and
Vs have not been determined for thin films. [56] The only possible way of measuring
was to employ switching equipment such as ”Opto-Switching” used by Li to carry out
the experiment. [32] However, the obstacle which prevented Li from measuring the
intrinsic switching time was the large RC time constant of the micron size ferroelectric
capacitor. In Li’s experimental setup, only the micron size capacitors could be used. The
smallest size measured, shown in the publication, was 4.5x4.5 pm?. As shown in Li’s
experimental results, the measurements were still convoluted by the RC time constant.
However, the work illustrated the fastest switching time of a ferroelectric capacitors ever
measured where ¢, and ¢, were found to be 220 ps and 68 ps, respectively. Therefore, for
a future improvement, it is important that we can combine the AFM setup with the opto
switching experiment to allow us to measure the intrinsic switching time.

The early studies to determine the switching time were carried out by Merz. [7]
These studies indicated that the switching time depends on the reversal of ferroelectric
domains which was close to the speed of sound of approximately 4000 m/s. However,
it was difficult to determine this quantity experimentally because the time resolution in
the experimental setup was limited by the RC time constant. The RC time constant (in
seconds) can be defined as the product of the circuit resistance (in Ohms) and the circuit
capacitance (in Farads). It is the time required to charge the capacitor, through the resis-
tor, to 63.2 percent of full charge; or to discharge it to 36.8 percent of its initial voltage.
The RC time constant contains a contribution of capacitance from ferroelectric capacitors,

and equipment setup. Hence, to minimize the RC time constant, it is desirable to use fer-
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Figure 3.25: Switching time versus fields as a function of capacitor size.

roelectric capacitors that are as small as possible. Merz also indicated that the switching
process depends on intrinsic factors such as the types of domains, and their mechanisms,
and the extrinsic factors such as fields, and temperatures, all of which contribute to the
switch time. Figure 3.25 shows how the switching time changes as a function of applied
field of 49, 21.5, 0.19 um? capacitors obtaining from the switching transient of voltage
versus time. It can be seen that these capacitors switched at the same field of approxi-
mately 75-100 kV/cm (observed from the deflection on the graph).

Figure 3.26 shows that the switching time decreases as a function of the capacitor
sizes. From theoretical studies, the magnitude of the switching time was expected to be in
the pico seconds range. From the experimental results, the switching time decreased with
decreasing area towards a constant value of ~ 16 ns. This indicates that measurement of

switching time for the submicron capacitors could be limited by the measurement setup

81



T L B B B L | T T T T T T T L B B B L | T T

el
(=]
T
1

- u 3V -
e 5V T

B W D 2 0
(=] (=) (=] S S
T T T T T

1 1 1 1

Switching time - t_ (ns)

W
(=]
T
1

n
[ v a A B _
10 " 210l " L1 o0aaal " 210l " "
0.1 1 10 100
Capacitor area (pmz)

[\
S
T

Figure 3.26: Switching time decreases as a function of capacitor areas indicat-
ing that measurements were limited by RC time constant.

RC time constant.

In Merz’s study, it was found that from the linear relationship between the inverse
time versus field, the activation energy could be calculated from the gradient of the graph.
In addition, a distinction between the relationship at low and high fields was also ob-
served. This agrees with Fatuzzo’s proposal that there are different stages of nucleation
and growth depending on the applied field. The recent publication by Kim shows the same
conclusion where the different switching characteristics the low and high fields were also

found. [7]

3.5.5 Activation field

The activation field describes the rate of reversal of polarization i=dP/dt, where i is the

switching current density, and reflects the switching dynamics of the ferroelectric ma-
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terial. The higher activation field implies the more resistant the domains are to switch-
ing during polarization reversal. The activation field also provides an indication of the
switching performance of a ferroelectric capacitor and likewise can be used as a relative
parameter to study the relationship between changes in the microstructure of the capac-
itor and the switching process. The parameter that most influences the activation field
is the domain wall energy. Previous studies have shown that the spontaneous (or rema-
nent) polarization is proportional to the square root of the spontaneous strain, or Po< z/2.
It has also been indicated that o ~w(c/a-1)"/?/(kT), where the tetragonality is shown to
significantly impact the activation field. [1]

By studying the switching kinetics, it is possible to determine the type of domain
switching process that was taking place during the polarization reversal. [19] Switching
properties such as maximum current and switching time depended on the capacitor area
and measuring circuit elements, but the activation field was independent of capacitor area
and measuring circuit parameters. The activation field has the same unit as the coercive
field. It could be determined i) as function of load resistance, ii) as function of capacitor
area. In this thesis, the activation field was determined from the capacitor area depen-
dence. The activation could be calculated using Merz’s equation. If plotting 10g(%,,4./A)
vs. 1/E, the slope of the linear fits in the figure yields the activation field («)[Fig.3.27].
Figure 3.28 summarizes the activation fields as a function of the capacitor area. It can
be seen that the experimental data points were not aligned as a straight line as expected
because the measurement results were convoluted by the circuit. The activation model did
not account for the circuit effects. Generally, if we draw a straight fitted line to find the

activation fields, it can be observed that there is a significant drop of activation fields as
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Figure 3.28: Plot of activation fields as a function of capacitor area from micron
to submicron range.

the capacitor area decreases in the submicron region. This indicates changes in the intrin-
sic properties, and hence, there is the size effect as function of scaling. Theoretically, the
activation fields are independent of the capacitor areas. Recently, Song et al. have shown
the same finding. However, those calculations were done for the micron area capacitors,
and not submicron capacitors as in this research study. The magnitude of the activation
field calculated in Song’s paper was approximately 300 kV/cm which agrees with my

experimental results.[57]
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3.6 Further Discussions

The most common cause of size effects was a decrease in ferroelectric properties due to
the sidewall damage of a capacitor. [27] The variation in the ferroelectric properties could
be mapped out by using the piezoelectric imaging technique. A typical size effect was the
deviation of ferroelectric properties (typically the degradation of properties) caused by
lateral damages of capacitors edges from fabrication such as etching which caused non-
uniformity on the capacitor edges. Stolichnov et al. shows that a preferential polarization
state observed in very small ferroelectric capacitors with 100 x 100 nm? size could affect
the polarization, and that this phenomenon is explained by the accumulation of defects on
the lateral surface.[30]

Theoretical studies on size effects estimated the minimum volume at which the
polarization and the ferroelectric properties vanish (critical volume) to be about 1000
nm?3.[58] In lateral scaling, the number of switching charges per unit area are expected to
remain for all capacitor sizes, and there is no size effect expected in terms of the switch-
ing polarization (A P). However, the piezoelectric measurement of ds3 has shown that
the scaling behavior of submicron capacitors is possible from clamping and unclamping
between a film and a substrate. This can give a large increase of the d33 value as the
capacitor area decreased.[25]

From the literature, research on lateral scaling have been mostly experimental
where the piezoelectric response measurements were commonly used in these studies. In
these measurements, the switching behavior was observed through piezoelectric imaging

or hysteresis. These studies show that abnormal behavior of switching at small nanometer
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Figure 3.29: SEM image of submicron capacitor of 0.16 yum? as received (a)
and with grid count (b).

scales could be induced by the clamping effect. Gruverman et al. had considered the
d33 measurement as an indirect method, and experimental ds; values measured were

converted into polarization. [40] through the relationship:

d33 = 2Q€33P, (330)

where Q is the electrostrictive coefficient, and €33 the dielectric permittivity of the ferro-
electric material. However, it should be noted that that this relationship is only valid for
single crystal ferroelectric, and does not hold true in this case. Therefore, the calculated
polarization values in this paper were significantly deviated from what was expected.
There has been much speculation that the most likely cause of the size effects is
from damage to capacitors from processing such as etching, or simply from degradation.
Figure 3.29 shows a capacitor with damage around the edge caused by degradation. As
a result, the capacitor area reduced, from 0.196 to 0.156 xm? by 20 percent. Hence, this
would produce a significant change to the A P value. In the paper by Tiedke, the only size
effects or a variation of polarization properties were from the parasitic compensation. [26]
Thus, further study would be necessary to carry out PFM experiments as a function of ca-

pacitor sizes down to the submicron region, and observe the switchability as a function
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Figure 3.30: PFM images of a ferroelectric capacitor showing topography (a),
ds3 amplitude (b), and 180° phases (c).

of lateral sizes. The PFM measurements could be used qualitatively to observe the mi-
crostructure to support any findings from the quantitative polarization measurements. If
the piezoelectric measurements were used, the tentative plan for the experiments would
be to map out the domain structure across the capacitor area, then: i) measure the switch-
ing polarization, and ii) measure dsz3 across the top electrode area ( specifically at the
center and edge of the capacitor). Figure 3.30, PFM images of a ferroelectric capacitor,
shows topography, ds3 amplitude, and 180° phases. However, in this study, it must be
emphasized that we are interested particularly in polarization switching. For this thesis,
including piezoelectric measurements would be too wide a scope. Investigation of pulse
switching would be sufficient at this point for investigating size effects.

There have been many studies on piezoelectric imaging which allowed for obser-
vation of the 180° domains. While the early studies were often carried out on samples
without top electrodes [25], the most relevant experiments would be to investigate samples
with top electrodes [30] so that we can observe polarization variations when the switch-

ing bipolar pulses are applied. Although the pulse switching measurements could be used
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as an indicator of the size effects, it must be realized that there could be a change in the
microstructure as well as the switching polarization. Thus, in addition to the pulse switch-
ing measurement, it would be useful to carry out the piezoelectric imaging experiment to
investigate the size effects. From the microscopic point of view, Stolichnov et al. found
that there is the formation of a preferential polarization state (Imprint) and non-uniform
polarization across the capacitor area of 100 to 1000 nm thickness film. Switching was
affected by charge injection through a surface dielectric layer. [30]

There are only a few theoretical studies on lateral and 3-dimensional behavior. One
of the most interesting theoretical studies on lateral side scaling was done by Wang. [59]
In his work, the phenomenological theory was used to study the correlation of the size
dependence of the Curie temperature, and the polarization. Equation 3.31 shows the
relationship between the Curie temperature as a function of the lateral dimensions a2 and

b2 where D, and A are the phenomenological parameters.

D [r? x?

Plotting this function shows the suppression of the polarization as function of the cell

size. In Wang’s study, it was found that the critical size which ferroelectricity becomes

unstable for BaTiO3 and PbTiO3 were calculated to be 9.1 and 7.4 nm, respectively. [59]

3.7 Summary

The scaling effects of the ferroelectric capacitors, polycrystalline PbZrTiO3, from micron
to submicron sizes were investigated using a combination of a pulse switching setup and

an atomic force microscope. The goal was to determine how the switching polarization
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and the intrinsic properties change as a function of the capacitor area. In this thesis, I have
studied the switching properties in terms of: i) the switching polarization (A P), ii) the
theoretical models that describe the switching transients, and iii) the intrinsic behaviors
and the switching kinetics such as the switching time (%), dimensionality (n) of domains

nucleation and growth, and the activation field («).

1. The results show that there were no size effects in terms of the switching polar-
ization (A P). The switching polarization measured as a function of voltage was
approximately the same for all capacitor sizes and shows no pulse width depen-
dency. However, the intrinsic properties show peculiar results, which require better
understanding and interpretation of the theoretical models and the experimental

data.

2. All the properties measured rely heavily on the quality of the switching transient’s
shape, area, and parameters such as 4,4z, tmaz, and ts. The results show that the
transient measurements of all the capacitor sizes were credible even for the smallest
0.19 pm? capacitor. The /AP peaks were clearly visible with relatively high signal
to noise (S/N) ratio. The AP measurements at 3 V were approximately equal
to 30 pC/cm? for all capacitors. It must be remembered that the capacitor area
measurements are very critical to the calculation of the polarization values. The

effect becomes greater for the submicron capacitors.

3. This analysis, I have looked at three different theoretical models: 1) Ishibashi
model [15], ii) Shur model [52], and iii) Merz-Ishibashi-Shur model [32]. These
models are based on the Kolmogorov-Avrami theory [16, 47], which was first
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developed by Ishibashi [15] in 1971 to describe the switching transient. By fitting
these models with the experimental data, the intrinsic properties such as the char-
acteristic switching time (¢y) and the dimensionality (n) could be extracted from
the curve fitting. In literature, these theories have been treated mostly on epitaxial
films [22, 52, 60], and in some cases on polycrystalline film. [61] Epitaxial films
were preferred because they provide an ideal system. There is nothing in these
theories that precludes their being applied to the polycrystalline films. Recently,
So et al. [62] showed that the K-A based theory show a better fit with the epitaxial
film than the polycrystalline film. In this thesis, I attempted to use these theories to
fit the transient data for polycrystalline film of discrete submicron capacitors in the

nanosecond time scale.

. From the analysis, it was found that the Ishibashi model fails to predict the behavior
of submicron capacitors, and the Shur model (modification of the Ishibashi model
by including the impingement time, ¢,,) shows an excellent fitting with the submi-
cron capacitor data. The impingement is defined as the time taken for the domain
growth to reach the boundary of the media. [60] Typically, this means the edge of
a capacitor in a single crystal or a grain boundary in the polycrystal. In my poly-
crystalline samples, where the domain’s size was expected to be the same for all

capacitor sizes, t,, was expected to remain constant.

. If we assume that a typical grain size was approximately 90 nm, using the speed
of the domains growth of 4000 m/s, the impingement time is estimated to be pi-

coseconds. However, using ¢, in picoseconds would not give a good fitting for the
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transients. The only way to fit the data was to assume the unrealistic value of ¢,, =

100 ns which is in the same magnitude as the measurement time scale.

. The fitting using Merz-Ishibashi and Merz-Shur shows the same results. Therefore,
the introduction of the impingement time had no impact after including the Merz
expression into the fitting. Both Merz-Ishibashi and Merz-Shur models can fit the

transient data of all capacitor sizes and yield the same values ¢, and n.

. The finding of the characteristic time shows an interesting result. The characteristic
switching time is often referred to as the intrinsic switching time or the switching
time of the ferroelectric domains. [32] From thermodynamics theory, the switching
time was calculated to be ~ 100 ps. However, the switching time obtained from
the model fitting with the experimental results was in the range of nanoseconds.
This shows that a faster pulse switching setup, with the rise time comparable to the

intrinsic switching time of the ferroelectric domains, in picoseconds is needed.

. The finding of ¢, can be interpreted differently. In Li’s publication, it was shown
the even the fast measurement with a pulse rise time of less than 100 ps was still
convoluted by the measurement circuit. The switching time measured decreases
as the capacitor area decreases. Therefore, the validity of the theoretical model is
questionable. Could the characteristic switching time () mean something else? To
find out, the same experiment needs to be performed on the capacitors of the differ-
ent compositions. If it gives the same value, this means that we were measuring the
switching time of the experimental setup itself. If it gives the different value, this
means that the characteristic switching time could be the material property.
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9.

10.

11.

From the fitting, it was possible to fit the n value in decimals but it was suggested
that the fitting of n as an integer is more meaningful since it represents the di-
mensionality of n = 1, 2, and 3. In the analysis, the fitting of n in decimals has

insignificant impact to the fitting.

Another interesting property obtained from the fitting is the dimensionality (n) of
the domains growth. The results show that n varies between 2 and 3. There was
no trend of n changing with the capacitor areas. However, the dimensionality of
3 was unrealistic because it is energetically unfavorable. Therefore; we expect to
have the true dimensionality (n-1) of 1D and 2D in the a-model (reverse nuclei

arise throughout).

The activation field («v) measurement shows size dependency. The results show a
decrease in the activation field as the capacitor area decreases. There was a drastic
drop of o from the 225 pm? to 49 pm?, and from 0.69 pm? to 0.19 pm? capacitors.
So what is responsible? Could this be the convolution of the experimental circuit as
similar to the reduction of the switching time as a function of the capacitor size? It
must be noted that the magnitude of the 7,,,, was not a time dependent parameter.
Therefore, the reduction of the activation could be convoluted by some other factor.
From literature, researchers began to pay more attention to the interaction between
the AFM tip and the sample. [63] It is possible that the AFM tip-sample interaction

played a role in the drop of the activation field.
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Chapter 4

Thickness scaling

4.1 Introduction

Thickness scaling of ferroelectric properties has been studied for the last three decades.
The size effect in thickness scaling is a very important issue since it limits the minimum
thickness that can be used in the ferroelectric applications. From the literature, most of
the studies were done on PTO and BTO systems, and rarely on PZT.[64-68, 68—72] In
addition, the studies were more theoretical[4, 67, 71] than experimental.[70, 73, 74] This
was because of the difficulty in producing the ultra thin films with thickness less than 20
nm, and availability of measurement tools to quantitatively measure the film’s properties.
The early quantitative study by pulse switching was carried out on the thick films
in the micron range of 0.15-0.50 pm.[22] Other studies were mostly qualitative using x-
ray diffraction, and piezoelectric imaging.[68] Even though, there were some quantitative
studies with piezoelectric measurements, such measurements would be irrelevant to mem-
ory applications. Theoretical studies suggested that ferroelectricity would be suppressed
due to depolarization as film thickness decreases while other studies suggested that the
suppression could be caused by an intrinsic effect, such as phase instability.[66, 71]
From application point of view, it is necessary for the ferroelectric memories to

maintain a large polarization even at smaller thicknesses. The important question is what
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happens to the polarization at thickness levels below 100 nm which is important for mem-
ories development. There are many interesting questions in the scaling such as: 1) What
is the minimum thickness for a ferroelectric film before ferroelectricity suppresses and
vanishes? and ii) What is the coercive behavior and the breakdown field? This thesis
presents the direct polarization switching measurements of PZT thin films for thicknesses

down to 4 nm (approximately 10 units cell).

4.2 Background
4.2.1 Theoretical studies

The space and polarization charge distributions and the electric fields play important roles
in the properties of ferroelectric capacitors. If we consider a short-circuit condition for a
ferroelectric sandwiched between two electrodes where the polarization charge is in the z-
direction, and the lateral dimensions of x and y are infinite then in the case for a thin film,
depolarization occurs when there is an incomplete cancelation of the space charge and
polarization at the surface. This leaves a non-vanishing electric field at the film-electrode
interface which has the opposite direction to the polarization of the applied field. The
study by Mehta in 1973 indicates that depolarization had caused the polarization decay in
ferroelectric capacitors.[S5] The magnitude of depolarization also depends on the choice of
electrodes. For example, the depoling field in the metallic electrode is much smaller than
the semiconductor electrode due to the shorter screen length. The screening length A is
the length where the space-charge extends into the electrode. Although, it was suspected

that the likely cause of the suppression came from depolarization, it was difficult to prove
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Figure 4.1: Variation of the local polarization P(z) in the vicinity of a plane
free surface situated at z=0. The bulk polarization is denoted by P., while P,
denotes the polarization at the surface. ¢ is the so-called extrapolation length.

experimentally. Li er al. stated that with top electrodes, it was likely for the surface
charges to be fully compensated, but without top electrodes, partial compensation could
occur from the surface bending. Furthermore, the magnitude of the surface effect might
be so small that the effect of the depolarization could be considered insignificant. [66]

In many recent studies, it has been postulated that ferroelectric suppression oc-
curred from intrinsic effects. In Zembilgotov’s study, the intrinsic effect was considered
via the influence of the misfit strain imposed on the film lattice causing a reduction of
polarization in the surface layers. Figure 4.1 shows the change of the local polarization
P(z) near the plane surface z=0 where P, and P; are the bulk and surface polarizations,
respectively, and ¢ is the extrapolation length. [75] In Pertsev’s work, the “misfit strain-
temperature” phase diagrams for epitaxial BaTiO3 and PbTiOg thin films were developed
which show the range of a ferroelectric phase stability with spontaneous polarization par-
allel to the film surface. [4, 67, 76] It was shown that the ferroelectric phase’s stability,

hence polarization, could be altered from the strain effect. Figure 4.2 shows the phase
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Figure 4.2: Phase diagram of PZT(20/80) epitaxial film grown on dissimilar
cubic substrate. The second and first order phase transformations are shown
by thin and thick lines. The quadruple point where .S,,=0 is the Curie-Weiss
temperature (7). [4]

diagram of PZT(20/80) calculated as a function of strain. This phase diagram is partic-
ularly useful because in size effects calculations, the Curie temperature as a function of
compressive strain may be needed. This information is often unavailable experimentally

but can be obtained from this theoretical prediction.

4.2.2 Experimental studies

In the past couple of years, there have been several reports on experimental studies in
thickness scaling of ferroelectrics. The most common types of experiments have been the
piezoelectric measurements (mostly qualitative with only a few quantitative), polarization
hysteresis, and structural measurement such as x-ray diffraction. To date, there are few
publications on pulse switching measurements for film thicknesses below 10 nm. [77, 78]

Tybell et al. [74] used AFM with a combination of piezoelectric and electric-field
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microscopy to study the time dependence of the measured signals where it reveals a sta-
ble ferroelectricity in single crystalline (PbZr 2TigsO3)/NbSTO structure films down to
4 nm thickness. Piezoelectric measurement, which is insensitive to leakage currents, was
used to measure the ferroelectricity. The results show that the piezoelectric signal de-
tected as function of time was decaying as film thickness decreased. It was suggested
that the ferroelectricity’s decay was due to the misalignment and long-range electrostatic
interaction of dipoles along the polarization axis. [74] Yanase et al. reported that a fer-
roelectric hysteresis could be detected in heteroepitaxial BaTiO3 films as thin as 12 nm
grown on SrRuO3/SrTiO3 (100) substrates. The study shows the polarization hysteresis
measurements of thin films in the range of thickness from 80 nm to 12 nm. No polariza-
tion suppression was observed in this case. Very interestingly, the c-axis lattice constant
was found to be 6 percent larger than the bulk value. Generally, 7. is expected to be
suppressed as a function of decreasing thickness. This study suggests that the ferroelec-
tric properties were maintained at small thickness because of the increase of the Curie
temperature induced by the misfit strain. [70]

In another studies, Streiffer er al.[68] investigated the existence of 180° stripe do-
mains as a function of thickness between 1.6 nm and 46 nm of fully strained epitaxial
PbTi0; film on SrTiOg substrate. It was predicted that the film thickness of two unit cells
(0.8 nm) could still exhibit ferroelectricity, and the suppression of 7., and ferroelectricity
were due to the existence of the 180° stripe domains.[68]

Apart from physical experiments, a study of thickness scaling was also carried out
using computer simulation. In that recent work by Junquera and Ghosez, their first prin-
ciples calculations show that the depolarizing field was responsible for the polarization
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Figure 4.3: Model system (Landolt Bornstein Tables). [2]

suppression.[79]

4.3 Thin films preparation

Figure 4.3 shows the phase diagram of PZT where the vertical indicates the PZT
PbZry2TigsO3 composition, and the horizontal line the lattice spacing of SRO. A
70-nm-thick SRO layer was grown on STO at 650 °C followed by the PZT layer via
pulsed laser deposition. The deposition was carried out at 100 mTorr of oxygen and
the sample was cooled down from the growth temperature at 1 atm of oxygen. The
films in this study were 4 to 80 nm thick, entirely c-axis oriented, and did not have
the 90° domain formation. The Radiant Technologies Precision Premier system and an

AFM based pulsed probing technique with conductive Ptlr tips was used to measure the
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Figure 4.4: TEM image of 4 nm film.

polarization hysteresis, and the pulsed polarization, respectively. This thesis focuses on
the PZT (20/80) composition which has the in-plane lattice parameter of 3.94 A which
was closely matched with the the lattice parameter of STO at 3.93 A. The closed lattice
matching reduces the number of defects, thus, the leakage currents, and provides an
excellent capacitor structure for this study. According to Zimbilgotov, the misfit strain
can be calculated from S,, = (b* — ag)/b*, where b* and q are the lattice constants of
the substrate and the film, respectively. [71] By substituting the values of b* = 3.93 A,
and ay =3.94 A, S,, was calculated to be -2.545x 10~% m. The negative sign indicates the
film is under compressive strain. Figure 4.4 shows the low magnification transmission
electron microscopy (TEM) image of a cross-section of 4 nm PZT film with top and
bottom SrRuOj; (SRO) electrodes grown on SrTiO3 (STO) substrate. The image shows
a uniform PZT film sandwiched in between the SRO electrodes. In this study, we have
grown the various film thicknesses between 4 nm and 80 nm.

In the experiments, it was desirable to reduce the leakage by making the capacitors
as small as possible, especially for thicknesses below 10 nm. Thus, a submicron capac-
itor structure was needed. Hence, we employed the Focused Ion Beam (FIB) method to
fabricate the submicron structures. [27] Figure 4.5 shows the switching polarization AP

measured as a function of the pulse width for 8 nm and 15 nm capacitors at constant field.
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Figure 4.5: AP vs pulse width for 8 nm and 15 nm capacitors measured at
constant field. The plot shows pulse width dependence indicating that 2 us
pulse width is the most suitable width to fully switch micron size capacitors
without shorting them.

The plot shows indicates that the 2 us pulse width is the most suitable pulse width to fully
switch micron size capacitors without shorting them. Figure 4.6 shows an SEM image of
the SRO/PZT/SRO structure with the capacitor area of 0.2x0.2 ym? of the 80 nm film
fabricated by FIB, and Fig. 4.7 shows the comparison of the switching polarization of the
continuous (AP=140 pC/cm?) vs. FIB (AP=80 pC/cm?) capacitors. The results show
a decrease of switching polarization which indicates the degradation of the ferroelectric
property after the FIB process. Additional post annealing treatment did not recover the
film property. Thus, an alternative method of producing the submicron structure was
needed.

Here, I developed the modified lift-off process to fabricate the submicron capacitor
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Figure 4.6: SEM image of the SRO/PZT/SRO structure with the capacitor area
of 0.2x0.2 ym? of the 80 nm film fabricated by FIB.
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Figure 4.7: Comparison of the switching polarization of the continuous (micron
size) and FIB (submicron size) capacitors.
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structures where the photoresist was deliberately under developed. This reduced the short
circuit paths, and also allowed the fast rise-time. This method was an excellent alternative
for fabricating the submicron structure compared to the focused ion beam (FIB) process
which damaged thin films of less than 10 nm thickness. However, the modified lift-off
method has a limitation that it can successfully produce capacitors only with a platinum
top electrode. Figure 4.8 shows a comparison of the switching polarization of the 80
nm film with SRO and Pt electrodes. It can be seen that both types of electrodes yield
the same switching polarization AP 140 pC/cm?. However, using the Pt top electrode
increases the coercive field from 200 kV/cm to 500 kV/cm. According to Batra, the choice
of electrodes will have an impact in thickness studies such as the depolarization (different
screening length), and intrinsic property (suppression of Curie temperature). [80] The
electrode effects as a function of thickness scaling will be proposed in future studies and
will not be covered in this thesis.

Figure 4.9 shows AFM images of section analysis for the submicron capacitor from
the modified lift-off method of the 4 nm thick film with a Pt top electrode. The AFM
images show excellent: a) conformity (height profile) and b) uniformity (top view image)
of the submicron capacitor. In these images, the red and green triangular markers shows
the locations where the horizontal and the vertical distances were measured across the
capacitor. From the section analysis, the horizontal distance (L), which represents the
capacitor’s diameter, was found to be 0.39 m, and the vertical distance, which represents

the electrode’s height, as found to be 64 nm.
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submicron capacitor.
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4.4 Results
4.4.1 Hysteresis

In the thickness scaling study it became apparent that the hysteresis measurement was
not a suitable tool to study thickness scaling due to convolution of leakage current. The
convolution was dependent on the frequency used. This caused a deviation of the polar-
ization value, and the coercive fields. Ideally, the highest frequency of the triangle input
pulses should be used. Figure 4.10 shows the polarization hysteresis of 160, 50, and 15
nm thin films measured at 2000 Hz. The 2 P, obtained for these films were approximately
the same; 150 pC/cm?. This is in a good agreement with the theoretical prediction of this
film’s composition under compressive strain.[4, 81] As the film thickness decreases, it can
be seen that the coercive fields are progressively increasing. Attempts to measure the 10
nm thickness were unsuccessful due to the overwhelming leakage, and the results were
not credible. Hence, the measurements by the pulse switching polarization were needed

where they could be taken at high speed, which reduced the leakage effects.

4.4.2 Pulse switching

In the pulse switching measurements, the circular capacitors used were available in both
micron and the submicron sizes ranging from 18 to 0.4 ym in diameter. In the exper-
iments, we used two sets of the applied pulses depending on the capacitor size. The
applied pulse consisted of either 1) 2 us pulse width, 2 us pulse delay, or i1) 200 ns pulse
width, 200 ns pulse delay. As a rule, the 2 us pulse width is the minimum width required

to switch the micron size capacitors. The 200 ns pulse width was sufficient to switch the
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Figure 4.10: Polarization hysteresis as a function of thickness.

submicron capacitors, and the capacitors with diameters in the vicinity of 1 ym.

Figure 4.11 shows the switching transients of 15 and 8 nm at 2750 kV/cm, and 4
nm at 3250 kV/cm under the applied pulse (width) of 200 ns. These applied fields were
required to obtain fully switched transients and the saturated polarization as a function
of fields. The voltage of the 4 nm film is indicated by the scale on the right. It can
be seen that the polarization, indicated by the area of the transients and the maximum
transient’s amplitude, was gradually decreasing as the film thickness was reduced. The
calculated switching polarization for the 15, 8, and 4 nm films were found to be 14043,
36+4, and 11.445 um?, respectively. The subset of Fig. 4.11 shows the transients of P*
and P” indicating that their differences, hence the magnitude of the switching charge, is
extremely small.

Figure 4.12 shows the switching polarization measured as a function of the applied
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Figure 4.11: Voltage density showing suppression of the voltage signal mea-
sured from 15 nm, 8 nm, and 4 nm films. The inset shows P* and P responses
for the 4 nm thick film.

fields for the various film thicknesses. From this figure, we can extract two properties;
saturated switching polarization AP and coercive fields E.. These two properties are
very crucial in helping us to determine the thickness scaling behavior. It should be noted
that the polarization in this case is the polarization which saturates as a function of the
applied fields. This represents the polarization of a fully switched capacitor. The coercive
field is the field at which the polarization occurred i.e. the point where /A P was observed,
and increased from above 0 ;/C/cm?. The switching polarization extracted from Fig. 4.12
was then plotted as a function of thickness, and is shown in Fig. 4.13. Here, the switching
polarization obtained from the 60 us (Radiant System) and 200 ns (AFM-pulse swtich-
ing) pulse widths are compared. Note: The Radiant system’s specifications offers the

minimum pulse width of 50 us but the actual minimum pulse width that could be used
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Figure 4.12: Switching polarization profile as a function of applied fields of
different film thickness.

was 60 us. According to Fig. 4.13, the 200 ns (squares) measurements show a sharper
drop in polarization than the 60 s (circles). This was observed from the larger gradient
as the film decreased from 15 nm to 8 nm. For the 8 nm thickness film, the switching
polarization obtained from a 200 ns pulse width was approximately 30 ©C/cm?. This was
much lower than AP = 72 uC/cm? obtained from the 60 ys applied pulse. The discrep-
ancy between the 60 s and the 200 ns measurements could come from the fact that the
60 ©s measurement was much slower than the 200 ns measurements (300 times slower),
and measured from the larger capacitors (9 pm and 18 pm diameters). Therefore, it was
likely that these measurements were convoluted by leakage. As a result, this would give
a larger switching polarization value. The investigation of the sub 10 nm thin film needed

a careful analysis of the switching transients. This could not be seen from the commer-

108



160

. I5nm  30nm 80nm
140 O
120
100
(\l,.\
E .
S 80
5 ]
2 _
[
< 60 -
40 -
i O 60 us
20 8nm —=—200 ns
. 4nm
0 — : —rr
10 100
Thickness (nm)
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Figure 4.14: Switching transient shows a shorted capacitor of 8 nm thick film
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109



cial system. For example, integrating a leaky transient, shown in Fig. 4.14, of the 8 nm
thick film gave higher switching polarization, and could go undetected in the commercial
system. Thus, by using the AFM-pulse switching method, we were able to eliminate bad
results. Thus, the results obtained from the AFM-pulse method for the sub 10 nm thick

film were more accurate.

4.5 Analysis

In this section, we will consider the intrinsic and depolarization models in details. The
theoretical polarization obtained from these models will be compared with the experimen-
tal results to determine the cause of suppression. Most theories, unless stated otherwise,
were developed from the phenomenological theory (Landau-Ginzburg-Devonshire). Ta-
ble 4.1 summarizes the data for PZT(20/80) which will be referred to often, and used in

the analysis calculations.

4.5.1 Intrinsic model

There are two intrinsic models that we will consider in this section. First, the model pro-
posed by Zembilgotov, and second, the model by Li.[66, 71] The model by Zembilgotov
was developed from the Landau-type theory by considering the misfit strain, and the in-
trinsic surface effect.[76] The mean polarization P/ P? profile as function of thickness H

can be found from the integral

_ 26 /Hmﬂ68

" ), p(€)d¢ (4.1)

Jg| ]
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Type Value
Correlation length (&) 2.4 nm [78]
Screening length (\) 0.5 A [82],1 A [78]

Extrapolation length ()
Dielectric stiffness («)
Dielectric stiffness ()
Dielectric stiffness ()

Electro strictive constant ((Q)12)
Elastic compliance (s11)
Elastic compliance (s12)
Normalized coefficient (D17)
Normalized coefficient (Dy4)
Curie-Weiss temperature ()

Curie-Weiss constant (C)

4.8 nm [66]

-14.84x 10" m/F [81]
-3.050x 107 m°/C?F [81]
2.475x10® m?/CF [81]
-2.446x107% m*/C? [81]
8.2x10712 Pa~! [4]
-2.6x10712 Pa~! [4]
3x1071° [66]

5% 10716 [66]

460 °C [4, 81]
1.642x10° °C [81]

Dielectric constant of film (ey) 60 [78], 200 [83], 511 [84]

Dielectric constant of electrode (¢.) 8 [82]

Spontaneous polarization (P;) 70 uClem? [81], 62 uC/cm? [4]

Table 4.1: Summary of data for PZT(20/80) used in thickness analysis calcula-
tions.
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where ¢ is the relative temperature (¢ = 7/6*),£; is the correlation length, 6* is the Curie-

Weiss temperature, and p(() can be obtained from

p(¢)
_ / dp _ 4.2)
pe /Pt —pt—2(p* — p?)

According to the thickness scaling paper published, it was seen that our experimental

results did not fit the theoretical model proposed by Zembilgotov. [78] In a recent study,
Kim et al. had found a similar outcome where the Zembilgotov model did not explain
their thickness scaling experimental results for BaTiO3 films. [65]

Li’s model also used the Landau-Ginzburg-Devonshire theory to investigate the in-
trinsic effect in terms of phase instability. [58] Here, the depolarization effect was ne-
glected because it argues that the surface charges were fully compensated for due to the
presence of the top and bottom electrodes. In this model, the free energy of a ferroelectric

cell can be expressed as,

D
G = / [%PQ Oy Tps - (V.P)?

4 6
D ,D D
+ ﬁ(v P) 44(v P)? + 44(v P)?]dv
D D67t
/ 10 P2d:cdy+ / %P‘Zdzdy
s2
/ D 4451 2 Pz, (4.3)

where a = ag(T — Ty) and T, is the normalized Curie temperature of the bulk crystal;
and «, (3, and v are normalized coefficients of the Landau free energy expression. For the
first order phase transition, the critical temperature of a size-driven phase transition can

be approximately determined by

342 2Dy (1 1 2Dy,
T =T, - — 4= , 4.4
¢ o+ 16A07 |:04051 Qo + bo + CY()C()53 ( )
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Figure 4.15: Theoretical fitting of Li’s intrinsic model with the experimental
data.

and the second order transition can be found by

2D 1 1 2D
T.=To— |— —+— ) +—+]. (4.5)
Qo bo CM()C()53

Figure 4.15 shows the comparison of the experimental results with Li’s model un-
dergoes the second order phase transformation where ag=by is the lateral dimension, and
¢o 1s the film thickness. In this figure, the 200 ns and 60 s measurements were combined
to give more data points for the fitting. There are three profiles plotted in this graph: i) ag-
second order, ii) cg-second order, and iii) cy-first order (indicated by a dashed line). The
ferroelectrics described in this thesis undergo the second order transformation. Therefore,
the cy-second order profile is the most relevant. The other profiles were used merely for
comparison. The theoretical comparison indicates that the polarization suppression of our

film did not come from the intrinsic effects described by Li’s model.
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4.5.2 Depolarization model

In this section, we will be looking at the depolarization models proposed by Mehta, and
Glinchuk. [5, 85] First, let’s look at a depolarization model in more detail. As stated
earlier, depolarization occurs from the incomplete cancelation between charges at the
film-electrode interface, thus, generating an electric field opposing the direction of the
polarization. This causes polarization suppression. Figure 4.16 shows the depolarization
conditions of thin film showing a) boundary conditions, b) depolarization charges, and
c¢) the potential profile across the capacitor and electrodes. Consider a thin film of fer-
roelectric material sandwiched between two metal electrodes as shown in Fig.4.16. The
thickness of the ferroelectric is [ and the thickness of each electrode is (L — ). Let the
ferroelectric be poled to a polarization value P. This polarization induces compensation
charges %¢. in the metal electrodes. It is assumed that the ferroelectric is perfectly insulat-
ing and all the compensation charge resides in the electrodes. In the stand-by condition,
the sample is short circuited. This approximates the usual condition during which the
film is connected to a low-impedance source. Fig.4.16(b) and (c) schematically indicate
the charge distribution and resulting potential distribution in the sandwich, respectively.
It should be noted from Fig.4.16(c) that the electric field (slope of the potential) in the
ferroelectric is non-vanishing and opposite to the polarization. This constitutes the depo-
larization field which we propose to be responsible for the poor retentivity observed in
ferroelectric thin films.

The integrated charge at the electrode and the depolarization field can be calculated
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Figure 4.16: Depolarization conditions of thin film showing a) boundary con-
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from

¢ = —0P,, (4.6)
Egep = —(P/er)(1 —0), 4.7)

where
0 o/ X (4.8)

T 2/l t e /N

These equations can be rearranged in terms of €y /¢, as

2P, A
Edep = - ) (49)
€c€o (z + 2A§—f)
9
P 122 (4.10)

€e (l + 2/\Z—£>

where P, = Spontaneous polarization, ¢, = Relative permittivity = 8.8x107!2 F/m, 1 =
film thickness, A = Screening length, €; = Dielectric constant of thin film, €. = Dielectric
constant of electrode. Equations 4.9, and 4.10 show that the values of Ej, and g. were
largely € /e, dependent. Figure 4.17 shows the polarization profiles of different e values;
60 [78], 200 [83], and 511 [84]. In all cases, the Mehta model shows that the polarization
would vanish at zero thickness unlike in Li’s case where the polarization disappears at 8
nm. Mehta’s depolarization model did not show a good fit with the experimental data.

In Glinchuk’s work, the depolarization model was obtained from the framework of
the phenomenological theory. [86] It uses the same approach as Li by considering the free

energy expression but with the addition of the depolarization contribution where

1 l
v (P%0) P2(1) 1 ! ) 1 2
+2_l< 5 + 5 )—{—27r (7/0 Pz(z)dz—<j/0 Pz(z)dz) , (411
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Figure 4.17: Theoretical fitting for depolarization of a different dielectric con-
stant.

where [ is the film thickness, « is the coefficient dependent of temperature, 7. is the Curie
temperature, £, is the external field, and ¢ is the extrapolation length. Here, the terms with
v/2l, and 27 represent the surface energy, and the depolarization energy, respectively.
This is also known as the true coercive field. The derivative of the free energy expression

from the equation gives the depolarizing field
1/
Bl = —dnpz + dm / P.dz (4.12)
0

where the first and the second terms represent the depolarizing field of the film, and the
compensating field of the free charges, respectively. Glinchuk derived the expression con-

taining the relationship between the critical temperature and the film thickness as follows:

2
Td:Tc(l—lO(lO)( L L1 )),10(0): VT. (4.13)

(51+ld 52+ld ol
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Figure 4.18: Comparison of the order parameter as a function of thickness with
the theoretical prediction.

where [((0) is the correlation length at zero temperature. Here we assume that d,=02=4.

Therefore, the equation becomes

2
T, =T, (1 _ logo) (5+1zd)>’ (4.14)

where T.=459.1°C, v=2.475 x10°m®/CF, a=-12.84x10"m/F, I = ~/4x, and oy =

a/(T —1T.).[81]

Figure 4.18 summarizes all the theoretical predictions with the experimental results.
Here, the solid circles are the experimental data, and the lines represent the theoretical
calculations from the depolarization and intrinsic models. From the plot, it can be seen
that the measurement data agrees closely with to the depolarization models by Mehta and
Glinchuk. However, the measurement data of thinner films (<15 nm) falls closer to the
intrinsic models. Therefore, this might suggest that it is possible that the cause of the
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polarization suppression could be both depolarization and intrinsic effects. Kretschmer
and Binder [75] show that the exponent (, related to the shift of the Curie temperature of

thin film 774 relative to the bulk 7, can indicate if the depolarization occurs where

Tc(d) - T

= x d¢, (4.15)

and (=1 in the case with a depolarizing field. Therefore, plotting log(T,qy — 1%./T¢) Vvs.
log(d) gives the slope equal to (. In a recent paper by Nagarajan, it was shown that the
modified Curie-Weiss law could be applied to relationship above (equation 4.15), and the
slope = 1 was found. [78] It showed that the cause of polarization suppression was depo-
larization. Unlike Nagarajan’s previous work, we obtained the Curie temperature (7¢4))
of thin films directly from Pertsev’s equation shown below without any modifications, and
assume that the Curie temperature of the bulk remains constant. According to Pertsev, the

relationship between T4 and the misfit strain .S, can be expressed as

4

m )
811 + S12

(4.16)

where 6%, and 6 are the Curie-Weiss temperature of an epitaxial film, and the bulk, re-
spectively, C is the Curie-Weiss constant, ()12 is the electrostrictive constant, and s;;
are the elastic compliances at constant polarization. According to Pertsev’s phase dia-
gram, Fig. 4.2 (temperature vs. misfit strain), the Curie-Weiss temperatures is the triple
or quadruple point where all the phases meet. For the PZT (20/80) composition, the
Curie-Weiss temperature was approximately equal to 460 °C. The values calculated from
equation 4.16 were substituted into equation 4.15 to obtain the log(7.) — T./T.) vs.

log(d) relationship as shown in Fig. 4.19.
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Figure 4.19: Plot of log(T4) — T /T.) vs. log(d) showing the transition of ( as
a function of thickness.
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Here, we have found a very interesting result. Unlike the linear relationship shown
by Nagarajan where ( = 1, the plot of log(T¢q) —1+./T%) vs. log(d) consisted of two slopes
where ¢ = 0.12 and 1.38, respectively. The deflection point where the slope changes in-
dicate the critical thickness of 15 nm is where the ferroelectric suppression occurs. Fur-
thermore, we have checked the accuracy of our calculated 7¢ 4y values, and plotted them
as a function of S,,, and found that they show a linear relationship where T4 increases

as a function of S,,,. This agrees with Pertsev’s phase diagram (shown in Fig. 4.20).

4.5.3 Coercive Fields

The coercive field is a crucial factor in ferroelectric memory design since it determines the
power used to switch a capacitor. In this section, we will look at how the coercive fields
behave as a function of thickness reduction, and see if our experimental results agree with
the theoretical predictions.

In general, ferroelectrics do not exhibit well-defined coercive fields. Their apparent
thresholds strongly depend upon the length of time over which the field was applied.[3]
As a result, it was important to distinguish between hysteresis data, typically obtained
at a very slow rate (50 or 60 Hz), and displacement current transient data /() obtained
from switched capacitors on a 10-100 ns time scale. Except where otherwise noted, data
reported here assumes driving voltages in the form of square pulses 200 ns wide, repeated
approximately every 200 ns.[22] It should also be noted that in the measurements by
AFM, the deviation of the coercive fields could also come from the experimental set up.
In this case, it was found that peeling of the Pt-Ir coating from the AFM tip would cause

a bad contact between the tip and the sample’s top electrode. This results in a drop in
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applied voltage, and an increase in the capacitor’s coercive field.[28]
The coercive field of ferroelectrics can be calculated from the Ginzburg-Landau-

Devonshire free energy expression where

o s Y
—_p2yEpty b 4.17
G 5 + 1 + sl ( )
and P, can be found when
dG
P,=—=0, 4.18
dP ( )
and FE. can be found when
dG
E.=—. 4.19
1D (4.19)

Typically, the theoretical £, is much higher than the experimental (approximately 10-
100 times higher). For example, for PTO3, E. theory = 1500 kV/cm and E,. observed =
100 kV/cm, and for BaTiOg3, £, theory = 1000 kV/cm and E,. observed = 1 kV/cm [3].
The higher theoretical F. is because the polarization reversal does not occur uniformly
in ferroelectrics by dipole switching. For the PZT(20/80), using the values «, /3, and vy
from Table 4.1, and substituting them into equation 4.19, E.(theoretical) was calculated
to be 727 kV/cm. This value agrees with the theoretical approximation by Kim. [87] Kim
et al. used the second derivative of the free energy expression where E,.=d*G/dP?%. Kim’s

E.(theory) approximation is given as

1 a3
E =4+——/— 4.20
3v3\ B ( )

where a = 1/2¢y, ﬂwoz/Pf, and P, are the effective coefficient and spontaneous polariza-
tion, respectively. Using values of the coefficients obtained from Table 4.1, E.(theory)
was calculated to be 761 kV/cm.
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In Pertsev’s work [88], E.(theory) was obtained from the nonlinear thermody-
namic theory using the dielectric stiffness (a;;). According to Pertsev, E.(theory) is

given as

Ey, = —8P3 (a3 + 3a111 P2), 4.21)

where critical polarization (F,,), a5, and a,1; were calculated using the expressions given
in Pertsev’s papers. P, can be described as the minimum polarization which exists in an
antiparallel electrical field. Using equation 4.21, P,.., and E, were calculated to be 40
1C/cm?, and 1018 kV/cm, respectively.

Now, lets take a look at how the coercive field varies as a function of the film
thickness. In the classical theory by Kay and Dunn (K-D), which is based on the Landau-
Ginzburg theory, the relationship between the coercive field (£.) and the film thickness
(d) is given as E,.=Ad~?/3 where A is a constant. The K-D theory is based on the assump-
tion that there is no internal field in the ferroelectric film, and the coercive field measured
externally across the electrodes is the same as the internal field inside the film. A log-
arithm plot of coercive field versus film thickness will give a linear fit of negative slope
equal to 2/3. However, this only applies for low electric fields, and films of micrometer
thickness. Figure 4.21 shows the experimental results of the coercive field measurements,
and Fig. 4.22 shows the comparison between the theoretical predictions by Mehta (equa-
tion 4.7) and K-D, and the experimental results. [5, 6] From the experimental results, it
can be seen that the coercive field increases as the film thickness decreases. At the film
thickness of 80 nm, E. was found to be 500 kV/cm but for a 4 nm thickness, £, was

found to be approximately 2000 kV/cm. This shows that the £, increases by 4 times as
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Figure 4.21: Coercive fields are plotted as a function of film thickness.

the film thickness is reduced to below 10 nm. Generally, the experimental results follow
the same trend as the theoretical predictions. Although, the theories by Mehta and K-D
show good agreement, and they suggest that F, also increases as d decreases. However,
they do not quite fit with the experimental data, but it can be seen that the experimental
data follows the exponential decay function.

Figure 4.23 shows the plot of In(£,) vs. In(thickness), where the slope was found
to be -0.5. By substituting 0.5 into the K-D expression, we obtained data fitting with the
experimental results where E,(d)ocd™'/2. Although, this is a simple exponential decay
function, it could describe the coercive field behavior as function of film thickness. The
discrepancy between the K-D value of -0.66, and the fitting found here (-0.5) could be to

the fact that the measurements in this thesis were done at the nanometers range, and there
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could be circuit effects associated in the outcome of the E.(experimental) values. The

1/2

term d~'/“ gives an excellent data but has no physical meaning. Figure 4.24 also shows

the theoretical prediction by Dawber [6] which is given as

V 4+ 8nP,a

B, — " o1s4
T d+es(20)

(4.22)

where a=\e.. Dawber’s expression is based on a simple relationship, £.=V/d where V'
is the voltage measured across a capacitor. However, the expression includes two cor-
rections: 1) the depolarization field, and ii) electrode effects. Dawber suggested that as
the film thickness is reduced below a certain thickness, depolarization will become more
dominant. In addition, the screening length (according to the electrode effects consider-
ation) will also contribute in coercive scaling. The results published by Dawber show a
good agreement between the experimental results on the Polyvinylidene Fluoride (PVDF)
ferroelectric film. Here, it was observed that there is a deflection point for the coercive
field (from an increase to a decrease) at a film thickness of ~2 nm which agrees with the
experimental results. The deflection suggests the depolarization effects and polarization
instability. However, from Fig. 4.24, it can be seen that Dawber’s theory did not show a
good prediction for our experimental results. The theory shows a good fit with the data
above but not below the thickness of 15 nm. This suggests that the expression proposed
by Dawber cannot be universally used with other films, and that the depolarization correc-
tions were insufficient. There is another discrepancy between our results and Dawber’s.

Dawber suggested that the depolarization correction theory has two limitations where

V87PN e,

Ey g

1fATPs > e B (4.23)
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, and

Vv

EFf=—vr--——
T d+ (2X)ef/€e

ifAr Py < efF. (4.24)

In Dawber’s case, 4P, > e;F, and equation 4.23 applies, and gives the deflection
curve. However, our calculations show that equation 4.23 applies to our results but gives
the exponential decay curve (Fig. 4.25). This suggests that the we need to seek a theory

to describe this thickness data.

4.6 Further Discussion

According to the measurements of the tetragonality of the PZT (20/80) films used in this
study, it was found that the c/a ratio increased as the thickness decreased. This contra-
dicts the fact that the higher c/a ratio gives a higher polarization (Fig. 4.26). If the c/a ratio
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Figure 4.26: Tetragonality (c/a) measured as a function of thickness between 4
nm and 50 nm.

increases, we would expect that the polarization should increase. In the paper by Licht-
ensteiger, it was shown that the decrease of the tetragonality profile (normalized) agreed
with the decrease in the polarization. [89] In the recent publication by Nagarajan, it was
suggested that the pinned 180° domains are responsible for the ferroelectric decay. [77]
Here, the voltage profile measured across the 4 nm thick sample shows the 0 V amplitude
in the negative z-direction. This implies that the 180° domains only switch in the positive
direction, and freeze in the negative. However, the measurement could be symmetrical but
shifted along the y-axis. It can be seen that the shift even occurs at the 15 nm thickness
(300myv +ve, 600mv -ve). In Yang’s dissertation, the PFM measurements also showed
the shift of the voltage profile in the positive direction, and there was no presence of the

pinned domains. [90] Thus, it can be stated that measurement could be convoluted, and it
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would be better if there is another piece of evidence to prove the existence of the pinned
domains.

In thickness scaling studies, there has not yet been a publication that suggests the
depolarization and intrinsic effects co-exist together, and both can contribute the ferro-
electric decay as a function of thickness. Typically, the depolarization theory predicts that
the polarization always goes to zero at zero thickness. However, it is also possible that
the minimum thickness, shown by many intrinsic theories, does not necessarily have to
be zero i.e. the minimum thickness where AP = 0 uC/cm? could be 4 nm. Figure 4.27

represents the idea of having the depolarization and intrinsic effects combined where

Suppression = Depolarization + Intrinsic. (4.25)

4.7 Summary

This study of thickness scaling shows very interesting results. As the thickness was scal-
ing from 100 nm to 4 nm, it was found that polarization suppression occurred at the
thickness below 15 nm where the switching polarization showed a sudden drop from the
bulk value of 140 uC/cm? to 11 uC/cm? for the 4 nm thick film. From the theoretical
evaluations, it was found that either intrinsic effects and depolarization could be responsi-
ble for the suppression. In the coercive fields investigation, it was found that the coercive
field was increased by approximately 4 times from 500 kV/cm to 2000 kV/cm for 80 nm
1/2,

and 4 nm, respectively. Although, the data can be fitted with the exponential term, d~

however this has no physical meaning.
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Chapter 5

Conclusions and Further studies

The study on the lateral size effects revealed that there was no change in the switching
polarization for the capacitor sizes investigated. The capacitors were well behaved as a
function of lateral size scaling from 40000 ym? to 0.19 pm? where the switching po-
larization, AP ~ 30 uC/cm?, remained approximately the same for all capacitor sizes.
However, the change of the intrinsic property was observed where activation field («)
was decreasing as the lateral size decreased. It was suspected the change of the intrinsic
behavior was due to the circuit effects. Although, theoretical models could be fitting well
with the transient data, the interpretation of the intrinsic properties found requires a better
understanding and a careful analysis. The study of the film of different compositions,
and exploration into a new theoretical model will be needed. It will be necessary, in the
future, to investigate the interaction between the AFM tip-sample and the circuit effects
in more depth.

The study of thickness scaling shows very interesting results. As the thickness was
scaling from 100 nm to 4 nm, it was found that polarization suppression occurred at the
thickness < 15 nm where the switching polarization sharply decreased from the bulk value
of 140 uC/cm? to 11 uC/cm? for the 4 nm thick film. From the theoretical evaluations,

it was found that both the intrinsic effects and depolarization could be responsible for
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the suppression. In coercive fields investigation, it was found that coercive field was
increased by approximately 4 times from 500 kV/cm to 2000 kV/cm for 80 nm, and 4
nm, respectively. No critical thickness was observed but the coercive fields followed

the exponential decay function of d~'/?

. The degradation behavior in thickness scaling
prompts an urgent interest to improve the ferroelectrics fabrication so that the applicable
ferroelectric properties can be maintained at the smaller dimensions to satisfy the scaling
demand of ferroelectric devices from the industry.

In further studies, the lateral scaling should be investigated in terms of i) composi-
tions of PbZr,Ti(;_,)Os3, where x = 0.2, 0.4, 0.5, ii) processing (PLD vs. Sputtering vs.
CVD), and 1ii) film structures (polycrystalline vs. epitaxial). During the course of my
research, I have also investigated the switching properties of the epitaxial film PbZrTiOs,
and it would be possible to compare these results in further studies with the contents of the

polycrystalline film in Chapter 3 (see Fig.5.1). This work is supported by National Sci-

ence Foundation - Materials Research Science and Engineering Center (NSF-MRSEC).
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