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ABSTRACT

Manganese oxide Lag;Sro3MnO; (LSMO) films and all-perovskite epitaxial
Pb(Zrg 52 Tig.43)03 (PZT)/Lag7Sro3sMnQOs heterostructure on single crystal LaAlO; (LAO)
substrates have been fabricated by Pulsed Laser Deposition (PLD) method. It 1s found
that the electrical transport properties of LSMO is very sensitive to the film’s oxygen
content, which can be tuned easily during deposition by controlling the ambient oxygen
pressure. They are, however, very stable and remain unchanged in further thermal
treatments. Epitaxial LSMO films are obtained at processing temperature as low as
500°C. Excellent crystalline quality of PZT(500 nm)/LSMO(40 nm) heterostructures
have been realized. High remnant polarization (48 p.C/cmz), low coercive field (57
kV/cm), low polarization loss (~8% up to 2x10° switching cycles) and long retention
(>10° s) are demonstrated for the ferroelectric PZT films. The leakage current in the
AWPZT/LSMO structure is about 5x107 Afcm® The results of both structural and
electrical properties of PZT/LLSMO heterostructures show that this material system is a
suitable candidate for use in non-volatile ferroelectric field effect transistor (FeFET). A
small remnant field effect modulation (5.6%) has been obtained and further

optimizations in developing FeFET are using PZT/LSMO heterostructures suggested.

Abstract . i
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CHAPTER 1

INTRODUCTION

In recent years, there is a great deal of interests in ferroelectric memory devices.
Due to their unique properties of nonvolatility, fast switching and radiation hardness,
this kind of memory devices is more desirable than their semiconductor counterparts.
Ferroelectric dynamic random access memory (DRAM) consists of an array of many
capacitors and their access transistor. By making use of the remnant polarization in the
ferroelectric capacitor, the memory states “0” and “1” can be stored in the cell of
memory. The charges stored in capacitor, however, are disturbed by interrogating the
memory states. For this reason a different data storage mechanism based on
ferroelectric field effect transistor (FeFET) are proposed [1]. In this FeFET the
ferroelectric acts as the insulator. The polarization of the gate modifies the magnitude of
the source-to-drain currents in the transistor, which permits a nondestructive read-out of
the memory by interrogating the conductance of the semiconductor channel. In this way
the FeFET is more superior than ferroelectric capacitor used in ferroelectric DRAM.
Although ferroelectric FETs have been studied for a few years, an acceptable
nonvolatile, nondestructive read memory with adequate retention and write-erase speed
has not been demonstrated yet. It is attributed to the fact that the interface between a
perovskite ferroelectric and a semiconductor such as silicon is difficult to control.
Recently, some reports have proposed to use an epitaxial all-perovskite heterostructures.

An improved gate channel interface and betier FET performance are obtained.

Chapter 1 Introduction l
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In 1995, Watanabe [1] reported on a device in which La;,Sr,CuO4 was used as
the semiconductor channel and 2 maximum modulation of 10% was achieved. This
device exhibited a retention period of over 10 days at room temperature. Later, Ann et
al. [2] reported on a device in which Sr,CuO, was used as a semiconductor.
Modulation of 3.5% and retention of only 10 min., were reported. In 1996, Ann ef al.
observed a ferroelectric field effect in the conducting oxide SrRuOs; using
Pb(Zry 52 Tig.48)O03/StRuO; epitaxial heterostructures. A 9% change in channel resistance
was measured and this change was nonvolatile for a period of 3 days. In 1997, Mathews
et al. [3] reported on a transistor in which Lag;CapsMnOs (a doped rare-earth
manganate with colossal magnetoresistance) was used as the semiconductor and
Pb(Zry-Tip3)Os as the ferroelectric gate. This device exhibited a modulation of 300%
and a retention at room temperature on the order of hours. In all these studies, a pulse
of low voltage (less than 10 volts) was usually applied to the ferroelectric thin film gate.
It is clear that marked improvements in device performances have been obtained as

compared with the previous-ferroelectric FETs [4].

In the present study, ferroelectric field effect in epitaxial Pb(Zrps,Tigas)Os/La;.
StyMnO; heterostructures on LAO single crystal substrate was investigated. The
perovskite La; Sr;MnQ; (LSMO) transforms from an antiferromagnetic insulator to a
ferromagnetic metal as x increases to about 0.17. The carrier concentration of this
material varies with both the La:Sr and oxygen content. LSMO was found to possess a

high stability against post-deposition thermai treatment and can be grown at a

12

Chapter 1 Introduction
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temperature as low as 500°C, which is compatible with the processing temperature in
silicon technology. A sharp interface between the LSMO and Pb{Zrg 52Tip.43)O3 PZT was
observed due to the lattice matching of both materials. The detail of the PZT/LSMO

heterostructures will be discussed in the following chapters.

Pulsed laser deposition (PLD) was used throughout to fabricate the aforesaid
PZT/LLSMO heterostructures with good structural properties on lattice-matched single
crystal substrates. PLD has proved to be a very successful technique for growing oxides
such as superconductor YBCO, ferroelectric PZT and other transition metal compounds,
eg. LSMO. LSMO films with different carrier concentration ¢an be grown by PLD with
different partial oxygen pressure 'giun'ng the deposition process. Through our
experimental investigations, we have identified the growth condition of epitaxial LSMO
films. Subsequently PZT/LSMO and Auw/PZT/LSMO heterostructures have been
fabricated and their electrical properties such as the leakage current, hysteresis foop,

modulation and retention have been examined.

A brief history and mechanism of pulsed laser deposition (PLD) will be presented
in chapter 2. The advantages and limitations of PLD for fabricating high quality thin

film will be discussed.

In chapter 3 the development of semiconductor memory and the transition from

Chapter 1 Introduction 3
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conventional memory to ferroelectric memory will be discussed. The physics of
ferroelectric memory and the principles of ferroelectric capacitor will be described.

Several proposed ferroelectric FETs configuration will be defined. The motivation of

the present work will also be explained.

The experimental set-up and instrumentation for PLD will be presented in chapter
4. The working principle of some major measuring and characterization equipment such
as X-ray diffractometry (XRD) and four-point probe resistivity measurement will be

described. Procedures for the fabrication of LSMO films as well as the PZT/LSMO

heterostructures by PLD will be described.

In the following two chapters, the fabrication and characterization of L¥MO and
PZT/LSMO on single crystal LAO substrates will be described in details. Important
results and major findings will be discussed and explained.

Conclusion of our present experimental results and suggestion for future

investigation and development are will be presented in the last chapter of this report.

Chapter 1 Introduction 4
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CHAPTER 2

PULSED LASER DEPOSITION (PLD)

2.1 Introduction

High precision, reliability and extreme small size are the crucial requirements in
modern integrated circuit (IC) industry. According to the scaling rule, the thickness of
device must be thin while photolithography, a patterning technology, provides a very
small area device. For this reason, the interest and the number of researches in making
thin film increase tremendously. Thin films can be produced by both chemical vapour

deposition (CVD) and physical vapour deposition (PVD) methods.

CVD method, which involves chemical reaction between a carrier gas and an
organometallic precursor, includes hydride CVD, trichloride CVD, and metal-organic
CVD [5]. On the other hand, there are numerous methods of PVD such as electron-
beam sputtering, ion-beam sputtering, magnetron sputtering [6, 7], thermal evaporation,
molecular beam epitaxy (MBE) [8] and pulsed laser deposition (PLD). In the present
study, we choose the pulsed laser deposition method to fabricate alt our thin films and

heterostructures.

Laser, a powerful tool in many applications, is especially useful in material

Chapter 2 Pulsed Laser Deposition (PLD) S
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processing [9]. It possesses many unique properties such as narrow frequency
bandwidth, coherence and high power density. Often the light beam is intense enough to
vaporize the hardest and most heat resistant materials. Besides, due to its high
precision, reliability and spatial resolution, it is widely used in the industry to process
material like machining of the thin film, modification of materials, heat treatment,
welding and micro-patterning.  Apart from these, polycomponent materials. can be
ablated and deposited onto substrate to form stoichiometric thin films. It is the so-called

pulsed laser deposition technique.

In general, the method of the pulsed laser deposition is simple. Only a few
parameters need to be controlled during process. The equipment used in PLD system
will be déscribed in chapter 4. The targets used in PLD are small compared with the
large size required for other sputtering techniques. It is quite easy to produce muiti-
layer film of different materials. Besides, by controlling the number of pulses, a fine
control of film thickness can be achieved. Thus a fast response in exploiting new
material system is a unique feature of PLD among other deposition methods. The most
important feature of PLD is that the stoichiometry of the target can be retained in the
deposited films. This is the result of the extremely high heating rate of the target surface
(10* K/s) due to pulsed laser irradiation. It leads to the congruent evaporation of the
target irrespective of the evaporating point of the constituent elements or compounds of
the target. And because of the high heating rate of the ablated matenals, laser

deposition of crystalline film demands a much lower temperature than other mentioned

Chapter 2 Pufsed Laser Deposition (PLD) §



Q THE HONG KONG
Q’ b POLYTECHNIC UNIVERSITY

HFRBIARE

film growth techniques. For this reason the semiconductor and the underlying

integrated circuit can refrain from thermal degradation.

In spite of the said advantages of PLD, some shortcomings have been identified in
using this deposition technique. One of the major problems is the splashing or the
particulates deposition on the film. The physical mechanisms leading to splashing
include the surface boiling, expulston of the liquid layer by shock wave recoil pressure
and exfoliation. The size of particulates may be as large as a few microns. Such
particulates will greatly affect the growth of the subsequent layers as well as the
electrical properties of the film and should be eliminated. Another problem is the
narrow angular distribution of the ablated species, which is generated by the adiabatic
expansion of laser produced plasma plume¢ and the pitting of the target surface. These
features limit the use of PLD in producing a large area uniform thin film, and PLD has
not been full deployed in industry. Recently remedial measures, such as inserting a
shadow mask to block off the particulates and rotating both target and substrate in order

to produce a larger uniform film, have been developed to minimize some of the PLD

problems.

2.2 Historical development of the pulsed laser deposition

Albert Einstein postulated the stimulated emission process in as early as [916.

The first optical maser using a rod of ruby as the lasing medium was, however,

Chapter 2 Puised Laser Deposition {PLD) 7
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constructed in 1960 by Theodore H. Maiman at Hughes Research Laboratories, a lapse
of 44 years. Using laser to ablate material has to be traced back to 1962 when Breech
and Cross [10], used ruby laser to vaporize and excite atoms from a solid surface. Three
years later, Smith and Tumer [11] used ruby laser to deposit thin films. This marked the

very beginning of the development of the pulsed laser deposition technique.

However, the development and investigations of pulsed laser deposition did not
gather the expected momentum. In fact, the laser technology was immature at that time.
The availability of the types of laser was limited; the stability output was poor and the
laser repetition rate was too low for any realistic film growth processes. Thus the
development of PLD in thin film fabrication was slow comparing with other techmques

such as MBE, which can produce much better thin i:lm quality.

The rapid progress of the laser technology [12, 13], however, enhanced the
coﬁpetitiveness of PLD in the following decade. The lasers having a higher repetition
rate than the early ruby lasers made the thin film growth possible. Subsequently,
reliable electronic Q-switches laser became available for generation of very short optical
pulses. For this reason PLD can be used to achieve congruent evaporation of the target
and to deposit stoichiometric thin films. The absorption depth is shallower for UV

“radiation. Subsequent development led to laser with high efficient harmonic generator
and excimer lasers delivering UV radiation. From then on, non-thermal laser ablation of

the target material became highly efficient.

Chapter 2 Pulsed Laser Deposition (PLD) 8
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Pulsed laser deposition as a film growth technique has attained its reputed fame
and has attracted wide spread interest after it has been used successfully to grow high-
temperature Tc superconducting films in 1987. During the late decade, puised laser
deposition has been employed to fabricate crystalline thin films with epitaxy quality.
Ceramic oxide, nitridé films, metallic multilayers, and various superlattices grown by
PLD have been demonstrated. Recently, using PLD to synthesis buckminster fullerness
[14] and nanopowers have also been reported. Production-related issues concerning
reproducibility [15], large-area scale-up [16) and multiple-level have begun to be

addressed. It may start up another era of thin film fabrication in industry.
2.3 Mechanisms of pulsed laser deposition

The principle of pulsed laser deposition, in contrast to the simplicity of the system
set-up, is a very complex physical phenomenon. It does not only involve the physical
process of the laser-material interaction of the impact of high-power pulsed radiation on
solid target, but also the formation plasma plume with high energetic species and even
the transfer of the ablated material through the plasma plume onto the heated substrate
surface. Thus the thin film formation process in PLD generally can be divided into the

following four stages.

1. Laser radiation interaction with the target

2. Dynamic of the ablation materials

Chapter 2 Pulsed Laser Deposition (PLD) 9
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3. Deposition of the ablation materials with the substrate

4. Nucleation and growth of a thin film on the substrate surface

Each stage in PLD is critical to the formation of quality epitaxial crystalline,

stoichiometric, uniform and small surface roughness thin film.

In the first stage, the laser beam is focused onto the surface of the target. At
sufficiently high flux densities and short pulse duration, all elements in the target are
rapidly heated up to their evaporation temperature. Materials are dissociated from the
target surface and ablated out with stoichiometry as in the target. The instantaneous
ablation rate is highly dependent on the fluences of the laser shining on the target. The
ablation mechanisms involve many complex physical phenomena such as collisional,

thermal, and electronic excitation, exfoliation and hydrodynamics.

During the second stage the emitted materials tend to move towards the substrate
according to the laws of gas-dynamic and show the forward peaking phenomenon [17].
R. K. Singh [18] reported that the spatial thickness varied as a function of cosf. The
spot size of the laser and the plasma temperature have significant effects on the
deposited film uniformity. The target-to-substrate distance is another parameter that
governs the angular spread of the ablated materials. Hanabusa [19] also found that a

mask placed close to the substrate could reduce the spreading.

Chapter 2 Pulsed Laser Deposition (PLD) 10
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The third stage is important to determine the quality of thin film. The ejected
high-energy species impinge onto the substrate surface and may induce various type of
damage to the substrate. The mechanism of the interaction is illustrated in figure 2.1.
These energetic species sputter some of the surface atoms and a collision region is
formed between the incident flow and the sputtered atoms. Film grows after a
thermalized region is formed. The region serves as a source for condensation of
particles. When the condensation rate is higher than the rate of particles supplied by the
sputtering, thermal equilibrium condition can be reached quickly and film grows on the
substrate surface at the expenses of the direct flow of the ablation particles and the

thermal equilibrium obtained.

l l l l l« l l Incident plasma flux

Thermalized region

T T T T T T T Sputtered flux

Deposit

Substrate

Figure 2.1 Schematic diagram of plasma-substrate interaction

Nucleation-and-growth of crystailine films depends on many factors such as the
density, energy, ionization degree, and the type of the condensing material, as well as the
temperature and the physico-chemical properties of the substrate. The two main

thermodynamic parameters for the growth mechanism are the substrate temperature T

Chapter 2 Pulsed Laser Deposition (PLD) 1
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and the supersaturation Am. They can be related by the following equation

Am = kT In(R/R,)

where k is the Boltzmann constant, R is the actual deposition rate, and R, is the

equilibrium value at the temperature T.

The nucleation process depends on the interfacial energies between the three
phases present — substrate, the condensing material and the vapour. The minimum-
energy shape of a nucleus is like a cap. The critical size of the nucleus depending on the
driving force, i.e. the deposition rate and thé substrate temperature. For the large nuclei,
a characteristic of small supersaturation, they create isolate patches (islands) of the film
on the substrate which subsequently grow and coalesce together. As the supersaturation
increases, the critical nucleus shrinks until its height reaches on atomic drameter and its
shape is that of a two-dimensional layer. For large supersaturation, the layer-by-layer

nucleation will happen for iﬁéompletely wetted foreign substrates.

The crystalline film growth depends on the surface mobility of the adatom (vapour
atoms). Normally, the adatom will diffuse through several atomic distances before
sticking to a stable position within the newly formed film. The surface temperature of
the substrate determines the adatom’s surface diffusion ability. High temperature
favours rapid and defect free crystal growth, whereas low temperature or large

supersaturation crystal growth may be overwhelmed by energetic particle impingement,

Chapter 2 Pulsed Laser Deposition (PLD) 12
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resulting in disordered or even amorphous structures.

Metev and Veiko [9, 20] suggested that the Ngo, the mean thickness at which the

growing, thin and discontinuous film reaches continuity is given by the formula

Noo = A(I/R)"” exp (-1/T),

where R is the deposition rate (supersaturation related) and T is the temperature of the

substrate and A is a constant related to the materials.

In the PLD process, due to the short laser pulsed duration (~10 ns) and hence the
small temporal spread (<10 ps) of the ablated materials, the deposition rate can be
enormous (~10 um/s). Consequently a layer-by-layer nucleation is favoured and ultra-
thin and smooth film can be produced. In addition the rapid deposition of the energetic
ablation species helps to raise the substrate surface temperature. In this respect PLD

tends to demand a lower substrate temperature for crystalline film growth.

Chagpter 2 Pulsed Laser Deposition {(PLD) 13
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CHAPTER 3

FERROELECTRIC MEMORY

3.1 Introduction

Since the first bipolar transistor have been successfully fabricated in 1948 by
Bardeen, Brattain and Shockley at the Bell Telephone Laboratories, the semiconductor
industry was running in a very rapid pace in the following decades. Semiconductor
device produced during the early 1960s, which marked the initial era of integrated
circuit (IC), contained fewer than 30 transistors on a silicon die. These simple ICs were
products of the small-scale integration (SSI) era. The pioneer in this field, Jack S.
Kilby, is awarded the Nobel Prize in Physics of this year (2000). Following the fast
development of lithographic technology, transistors became smaller from about 10
microns of SSI down to mjcron size, and the number of transistors per a single chip
exceeded 1 million in the mid-1980s, the era of very-large-scale integration (VLSI).
Nowadays, due to the introduction of deep ultraviolet (DUV) lithography, the device can
be shrunk to sub-micron size, say 180 nm node for 248 nm UV source [21]. The devices
down to 70 nrﬁ by using a shorter wavelength UV source lithography can be foreseen in
the year of 2008 [21]. On the other hand, the development of copper interconnects and
low k dielectric technologies are also fast in order to reduce RC delays of multilevel

wiring that connects individual devices of silicon ICs [22]. They allow a very fast

Chapter 3 Ferroelectric memory 14
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response between devices. Therefore, with the lithographic technologies mentioned
above, they will lead to smaller, faster and less power consumption devices in the

coming future.

Semiconductor memory, which stores the digital signal “0” and “1”, has been used
in computer for several decades. It is basically divided into permanent memory, read
only memory (ROM), in which the information is written at the time of manufacture,
and the memory that allows temporary storage for reading/writing instructions and data
from/to computer, read access memory (RAM). All of them are the product of ICs, and
millions memory cells are bundled in a single IC chip. In this chapter, we will focus on
the dis~ussion of conventional memory, especially in RAM and nonvolatile memory, the

so-called f>rroelectric memory.

3.2 Conventional memory and ferroelectric memory

3.2.1 Random access memory (RAM)

RAM, becoming a common term in our daily life, is developing in the same pace
with the computer technology. It provides great storage capacity for computer but is
volatile. Also, it is utilized in a wide range of electronic products, for example, personal
computer, electronic diary, hi-fi and digital camera. It consists of an array of memory
cells, together with the logic circuit that specific contents in RAM can be accessed

directly in a very short time regardless of the sequence in which they were recorded.

Chapter 3 Ferroelectric memory 15
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There are two types of RAM. They are static-random-access memory (SRAM) and
dynamic random-access memory (DRAM), shown in figure 3a and 3b respectivel y, and

primarily fabricated with metal-oxide semiconductor (MOS) technology.

In a SRAM chip, each memory cell consists of six transistors. The information in
this memory is stored in a pair of cross-couple inverters. The inverter pair forms a “flip-
flop”, which force one inverter to be high potential while the other is low and vice versa.
The memory logic state is determined by which of the two inverters is high. In a
DRAM, however, each cell only consists of a single capacitor and a transistor. The .
charge stored in capacitor represents a binary bit ‘1’, which is fully charged, or ‘0’,
which is discharged. The charge is stored and sensed by the transistor to write or read
the memory capacitor cell, but the memory must be refreshec frequently to restore the
charge to its intended value due to the discharge property of capacitor, hence the name
dynamic memory. Because it has fewer components, DRAM requires a smaller area on
a chip than does SRAM, and hence a DRAM chip can have a greater memory capacity,

though its access time is slower than that of SRAM.

Chapter 3 Ferroelectric memory 16
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Figure 3.1 The circuits of (a) SRAM and (b) DRAM.

3.2.2 From conventional RAM to non-volatile ferroelectric RAM (FeRAM)

As mentioned before, MOS technology plays an important role in the fabrication
of semiconductor memory. Field effect transistor (FET) in the MOS type, called
MOSFET, is one of the useful semiconductor components like its bipola- counterpart. It
is a three-terminal device which terminals are named as ‘source’, ‘drain’ and ‘gate’. The
current flowing through source and drain is controlled by a voltage at the gate, and that
current involves only majority carriers. Since the control voltage is app]ied across an
insulator, the MOSFET is characterized as a high input impedance device. It 1s
particularly suited for controlled switching between a conducting state and a
nonconducting state so is useful in digital circuits. In fact, millions of MOSFETs are

commonly used together in semiconductor memory devices.

Silicon dioxide {§10;) has been commonly used as the insulating oxide layer in

MOSFET and its dielectric constant is around 7. With the scaling down technology

Chapter 3 Ferroelectric memory 17
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developing rapidly, the thickness of the oxide layer of MOSFET becomes thinner.
Consequently there is a large leakage current out of the insulator. The charge-up process
must be refreshed many times per second to sustain the memory states. Thus a high

dielectric constant, high breakdown field and good resistance to charge injection

material is needed.

However, the memory based on MOSFET: is still a volatile one and will lose the
stored data once the electric field is removed. For non-volatility replacement of the
conventional dielectric material by ferroelectric material is proposed. The ferroelectrics
generally have high permittivity, which can be exploited to store information as charges.
Ferroelectrics also exhibit polarization-voltage hysteresis and retain large remnant
polarization even after the external electric field is being removed. Memory of this kind

15 called ferroelectric memory or ferroelectric RAM (FeRAM).

Ferroelectric memary has been studied for a long time after the initial proposals in
1957 [23-26], but an acceptable retention and read/write speed of such memories have
not been demonstrated yet. Basically, it can be fabricated in the form of capacitor [27-
48] in DRAM and ferroelectric field effect transistor (FeFET) [, 2, 49-61]. They both
possess nonvolatility, fast switching and radiation hardness. For ferroelectric capacitor,
which consists of a ferroelectric layer with top and bottom electrodes, it simply utilises
the hysteresis characteristics of ferroelectric material. The electric dipoles in the layer

are aligned by an externally applied electric field and remain almost unchanged when
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the field is withdrawn. The logic “0” and “1” can thus be stored in the capacitors as
either a “+” or “-” polarization state of the ferroelectric layer. On the other hand, the
remnant [;olarization of ferroelectric layer in the FeFET configuration will modulate the
semiconducting channel. In fact, the FeFET can perform non-destructive readout and
has a smaller footpn'nE than ferroelectric capacitor with its access transistor, it is the

preferred structure for use in memory cell.
3.3 Theory of ferroelectric memory

3.3.1 Basic operation of MOSFET

The schematic diagram of MOSFET 1s shown in figure 3.2 for the case of an
enhanced n-type channel formed on a p-type Si substrate. The source and drain regions
are heavily doped by diffusion of n-type material into the p-type substrate. There is no
current flowing through from drain to source because of the oppositely directed p-n
junctions in thla drain-substrate-source series. Nevertheless, when a positive voltage is
applied to the gate relative to the substrate, positive charges are deposited on the gate
metal. In response, the same amount of negative charges is induced in the underlying Si
forming a depletion region and a thin surface region of mobile electrons. These
electrons form an n-type conducting channel between source and drain. The channel
eventually eliminates the p-n junctions, and allows current to flow from drain to source.
The effect of the gate voltage is to vary the conductance of the induced channel. In

general, the positive gate voltage of an n-channel MOSFET must be larger than the
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threshold voltage, which is the minimum gate voltage required to induced a conducting
channel. Similarly, a p-channel MOSFET required a gate voltage more negative than
some threshold value to induced the required positive charge (mobile holes) in the
channel. There are exceptions to this general rule. For example, some n-channel
MOSFETs have a con(;ll.lc(ting channel already in zero electric field, and a negative
voltage at gate with respect to substrate is required to turn the device off. Such
MOSFET is called a depletion-mode MOSFET. However, the MOSFET operating in

the enhancement-mode is more common than operating in depletion-mode.

@  pran(D) Gate(G) Source (S)
Al

Figure 3.2 An enhancement-
type n-channel MOS transistor

(a) cross section of the device;

{b) schematic diagram of the

induced n-channel and the

depletion region.

In fact, MOSFET is particularly useful in digital circuit, in which only logic states
“on™ and “off” are involved. The drain current is modulated by the gate voltage, and the
gate terminal is in fact insulated from the source and drain by the oxide. Thus the d-¢

input impedance of a MOS circuit can be very large, usually in the order of 10'! ohms.
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The n-channel MOSFET is generally preferred because the mobility of electron in

n-channel is larger than the mobility of hole in p-channel.

3.3.2 Basic ferroelectric physics

Ferroclectricity, the property of ferroelectric, is named by analogy with
ferromagnetism, which occurs in ferrous metals. Ferroelectric materials are a class of
crystals, which has low symmetry along one or more crystal axes and has a spontaneous
polarization. The polarization vectors of ferroelectric crystals can be oriented in two
opposite directions by the application of an extemal electric field. As shown in figure
3.3, for example, lead zirconate titanate Pb(Zr,Ti,.x)O3 (PZT), the positive and negative
states in a ferroelectric crystal are due to displacements of positive metallic and negative
oxygen ions in opposite directions. The symiietry of the crystal is distorted from a
cubic structure to a tetragonal structure. Nevertheless, the ferroelectric behavior
depends on temperature. This behavior will be lost in a given ferroelectric at above a

characteristic temperature called Curie temperature.

The dipoles in ferroelectric can be lined up by an external electric field and their
polarization can be retained even after removing the field. The orientation of one dipole
will influence the surrounding dipoles to have an identical alignment. A ferroelectric
hysteresis loop i1s shown in figure 3.4. When an electric field is apphed across the
ferroelectric, the dipoles begin to line up with the applied field. At a point of the

maximum or saturation, all of the dipoles are lined up, polarization Py, is obtained.
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When the field s reduced back to zero, a remnant polarization Pg remains due to the
coupling between the dipoles. In the same way, if an electric field is applied in the
opposite direction, the dipoles are reversed. As the field continues to alternate, a
hysteresis loop representing how the polarization of the ferroelectric varies with the field

is obtained.

(@) (b)

[ 1 ” uon

Figure 3.3  Unit cells of ferroelectric crystals of the cubic pervoskite
Pb(Zr,Ti;.,JO3 shows polarization up (a) or down (b)

corresponding to logics “1" or “0°.

Domains, being regions in the material in which all the dipoles are aligned, occur
in as-grown ferroelectric crystal, and they have a mixture of random polarizations. The
process of orienting all the domains in one direction is called poling. Thus, after the
poling process, the ferroelectric can be switched from one stable state to another stable

state that provides the basis for the binary code-based nonvolatile ferroelectric memory.
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Psa Saturation polarization
AP Pr Remnant polarization
E: Coercive field

A

Figure 3.4 A typical ferroelectric hysteresis loop.

3.3.3 Physics of ferroelectric capacitor

Non-volatile ferroelectric capacitor utilises property of remnant polarization. As
shown in figure 3.5, it composes of a ferroelectric layer sandwiched between a top and a
bottom electrodes. When an external electric field is applied across the two electrodes,
the ferroelectric layer ts poled either positive or negative representing the binary logic

uou or “1”,

Top electrode
Ferroelectric layer

Bottom electrode

Figure 3.5 A typical ferroelectric capacitor

A typical ferroelectric layer material is PZT, which has a perovskite structure with

lattice constant of about 4 A. In some previous researches, platinum (Pt) was used as
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electrode 29, 35, 36, 44]. Pt has high electrical conductivity. Highly oriented (111)Pt
films can be grown on silicon (001). It has been widely used in semiconductor industry.
Recently, the applications of conductive oxides like IrO,, SrRuQ;, LaSrCoQs,
LaCaMnOj; and LaNiOs [27-30, 40, 44-46, 48) as the electrodes have been reported.
These oxides are also 6f perovskite structure. They can provide a better lattice matching
and an enhanced chance for epitaxial growth of ferroelectric. An improved interface
between the ferroelectric layer and electrodes can reduce the trapped charges that cause
polarization switching fatigue. Fatigue-free operation of PZT up to 10"’ switching
cycles was achieved by using the conductive oxide electrode [28, 48]. On the other
hand, the ferroelectric fatigue occurs at about 10° switching cycles when using Pt
electrodes [35, 36]. In fact, the conductive oxide-based ferroelectric capacitors with
excellent electrical cha -acteristics have been fabricated. Integration of these capacitors

on silicon has also shown good crystalline structure [48].

3.3.4 Physics of ferroelectric field effect transistor

More complicated than the ferroelectric capacitor, a ferroelectric field effect
transistor (FeFET) involves field effect like the metal-oxide-silicon FET. The simplest
structure of FeFET is based on metal-ferroelectric-silicon FET (MFSFET) [23, 60],
Howevér, the ferroelectric/Si interface is hard to control. For example, it is well known
that PZT reacts easily with Si and the interdiffusion of Pb and Si at the PZT/Si interface
occurs even at temperature as low as 500°C [61]. Therefore, in orc[er‘ to improve the

interface, a very thin buffer layer such as SiO, [52, 54], SrTaOg [56] or even silicon
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nitride [55] needs to be introduced in between the ferroelectric layer and silicon forming
a metal-ferroelectric-insulator-semiconductor (MFIS) structure as shown in figure 3.6.
The thin buffer layer can improve the interface and slow down the interdiffusion.
Besides, it does not affect the induction of field effect in the semiconductor because it is

sufficiently thin.

Drain (D) Gate (G) Source (8)

metal

p by
.’(ngl i

Figure 3.6 The structure of metal- ferroelectric-insulator-

semiconductor (MFIS) FET.

There is another structure called metal-ferroeiectric-metal-insulator-semiconductor
(MEMIS) [37, 57], that is illustrated in figure 3.7. This type of FeFET, in fact,
comprises a ferroelectric capacitor and a conventional MOSFET. The retained charges
at the bottom electrode of the capacitor due to the remnant polarization of the
ferroelectrics 1s coupled to the semiconductor and the conducting channel is then
induced to allow the current flowing through from drain to source. The logic states can

be represented by the conduction conditions in the channel.
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Drain (D) Gate (G) Source (S)

n-Si

Figure 3.7 The structure of metal- ferroelectric-metal-insulator-

semiconductor (MFMIS) FET.

Recently, a novel approach to FeFET was proposed [1, 2] to further improve the
interface between the ferroelectrics and semiconductor. These FeFET heterostructures
use, instead of Si, a semiconductor-like perovskite oxide such as such as LaSrCuO,
(LSCO) or the doped rare-earth manganates (eg. LaCaMnO, (LCMO)) as the
semiconductor layer. The carrier concentration of these oxides varies widely with both
La:Sr or La:Ca and the oxygen content. In addition they have lattice constants which
are closely matched with many ferroelectrics. A typical structural layout of these FeFET

is shown in figure 3.8.

Figure 3.8 The structure of the FeFET by use of

semiconducting oxide layer.

Chapter 3 Ferroelectric memory 26



TR T RS

Q Ty HONG KONG
Q’eob POLYTECHNIC UNIVERSITY

The operation of such novel FeFET is quite different from MFIS and MFMIS
FETs. In such FeFET there is no pre-diffusion of other type semiconductor into the
semiconducior. Instead, the remnant polanization modulates the region of
semiconductor just below the ferroelectric. When a positive voltage is applied to the
gate and p-type semiconducting layer, it polarizes the ferroelectrics. The electric dipole
moments of the ferroeiectric point downwards towards the semiconducting oxide
(shown in figure 3.9). This action actually causes the buildup of a positive charge on the
bottom side of the ferroelectric that will be compensated by the same amount of
negative carriers in the channel, thereby reducing the channel of positive holes. The
channel resistance therefore increases under positive poling. Similar argument is true

for the negative poling and the channel resistance becomes smaller.

In this program, we attempted to fabricate such FeFET using LaSrMnO; (LSMO)
as the semiconducting layer. LSMO has shown to have high thermal stability and can be

fabricated at relatively low processing temperature.

Device ' Device
Poled Poled
itiv i
positive §| Holes negative § Holes
++++++++++++++ depletedin = 0 —————m—m e lat
—————————— —_——— chsnnel +++¢+++ +++FF+ accumuate
Ferroelectric erroelectric in channel
e+ LA s # ____material %
————— —————— FFFFFIFFFFFFFTF,
p-type semiconducting oxide p-type semiconducting oxide
.\ Channel \_Channel
resistance resistance
increases decreases

Figure 3.9 Schematic diagram of a simplified mode! of the field effect in p-type ferroelectric FET,
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CHAPTER 4-

EXPERIMENTS AND SET-UP

4.1 Pulsed Laser Deposition (PLD)

4.1.1 The experimental set-up of PLD

A Krypton Fluornide (KrF) excirﬁer laser with a wavelength of 248 nm (Lambda
Physik COMPex 205) was used for the fabrication of all samples. The excimer
molecules are formed in a gaseous mixture of the component gasses of Kr, F;, He and
Ne. The total pressure in the laser chamber is 3400 mbar in which the partial pressure of
Kr, F3, He and Ne arel30 mbar, 4 mbar, 56 bar and 3210 mbar respectively. The 1onic
andlelectronically excited species are created by the avalanche electric discharge .
excitation (-40 kV). The excited species react chemically to produce the excimer
molecules, of which the ground state is repulsive and tends to dissociate rapidly. The

maximum output of the laser is about 550 mJ per pulse for a pulse duration of 25 ns.

The laser beamn was first reflected by a mirror and then focused by a convex lens
through a fuse silica window on a rotating target, mounted inside a vacuum chamber.
The laser intensity after passing through the window and lens was about 60% of the
original laser output. The laser spot size on the target surface was estimated to be about

2 ' B ) ‘ . . . -
3 mm-. The schematic diagram of the pulsed taser deposition system is shown in figure
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4.1.

A mechanical rotary pump (ULVAC D-330K) and a cryro pump (CTI-
CRYOGENICS CRYO-TORR 8) (not shown) were used to evacuate the vacuum
chamber system. The chamber could be pumped down to a base pressure of 5X 107
Torr. The attached baratron (MSK Type 122A) and ionization gauge (ULVAC type
WIT) were used to detect the pressure of the chamber in a range of 10" - 10 Torr and

107 - 107 Torr, respectively.

All ablation targets were in the form of a circular disc of 17 diameter and 0.25”
thick. They were strung onto the end of a rotating shaft, which was driven by a dc
motor and could be slided in and out of the chamber for selection of an appropnate
ablation target. The focused laser beam was directed on the circular surface of the target
as shown in figure 4.1. In this way our PLD system allows us to in situ fabricate of
multi-layers of different materials. The laser induced plasma plume from the target was
aligned perpendicularly with the normal of the substrate. The target-substrate distance

was kept about 45 mm during the deposition for different materials.

The heating filament was formed by a length of Kanthal wire (25% chromium, 5%
aluminium, 3% cobalt and 67% iron) with 0.559 mm diameter and a resistance per unit
length of 5.1 @m™'. The wire was wound inside the substrate holder box. A K-type

stainless steel shielded thermocouple was inserted right undemeath where the substrate
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was attached. A steady temperature control was provided by a PID controller
(Shimaden SR-19) and power regulator (PAC25-0321). Good thermal contact between
the substrate holder and the substrate itself was guaranteed by the adhesion of the quick

drying silver paint (G3691). The temperature gradient between the thermocouple and the

PID controller
and
Power regulator

Temperature
sensor

Gas inlet

Substrate holder
Heating element

Convex lens

Mirror

Vacuum S _
chamber Target holder R

Figure 4.1. Schematic fay-out of the PLD set-up
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heating sample was reduced. The actual temperature of the substrate was estimated to
be 30°C lower than the measured temperature from the PID controller at an absolute
temperature of 600°C. All quoted processing temperature in this report are the PLD

controller shown temperature.

4.1.2 Procedure of fabricating thin films by PLD

In the present study, LSMO and PZT films were deposited using the PLD system
Just described. The KrF excimer laser running at the repetition rate of 10Hz was used
throughout the film fabricating process. Films were grown on (001) LAO substrate
under different deposition conditions. The laser beam was focused on the targets and
the plasma plume was aligned with the centre of substrate holder. The laser fluences
used were estimated to be 6 J/cm® and 4 J/cm? for LSMO and PZT targets, respective.y.
Before gluing onto the holder face plate, the substrates were cleaned ultrasonically and
rinsed in deionized water for several times. For fabricating the PZT/LSMO structure,
the substrate was pattern-masked before deposition. This masking process will be
discussed in chapter 6. The thickness of the films under the said fluences was 20 — 80
nm for LSMO and 500 nm for PZT in the PZT/LSMO structure. For single layer
characterization the LSMO film was, however, 200 nm thick. The substrate temperature
for growing LSMO films varied from 450° to 700°C while that for PZT films was kept
at 620°C. The ambient oxygen pressure during the LSMO films fabrication changed
over a wide range from 0.1 to 200 mTorr for detail studies of electrical properties as a

function of oxygen content of the films. After deposition of each LSMO film, the films
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were annealed under the same deposition temperature for 1 to 60 minutes, releasing the
stress in the grown film to improve the crystallinity. On the other hand, the oxygen
pressure used in the PZT films fabrication was fixed at 200 mTorr. The PZT films were
cooled down to room temperature under one atmosphere oxygen pressure without any
post-annealing. The lead and the lead oxides in the films are volatile under such high
temperature. Prolong heating may cause severe lost of Pb and is detnmental to the
structural and electrical properties of the films. The grown films were characterized by
the following discussed techniques and the electrical measurements were also carried

out followed by coating of gold as electrodes.
4.2 Sample characterizations and measurements

4.2.1 Structural characterizations

4.2.1.1 X-ray diffractometry (XRD)

X-ray diffractometry (XRD) is 2 common non-destructive method for determining
the information about crystal structure and atom location of various materials in bulk
solids, powders or thin films. It was used to investigate the quality of our targets and
epitaxial multi-layer thin films. The XRD system involved was a Philip X pert system

operating in four-circle mode. The CuK, radiation with a wavelength A of 1.54 A, was

used. The radiation from Kg line was filtered out by a Ni filter.

The X-ray radiation from the X-ray source interacts with the electronic dipoles
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and is scattered in all directions. The radiation scattered from one atom interacts
destructively with radiation from other atoms except in certain directions like figure 4.2.
In these directions, the scattered radiation is reinforced rather than destroyed. From the

diagram, the constructive interference happens when

AB+ BC=nA,n=1,23,...

and because AB = BC = d sin8, it follows Bragg’s Law

2dsin@ = niA,n=1,273,...

where n is the order of the intensity maximum, A is the X-ray wavelength, d is the

interpl: nar spacing, anc 6 is the angle of incident of X-ray beam.

Diffracted

Incoming
X-ray beam

X-ray beam

Figure 4.2 Bragg diffraction of X-rays from successive planes
of atoms. Constructive interference occurs for

ABC equal to an integral number of wavelengths,
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The interplanar spacing for a simple cubic structure can be determined by the following

equation

d= 4

NPETEINTE

where a is the lattice constant of the crystal structure and h, k and 1 are the reciprocal

lattice indices for a, b, ¢ axis respectively.

The experimental geometry of X-ray diffractometer (XRD) is illustrated in figure

4.3. It shows the X-ray source, different kinds of slits, monochromator and detector.

Also, there are four rotating axes of 8 (), 28, x and ¢ for different scan modes. We will

use the 8-20, w and ¢ scans to confirm the epitaxy of our tl.in films.

_Beafm
X-ray fdwergence

tube / slit

G4

Soller Beam

S|ltS height
e, .. slit
e,

Ly

Incident
LATay,

beam

slit

P

X-ray

detector

rg Diffracted beam
5 5: monochromator

' 'T:inhols
detectdr\

Figure 4.3 Experimental geometry, showing four primary axes of

goniometer, X-ray tube, detector and slits
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In the 6-20 scan, the X-ray source is fixed at a position. While the sample rotates
a certain angle with respect to the X-ray beam axis, the detector rotates twice of that
angle as shown in ﬁgﬁre 4.4. It allows the detector to follow the reflected ray and to
receive the strongest signals from the zeroth order diffraction. The constructive

diffraction lines reflect the crystal structure of the materials under investigation. With

appropriate calculation information like the crystalline phases and orientations can be

determined. (a)
To X-ray
X-ray source
AN Y detector
\\ Y hY ~ ~
N NN W £ A1 A
. ~ hY ~
X-ray N NN A
~
source AN R S
\ \\ \\ \\ \'\ ’, I, /’ /’
\\ \\\ \\\ \\\ \‘\ //f" ,’/ I’I ,,I
~ ~ b ~ d 7’ rd rd
\ ~ ~ ~ ~ , / rd #
detector SN\ i
y \\ ‘v’ ‘v’ /I 1’ gfa[n
9 / ® / \\\ \zv\’ \;l: \fv\, /’l
/ ‘\ 20 circle %@ \@’/Iamce
~

8 circle

o —— — ———

Figure 4.4 The schematic diagram of 8-26 scan, it
shows the moving angle of detector is

twice of that of the sample.

(b)

Figure 4.5 (a) The FWHM of w scan reflects the alignment of

different polycrystalline at a particular orientation.
(by The FWHM of broad and narrow rocking

curves.
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The 0-20 scan, however, yields only the information on the out-of-plane
crystalline orientations of the film but cannot give quantitative measurements of the
orientations, i.e. the degree of alignment of the crystal grains with each other in the
films. @ scan, on the other hand, supplies us with this information. Gramns with
different orientations in a thin film examined by @ scan mode are shown in figure 4.5a.
The X-ray source and detector are fixed at certain € angle for a particular orientation
crystal plane reflection the sample is rocked along the ®w axis. The constructive
diffraction occurs only when a grain is aligned at the angle according to Bragg’s Law.
Therefore, a broad profile will be obtained if the grains are not well aligned in the same
direction. Conversely, a very narrow profile will be observed if the grains are perfectly
aligned. Often the w scan profile is referred as rocking curve. The full width at half
maximum (FWHM) of the rocking curve is used as a parameter to determine the quality
of the film orientation, which is shown in figure 4.5b. The narrow profile (i) smaller
FWHM means a better film quality in onientation. The broad profile (i1) suggests a bad
film quality. For the FWHM of the rocking curve is less than or around 1°, the film can
be considered as highly oriented. The FWHM of w scan of single crystal like LAO or

silicon is about 0.2° by our XRD characterization.

In order to confirm the epitaxy of the films, we need yet another scanning
technique called ¢ scan. For a simple cubic structure as shown in figure 4.6, the X-ray
source and the detector are fixed at an angle for, say, the (001) plane. Tilting the ) axis

to an angle of 45° (not shown), the ¢ axis is then rotated from 0° to 360°. Within the

Chapter 4 Experiments and set-up 36



Q T2 HONG KONG
?zb POLYTECHNIC UNIVERSITY

FRET RS

360°, there are four diffraction lines at 90° apart corresponding to (011}, (101), (OLT)

and (10T) planes reflection. It thus reflects geometrical four-fold symmetry of the cubic
structure.  Other structures like tetragonal, it also shows the four-fold symmetry
charactenistic, but the tilting angle of the ¥ axis is different and depends on the arc-
tangent of the ratio of the out-of-plane lattice constant, ¢ and the in-plane lattice
constant, a. For a more complex structural system such as hexagonal, in which a six-
fold symmetry is observed, it needs to calculate the tilting angle of ) before carrying out
the ¢ scan. In our studies, however, the LSMO and PZT are both perovskites with
pseudo-cubic structures. We can simply regard this structure as simple cubic in

performing the ¢ scan operation.

The interface of the substrate and the epitaxial thin film is shown in figure 4.7. By
fixing the angle of the X-ray source and the detector to the diffraction angle of (011)
plane, for example, for both substrate and film. If the two plots of ¢ scan show four-
fold symmetry and the diffraction lines of corresponding planes are at the same angle.
The film is said to be cube-on-cube epitaxially grown on the substrate. In our case

higher order (022) planes were used due their stronger signal and higher resolution.
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D) D

1) / | Z(IOT)

Figure 4.6 The illustrations of ¢ scan for the ¢ angles of 0°, 90°, 180° and 270° show the

planes of (Oll), (IOI), (Ol T) and (IOT) {not show the tilting angle ).

[n conclusion, the above three scanning techniques can provide detatl structural

characterization of the grown film and verification of cube-on-cube epitaxy.
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\\\(// (011)

Thin film
Figure 4.7 Cube-on-cube epitaxial thin film. d,
and d; are the interplanar spacing
4 between the two (011) planes of the
film and substrate, respectively.
Substrate
o1
| | on)
45°

4.2.1.2 Scanning electron microscope (SEM)

Apart from the X-ray differentometry characterization of crystal structure, the
surface morphology of thin films was investigated by scanning electron microscopy.
The model of scanning electron microscope (SEM) used in our thin film characterization
is a Leica stereoscan 440. Its principle maximum amplification is 300,000. The grains

in the size of 20-30 nm can just be resolved under this amplification.

The idea of electron microscopy is that in using energetic electron beam, which
have a shorter wavelength A (about 0.1 nm), instead of the light photons (A = 400-700
nm) in optical microscope, better resolution images are obtained. In SEM, the detector
collects the electrons that are knocked out of the specimen atoms by the electron beam.

The signal from detector is then amplified by circuitry and synchronised with the scan
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generator to produce the image. The schematic diagram of SEM is shown in the
following figure. Electrons are generated from the cathode, a heated sharply pointed rod
of lanthanum hexaboride. After leaving the cathode and shield, they are accelerated
towards the anode. If the stabilization of the high voltage is adequate, electrons pass
through the central aperture at a constant energy. The intensity and angular aperture of
the beam are controlled by the condenser lens system between the gun and specimen.
The beam after being minimized is deflected to scan over the region to be investigated
in a raster pattern of lines by the magnetic field of the scanning deflection coil. The
deflected beam is finally focused on the specimen by the objective lens through the

correction elements of astigmatism, stigmator.

‘ R R R e S
Electron iy % ,'Eff:g: SR
Gun é\'i"" AR iy
Condenser
lens Image
Scan
generator
Scanning N V\/\/\/\/\/ [
deflection
coils
Objective
lens
Detector
Specimen ,Q S|gqgl
/ amplifier

Figure 4.8 The simplitied schematic diagram of scanning electron microscope.
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The electrons that escape from the specimen basically are divided into
backscattered electrons and secondary electrons. They are classified according to their
energy. The energy for backscattered e;ectrons 15 more than 50 eV while for secondary
electrons is less than 50 eV. The backscattered electrons are generated by the elastic
collision of the incident electron beam and the nucleus of the specimen. In the collision
the direction of the beam electron is changed but the energy exchange is very small and
less than 1 eV. On the contrary, the secondary electrons come from the inelastic
coilision of electron. The interaction in this inelastic collision resuits in the transfer of a
few electron volis of energy to the conduction band electrons. Because of a large
difference between escape depth of them, for backscattered electron the escape depth is
sub-micron while for secondary electron it is in the order of 10 nanometres, they are
collected and reconstructed as image with high topographic contrast. For sracoth
specimen surfaces shown in figure 4.9, they have the escape zones for .both electrons
uniformly deep in the specimen, resulting in minimal escape of electrons from the
specimen per unit area. Rough surfaces have escape zone of both electrons thrown off
the horizontal, producing more volume of escape zone per unit area and resulting in the
escape of more electrons during bombardment by the electron beam. Besides, the
number backscattered electrons is strongly depended on atomic number. The higher the
atomic number the emitted backscattered electron increases more. It is so-called atomic
number contrast of scanning electron microscope. Also the quality of reconstructed
image can be improve by the noise reduction process, in which the scanning rate is slow

and the number of raster line is increased. For non-conductive sample like our PZT
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films, a sharper image can be obtained by a thin gold-coating surface (generally 10 — 20
nm thick). This is due to the increase emission of secondary and backscattered electron,
reduction of thermal damages as well as the elimination of specimen charging. Thus
details of surface morphology of the deposited thin films can be obtained by

investigating the high resolution and high contrast SEM images.

Electron beam Secondary and
backscattered
7 electrons escaping
Secondary and Electron beam from specimen
backscattered surface

electrons escaping
from specimen
surface

a3 x

_ Seéondéry and

Secondary and
backscattered

electrons absorbed backscattered
by specimen efectron‘s absorbed
by specimen

Figure 4.9 Topographic contrast. More backscattered and secondary

electrons escape from a rough surface than from a smooth.

4.2.1.2 Thickness measurement

The thickness of the thin films can be determined by examining the SEM image of
cross-section of the film. Film thickness measurement can be obtained by using Alpha-
step proﬁlér (Tencor Instrument, model P-7). A sharp edge is needed to carry out this

measurement. For this reason, a mask should be placed to produce an edge during the
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deposition. The idea of Alpha-step is to move a very fine needle across the step,
detecting the thickness profile of the film like the following figure. The highest

resolution of this instrument is less than 1 nm.

Film

Substrate

Figure 4.10 Film thickness measurement by Alpha-step.

4.2.2 Electrical properties analysis

4.2.2.1 Resistivity-Temperature measurement

The electrical conductive properties of materials can be revealed by the resistivity-
temperature (R-T) measurement. The R-T profile does not only show the transition
temperature of materials, but some other electrical transport properties are also
displayed. We used this measurement to characterize our LSMO films fabricating under
different deposition conditions. The following figure is a schematic diagram of our R-T
measurement set-up. Four-point probe technique is used as a part of the rgsistance
measurement. A platinum wire, in which the potential difference between the wire
terminals at constant current is linearly proportional to the temperature, is used as the

temperature sensor. The four-point probe signal of the sample and the platinum wire
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signal are collected by a commercial interface card of national instrument (NI) and are

processed by a programme written in a graphical programme language, Labview. A

temperature control from room temperature to the liquid nitrogen temperature is

achieved by a cryostat. The R-T profiles are displayed in the monitor screen during the

measurement and the output to plotter using other software like origin or excel.

current
source

Constant

Computer and
interface card

7

]
Temperature sensor

]

I

I
!

|

;

[ !

: / R / | Temperature control from room
t

I temperature to 77 K

Figure 4.1t The schematic diagram of resistivity-temperature measurement,

including the four-point probe, temperature sensor, temperature

control system and computer with data acquisition card.

Four-point probe is a precise electrical measurement of the materials because 1t

eliminates the contact resistance between the sample and the probes by the clever

arrangement of the probes as illustrated in figure 4.12.
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Sample

Contact resistances

Figure 412 An equivalent circuit diagram of the resistance measurement

using the four-point probe technique.

A constant current, I, passing through the outer two probes flows through the
resistance R, of the sample resulting in a voltage drop V setween the inner two probes.
This potential difference is measured by a high input impedance voltmeter, in which
there is no current flowing through the two inner probes for an ideal case. Therefore the
resistance R is obtained simply by applying the Ohm’s law, V x 1. Besides, the use of
four-point measurement is more convenient to convert the resistance into resistivity by a

simple calculation as follows.

A
Y

W] It

Figure 4.13
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The resistance of the above rectangular block, R is proportional to the resistivity
of the matenal, p, and the length, L, and inversely proportional to the cross-sectional

area, A, which is the width W, multiplying the thickness t.

rR=pL

L_, L
A W’

However the sheet resistance (sometimes called the sheet resistivity), Rs is defined

by the resistance of the block, if the length L, 1s equal to its width w.

where Rgs is in the unit of ohm per unit area (Q/Q).

On the other hand, the sheet resistance of thin film, Rg is given by

where V is the dc voltage across the inner probes (voltage probes); I is the constant dc

current passing through the outer probes (current probes) and C.E is the correction

factor.

The correction factors for different geometry can have a change of factor of 2 or 3.
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It depends on the ratio of the width of the sample and the spacing between two

neighbouring probes, and also the ratio of the width and length of the sample. The

correction factors of circular and rectangular samples are shown in Table 4.1.

Y

A

Figure 4.14 The four probes on the sample, a, d and s are the length, width

and the distance between two nearest probes, respectively.

Table 41  Correction factor C.F. for the measurement of sheet resistances with the four-point
probe {abstract from VLSI Technology, S.M. Sze)
Square Rectangle
dfs Circle ald=1 a/d=2 ald=3 ald=24
1.0 0.9988 0.9994
1.25 1.2467 1.2248
1.5 1.4788 1.4893 1.4893
1.75 1.7196 1.7238 1.7238
2.0 1.9475 1.9475 1.9475
2.5 : 2.3532 2.3541 2.3541
3.0 2.2662 2.4575 2.7000 2.7005 2.7005
4.0 2.9289 3.1127 3.2246 3.2248 32248
5.0 3.3625 3.5098 3.5749 3.5750 3.5750
7.5 3.9273 4.0095 4.0361 4.0362 4.0362
10.0 4.1716 4,2209 42357 4.2357 4.2357
15.0 4.3646 4.3882 4.3947 4.3947 4.3947
20.0 4.4364 44516 4.4553 4.4553 4.4553
40.0 4.5076 4.5120 4.5129 4.5129 45129

The d/s and a/d ratios of our LSMO films are about 2.5 and 2 so the correction

factor of 2.3532 was chosen. The resistivity become
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P =R;xt =%C.Fxt = 2.35327.

The constant current is achieved by an inverting amplifier, which is constructed by
operational amplifier LM 324 with a couple of resistors shown in figure 4.15, and the

constant current is given by

Sample or platinum wire

V. N Re
—— 7
10 kQ v,
Vi
_ Vo
R + :
E— V.

Figure 4.15 A simplified circuit diagram of the inverting amplifier

Due to the fix value of the ratio of V; and R,*the circuit can act as a constant
current source to supply the current I through the sample or temperature sensor Rs. In
our case, a resistor of 10 k€ is selected as R while the input voltage V;is 10 V. Thus a

constant current of [ mA can be obtained.

By this automation system of the R-T measurement, the R-T profile of the thin

film can be obtained easily.
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4.2.2.2 Hall effect measurement

Other electrical transport properties of LSMO films are obtained by Hall effect
measurement, from which the sheet resistivity, carrier concentrations and mobilities can
be assessed. Our LSMO films were measured by the Bio-Rad Microscience HL5500
Hall system at room temperature. The films were patterned as square shape. The four
terminals were then probed on the corners of the film, two for giving a current while
others applying the Hall voltage across the film. The illustration of Hall effect is shown
in figure 4.16. A rectangular sample is placed in 2 magnetic field B,. An electric field
Ex applied across the end electrodes causes an electric current density j, to flow down
the rod. The drift velocity of the electrodes immediately after the electric field is
applied. The deflection in the y direction is caused by the magnetic field. Electrons
accumulate on one face of the rod and a positi ‘e ion excess is established on the

opposite face until the transverse electric field E; just cancels the force due to the

magnetic field.

A quantity called the Hall coefficient Ry can be deduced as

also Hall coefficient is also written as
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where n is carrier concentration and e is charge of electron. Besides, the mobility p for

hole is

p is resistivity of the sample. Therefore, carrier concentrations and mobilities of the:

samples can be easily obtained.

Magnetic field B, | |va
Prrtd

Section perpendicular .
to z axis; drift velocity ﬁ g ﬁ ﬁ ;ﬁ ﬁ —> ke

just starting up.

—>E, Z X
+ + + + + + + +
Section perpendicular [« <« |_ <« - - .
« <-lEy4- « <« |—>
-« -~ -« “« -

to z axis; drift velocity
insteady state. @~ — _ _— — — - — — —

Figure 4.16 Schematic diagram to illustrate the Hall effect. (a) A external magnetic
field B, is applied to the sample. (b} The deflection of the drift current
is caused by the magnetic field. (c) Transverse electric field E, is

applied to counteract the deflection.
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4.2.2.3 Leakage current measurement

Other than the electrical measurement of the oxide films, the leakage current
across the ferroelectric layer needs to be measured also. The leakage determines the
polarization retention in the ferroelectric films. The leakage current for the ferroelectric
films, say PZT film with the thickness of 500 nm, is in the order of 10"'° A under the
driving voltage of 1 V. Mdst ammeters are mot suitable for current lower than

¢ o

microampere. A digital electrometer, Advantest TR8652, is used in our studies to

measure such small current. This is a 4-1/2 digit electrometer which employs a DC

amplifier with an mput impedance of 10" © and the maximum resolution for current

measurement 1s 10 fA.

By putting the two terminals of the meter across the top and bottom electrodes o'
the ferroclectric layer and setting the driving voltage, the leakage current can be
measured. To increase the driving voltage gradually, the V-1 characteristic of the

ferroelectric layer can be obtaimed.

4.2.2.3 Polarization-Voltage measurement, fatigue and retention test
Polarization-voltage (P-V) or polarization-electric field (P-E) loop measurement is
a mean to determine the electrical properties of ferroelectrics. In this measurement, we
used a commercial test kit, a Radiant technologies RTGG;A standardized ferroelectric test
system under virtual ground mode, to carry out P-V or P-E measurement. The drive and

return terminals are connected to the top and bottom electrodes, respectively. While the
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kit drives the ferroelectric material with a triangular voltage profile, it measures the
polarization of the ferroelectric material sim.ultaneously. After one cycle of the driving
voltage, a hysteresis loop of P-V or P-E is shown, from which the saturation and
remnant polan'zations: for both positive and negative poling as well as the coercive

voltage or electric field can be determined.

Polarization switching fatigue is a prime concemn for ferroelectrics like PZT.
Other than that, we performed another test by RT66A that was the fatigue test. The
fatigue test is to gauge the endt;rance of the ferroelectric materials against switching
fatigue after many poling cycles. The ferroelectric material is poled continuously by a
series of positive and negative pulses. Remnant polarization is measured just after the
poling. Generally for a ferroelectric films with epitaxial oxide electrodes, fz igue-free

operation up to 10" cycles is possible. In our studies the multi-function RT66A was

used in such tests for our PZT films.

The retention is another important parameter-in ferroelectric material. This refers
to the time duration for the ferroelectric material to retain the remnant polarization. The
retention is strongly dependent on the quality of the ferroelectric material and the
leakage current. It can be determined by the continuous measurement of the

polarization after the ferroelectric material being poled.
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4.2.2.5 Modulation

Modulation is a crucial factor that determines the performance of the FET. In an
ideal FET it is better for the channel resistance to be short-circuited at a low state while
open-circuited for a high state. However, such device is impossible to fabricate in
practice. Instead, device with a high enough modulation depth is preferred. A typical
circuit for measuring the FET modulation is illustrated in figure 4.17. The circuit
consists of a bipolar voltage pulse source, a dc power source and an ammeter. The
modulated current is measured after either positive or negative poling. In order to
eliminate the erroneous signal due to leakage current through the ferroelectric layer, the

pulse source is disconnected from the sample during the resistance measurement.

R_-R,,
The modulation in FeFET is given by ——“"‘R—"‘“‘x 100% .

min

Pulsed Source

OF

Figure 4,17 Electrical circuit arrangement for FeFET modulation measurements.
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CHAPTER 5

FABRICATION AND STRUCTURAL
CHARACTERIZATION OF LSMO/LAO
AND PZT/LSMO/LAO
HETEROSTRUCTURES

The aim of the present study is to fabricate an epitaxial PZT/LSMO
heterostructures for potential use in ferroelectric field effect transistor. As the film’s
quality is primarily governed by their structural properties, epitaxial crystalline films are
therefore needed in high performance device. The structural characterization of the thin
films is of fundamental importance. In this chapter, we will present the results of LSMO
and PZT/LSMO thin films structural characterization by XRD and SEM. As both the
PZT and LSMO ablation targets are made by ourselves, we begin, however, with the

description of target fabrication and characterization.
3.1 Target fabrication and characterization

Both PZT and LSMO targets were fabricated by the standard solid state reaction
method. The PZT and LSMO target composition were examined by energy-dispersive
X-ray spectrometer (EDX) and were determined to be PbZrpsaTigssO3 and
Lag 78193MnO;, respectively. The crystalline structure of the PZT and LSMO targets
was then characterized by XRD. The XRD diffraction lines of the targets are defined

and shown in figure 5.1.
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Figure 5.1 The XRD patterns of the LSMO and PZT perovskite oxide target.
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5.2 Structural analysis of Lag;Srg;sMnO; thin films and

PbZr 5, Tip 4503 /LagSresMnQO; heterostructures

5.2.1 Substrate temperature dependence

It 1s well known that the substrate temperature during film growth has prominent
effect on the crystal structure of the ceramic thin film [62]. The thickness of LSMO thin
films discussed in the following sections was about 200 — 250 nm. The relatively large
fluctuation may be caused by the variation in optics alignments and the different ambient
pressure during deposition. In our PLD set-up the laser beam is focused onto the curve
surface instead of a flat one. The direction of the ejected plume is therefore very
sensitive to the beam alignment. The laser fluence was kept at 6 Jlem®. A laser pulse
repetition rate of 10 Hz was used throughout. Under the above condition the films weré
grown for 10 minutes su the thickness per pulse can be estimated as 0.33 — 0.42 A. The
substrate temperature in this series of experiments was varied from 450°C to 700°C.
The deposition ambient OXygen pressure was 200 mTorr. The X-ray diffraction patterns
of the film grown in this temperature range are shown in figure 5.2. Strong (001) family
peaks of LSMO film and LAO substrate are clearly seen. No other diffraction lines can
be observed throughout the 8-20 scans for the films grown at substrate temperature from
500°C to 700°C. The overlapped diffraction lines of (001)LSMO and (001)LAO are due
to the small lattice mismatch between them (< 3%). Their (002) diffraction lines can be
resolved and are found at around 47° - 48°. A small peak due to residue CuKp radiation

is present at 43°. From the figure, it is observed that crystalline LSMO film cannot be
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grown at temperature under 450°C. The films grown at 500°C or above, however, have
good crystalline structures. The calcuiated out-of-plane lattice constants from the
reflection angles for the LSMO films and LAO are 3.86 A and 3.78 A respectively.
They deviate slightly from the lattice constants of LSMO (3.88A) and LAO (3.79A) as
previously report {63]. It may be the distortion due to the contraction force at the

interface arisen in small lattice mismatched heterostructures.
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Figure 5.2 The 6-20 scans of the LSMO films at deposition temperature

from 450°C to 700°C.
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The good crystalline quality of the deposited films is further confirmed by thg
rocking curve in ® scan. The rocking curves of the films grown at 500°C and 700°C
display FWHM of 1.15° and 0.85° respectively and are illustrated in figure 5.3. It
suggests the grown films have very good crystalline orientation and the crystallinity
improves as the substrate temperature. Our present results on processing temperature is
lower than the previous reports for Lag 7Cap sMnO3 (LCMO) and LSMO films, in which

the growth temperatures are 650°C [64] and 700°C [65], respectively.

500°C

FWHM=1.15°
3
.
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Figure 5.3 The rocking curves of the LSMO films grown at 500°C and 700°C.
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The sharp and intense peaks in the normal 8-28 scans and the value of FWHM of
rocking curve in ® scans only give measu1;es on the degree of orientation of the
polycrystals of the films normal to the film surface. It is not enough to determine the
epitaxy of the thin film. In order to further confirm the epitaxy of the films, 360° ¢
scans of the (220)LSMO and (220)LAO were carried out. Figure 5.4 shows the ¢ scans
of the (220)LSMO and (220)LAO for the film grown at 500°C. As méntion in chapter
4, this scan technique is used to confirm the in-plane alignment of the lattices between
the film and substrate. From this figure, there are four peaks located at 90° apart
showing the characteristic of four-fold symmetry. It reflects the cubic structure of both
the LSMO film and the LAO substrate. The coincidence of these 2 sets of peaks
sugrests that the LSMO film is cube-on-cube sitting on the lattices of the LAO substrate.
With the results from the previous 0-20 and ® scans, the LSMO film are confirmed to be
an epitaxial film grown on LAO substrate. Certainly, similar results for films grown at

above 500°C are also obtained.

To conclude, epitaxial (001)LSMO film can be grown on (001)}LAO substrate at
the te;mperature as low as 500°C. This processing temperature is low enough to be
compatible with Si processing technology. Our work has suggested that LSMO 1s
potentially a suitable oxide material for integration devices. In general the crystallinity

of LSMO improves with increasing processing temperature.
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Figure 5.4 The ¢ scans of the (220} LSMO and (220} LAC for the film grown at 500°C
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5.2.2 Deposition oxygen pressure dependence

The deposition oxygen pressure has é marked effect on the out-of-plane lattice
constant of the LSMO films. Films grown under the deposition pressure from 0.1 to 200
mTorr at 700°C were investigated by the XRD. The 6-20 scan results are shown in
figure 5.5. Itis clearly observed that the (001) diffraction lines of LSMO films and LAO
substrate are resolved except for the film grown at 200 mTorr. There is a clear shift of
(002)LSMO peak from 46.18° to 46.99° for films deposited at 0.1 mTorr and 200 mTorr
respectively. The corresponding out-of-plane lattice constants change from 3.934 to
3.86A. The lattice constants are all deviated from the normal relaxed value of 3.88A.

This suggests that the lattice constant of LSMO films changes with oxygen content [66].
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Figure 5.5 The 8-26 scans of the LSMO films deposited under the oxygen

pressure from 0.1 to 200 mTorr at 700°C.
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5.2.3 Post-annealing temperature effect

In this series of experiments, the as—grdwn films were post-annealed under various
ambient oxygen pressure from 4x10° Torr to 10 Torr at the same deposition temperature
of 700°C for one hour. The 6-20 scans of the film deposited under the oxygen pressure
of 4x10® Torr, 10 'I‘orruand the as-grown are shown in figure 5.6. Similar XRD
structural characterization results were found. The (002) LSMO peak position remains
basically unchanged by the annealing process. The FWHM of (002) reflection line in o
scan for those films were 0.87°, 0.86° and 0.85°, respectively. No substantial reduction
of the FWHM was observed. It suggests th.at the grown LSMO films are not affected by

further thermal.

From the results of the XRD structural characterizations, highly oriented
crystalline LSMO films with good epitaxy have been grown on LAO substrate over a
wide temperature range from 500°C to 700°C. The out-of-plane lattice constant and the
corresponding oxygen content of the film can be tuned and decided during the film
growth process. Once the crystalline LSMO films have been grown, it is highly stable
against any subsequent thermal treatment. This last feature of LSMO makes it a highly
desirable material for use in multi-layer device structure. Any subsequent deposition at
different growth conditions will not affect the structural of the previously laid down

LSMO layer.
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Figure 5.6 The 0-20 scans of the LSMO films annealed under 4x10°® Torr

and 10 Terr at 700°C for 1 hour as well as the as-grown film.
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5.3 Structural characterization of PZT/LSMO heterostructures

Based on the LSMO films grown at 700°C, PZT films were then in situ grown on
top of it forming the PZT/1.SMO heterostructures. The PZT films in this case were
deposited under an ambient oxygen of 250 mTormr at 620°C and cooled down to room
temperature at 760 mTorr oxygen pressure. The laser fluence was kept at 4 Jfem®. The
thickness of PZT was estimated to be about 500 nm. This PZT film thickness is
comparable to the film thickness (400 nm) used in the FeFET fabricated by S. Mathews
et al. [3]). In order to show that the grown PZT films is of pure single phase, a log scale
of the 8-28 scan of PZT/LSMO heterostructures is plotted as shown in figure 5.7. No
trace of other PZT reflections was observed except the (001) family. The small peaks
appeared around 40° and 42° are the reflections of Kg radiation of (002,PZT and
(002)LSMO, respectively. The out-of-plane lattice constant of PZT is calculated to be
4.08 A. The w scans show that the FWHM of the (002)PZT reflection is 0.85°. It is
smaller than the FWHM of the (002)LSMO, which is 1.08°. Furthermore, the epitaxy of
PZT ﬁlr;ns are determined by the three ¢ scans on (202)PZT, (202)LSMO and (202)LAO

reflections shown in figure 5.8.
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Figure 5.7 XRD specular 6-20 scan from the PZT/LSMO/(001)LAO

heterostructures. The PZT layer was deposited at 250 mTorr.
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Figure 5.8  (a) w scan rocking curves on the (002)PZT and (002} LSMOQ, (b) ¢ scans on

the (202)PZT, (202)LSMO and (002)LAO reflegtion.
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The thickness of the semiconducting LSMO films is a crucial factor in achieving
high modulation in the FeFET since field effect may penetrate only into a shallow region
in LSMO. PZT filfns grown on different thickness of LSMO templates were fabricated.
The log scale of 8-20 scans for the LSMO films grown at the thickness of 30, 40 and 55
nm are illustrated in figure 5.9. A clear (002)LSMO reflection is only observed of the
film grown with thickness of 55 nm at 46.44°. There is a small peak of PbO reflection
at 29° in figure 5.9b. It is properly due to the presence of particulate during this scan.
Non-obvious PbO peak are observed in the other two scans. This PbO reflection also
exists in the XRD pattern of the target as shown in figure 5.1, and is the result of
excessive PbO added during target fabrication. The insets in the figure show w scan
rocking curve on (002) PZT and (002) LSMO reflections. The FWHM of the observabie
LSMO is 0.51°. It is because the nucleation of the film is layer-by-layer. The quality of
epitaxy decreases with thickness. For the FWHM of (002)PZT on LSMO (55 nm) is

0.96° and decreases to 0.92° and 0.82° for the LSMO of 40 nm and 30 nm, respectively.

In conclusion, PZT film can be epitaxially grown on LSMO/LAO, and the
thickness of LSMO film has an influence on the quality of PZT film and LSMOQ film
itself. The film orientation increases with decreasing film thickness decreases. These

results are useful for our design of FeFET to achieve large field effect modulation.
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Figure 5.9 The XRD specular linear scans from PZT/LSMQO/(001)LAO heterostructures
with different thickness of LSMO (a) 55 nm, () 40 nm and (c} 30 nm. The
insets in each plot show the w scan rocking curve on (002)PZT as well as

(002)LSMO in (a).
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5.4 Surface Morphology analysis of PZT/LSMO heterostructures

XRD characterization provides only an average information of crystal structure in
the thin film. The diffraction angle of 6-20 scan and the FWHM of rocking curve reflect
the macroscopic phenomenon of the region of film interacting with X-ray radiation. In
order to obtain microscopic an-alysis, we used the scanning electron microscopy (SEM)
to investigate the surface of thin film. The surface morphology of thin films is an
important factor to determine the performance in electronic devices. Pinholes in
ferroelectric films will cause severe leakage. VThe férroe]ectﬁc films will breakdown

easily under electric field. It also shortens the retention of ferroelectric device.

The SEM images shown in figure 5.10 are the surfaces of 200 nm thick LSMO
films grown under 200 mTorr, 40 mTorr and 3x10™* Torr. The smooth surface with
crack-free and fine grains is f)btained under these deposition pressures. However, the
outgrowths in the film of 200 mTorr are clearly observed. These outgrowths form
during the recrystallization process when the substrate is placed inside the visible
energetic plume [67). As the deposition pressure is reduced, the visible plume expands
and is tn direct contact with the substrate. The image in figure 5.10b and ¢ do not show

out-growths at all.
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Figure 5.10 The SEM images of LSMO films deposited under (a) 200 mTorr,

(b) 40 mTorr and (¢) 3x10™ Torr.

The SEM iinage of PZT is shown in figure 5.11. The surface is again sinooth and
crack-free. A little droplet with spherical shape is observed. The ball-shaped features
are clearly the droplet directly from the target. It can be avoided by inserting a little
shadow mask between the target and substrate during deposition. Figure 5.12 shows a
cross-sectional SEM image of the PZT/LSMO/LAO heterostructures. Sharp interfaces
of PZT/LSMO and .SMO/LAO are observed. The thickness of PZT and LSMO films is

estimated to be about 600 nm and 40 nm, respectively.

In conclusion, smooth surfaces of LSMO and PZT films are obtained. No
interdiffusion of PZT and LSMO are observed. From thesc results, the LSMQ/LAOQO

heterostructures have been characterized as good crystal structure, good surface
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Figure 5.12 The cross sectional SEM image of PZT(600 nm)/LSMO{40 nm).
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CHAPTER 6

ELECTRICAL MEASUREMENTS OF
LSMO/LAO AND PZT/LSMO/LAO
HETEROSTRUCTURES

For an effective FeFET operation, the remnant polarization of the ferroelectric
layer should be maximized in order to provide a hiéh enough electric field to control the
conduction of the semiconductive layer after the external electric field is removed. In
addition the ferroelectric film should also possess high resistance against switching
fatigue and long charge retention time for registering and retaining the memory states.
From the structural analysis discussed in the last chapter, the heteroepitaxial growth of
the structure PZT/LSMO on LAO substrates has been verified. In this chapter, we will
focus on the electrical chlaractcrization of the LSMO films with different growing
conditions. The ferroelectric properties of PZT films and other electrical properties of

the PZT/LSMO heterostructures will be included.

6.1 Electrical transport properties of LSMO films

LSMO films deposited at 500°C and 700°C under the ambient oxygen of pressure
200 mTorr exhibit vast difference in their resistivity. Both films are about 200 nm thick.
The resistivity — temperature (R-T) from room temperature to 77 K is plotted as shown
in figure 6.1. Both of these LSMO films display metallic like electrical behaviour. The
resistivities at 300 K for films grown at 500°C and 700°C are 1.63x10™*Qm and 7.8x10°

Qm, respectively. This is almost two orders of magnitude difference. It can be ascribed
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to the poorer crystallinity of the films grown at 500°C than that grown at 700°C. The
grains in the film is not well aligned, for the FWHM of (002) reflection for the LSMO
film grown at 500°C is 1.15°. It causes large grain boundary in the film, resulting in a
larger potential barrier between two grains. On the other hand, the crystallinity of the
film grown at 700°C ‘islbetter and the FWHM of (002) reflection is only 0.85°.

Therefore, we used 700°C as the deposition temperature for all subsequent LSMO films

growth.
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Figure 6.1 Resistivity vs temperature of LSMO films deposited at 500°C and 700°C

under the ambient oxygen pressure of 200 mTorr.
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A series of LSMO films were grown at 700°C under a wide range of ambient
oxygen pressure from 0.1 mTorr to 200 mTorr. The film thickness for these LSMO
films was estimated to be 200 nm. The oxygen content in the epitaxial LSMO films can
be well controlled during PLD process by varying the deposition oxygen pressure.
Similar effect has been reported for the Lag7Cag3MnOs system [68]. The resistivity of
LSMO films displays an oxygen content dependence as shown in figure 6.2. The films
grown at above 60 mTorr are all metallic like at room temperature. The metal-
semiconductor transition temperature is down shifted to about 260 K for the film grown
at 0.1 mTorr. The resistivity at 300K for the film grown at 0.1 mTorr is 6.23x10™ Qm.
It is much bigger than that of film grown at 200 mTorr. It can be attributed to the
decrease in oxygen content and hence the decrease in Mn** concentration [69]. The
decrease of oxygen content can also be reflected in the change of carrier concentration.
Hall measurement was carried out to obtain carrier concentration of the LSMO films.
Since LSMO is well known for its colossal magnetoresistance (CMR), the electrical
transport properties of LSMO films is strongly affected by the applied magnetic field
during the Hall measurement. However, the maximum magnetoresistance (MR) of
LSMO occurs at the metal-semiconductor transition and is only 4-6% for a magnetic
field of 0.32 T. Such a magnetic field strength is used in the typical Hall measurement
and therefore the CMR has no significance on our results. The carrier density of the
oxygen stoichoimetric film deposited at 200 mTorr is about 1x10%2 cm™ and the oxygen
deficient film deposited at 0.1 mTorr has been reduced to 3x10' cm™. As mentioned

before, the increase of charge carrier is only achieved by negative poling at the gate
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terminal. Therefore, an oxygen deficient LSMO film with high electrical resistance
should be chosen for use as the semiconducting layer in order to obtain a large field

effect modulation in the FeFET.
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Figure 6.2 Resistivity vs temperature of LSMO films deposited at 700°C under the ambient

oxygen pressure from 0.1 mTorr to 200 mTorr.
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Many oxide films are very sensitive to the deposition oxygen background. For
example, the resistivity of epitaxial LSCO films {70] at room temperature varies over by
ten orders of magnitude. When the as-grown LSCO film are cooled down to room
temperature at ambient oxygen pressure of 760 Torr and 10°* Torr, the resistivities are 47
and 2.4x10'° pQ cm, rékspéctively. Other oxides such as LCMO and NSMO films [68]
require post-annealing in oxygen background to obtain properties close to that of the
bulk. LSMO films, however, have different response to the oxygen partial pressure
during the annealing process. The XRD linear scans of LSMO films annealed under the
oxygen pressure from 4x10°® Torr to 10 Torr for 1 hour and an as-grown films have been
shown in the last chapter. The 20 angle of (002)LSMO diffraction lines of these films at
around 47° seem unchanged. Apparently the oxygen content of the as-grown films does
not changed witl different annealing ambient pressure. The R-T curves of these films
are shown in figure 6.3. It is noted that the resistivity of the films follows the same
profile over a wide temperature range. It can be concluded that the LSMO film is highly

stable against further post—anﬁealing process.
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Figure 6.3 The R-T curves of LSMO films deposited at 700°C under a wide annealing

oxygen pressure range from 4x10°° Torr to 10 Torr, and a as-grown films.
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Indeed the thermal stability of the resistivity of LSMO is further confirmed by
measuring the resistivity of LSMO in the PZT/LSMO heterostructures. We used a more
convenient two-point resistance measurement to compare the film resistance as shown
in figure 6.4. The two LSMO films with thickness of about 200 nm were prepared
simultaneously by the PLD process under the oxygen pressure of 30 mTorr. After that,
one film was removed. The other was proceeded with the PZT deposition at the oxygen
pressure of 200 mTorr. The as-deposited PZT film was then cooled down at 1 atm.
oxygen pressure. The thickness of PZT was measured to be about 500 nm. The two R-
T curves are shown in figure 6.5a. It is noted that except for the small shift of the metal-
semiconductor transition temperature from 235 K to 249 K, the two profiles are
essentially the same. In order to clarify the influence of the top PZT layer on the thin
LSMO film, another set of measurement of LSMO and PZT/LSMO was carried out.
The LSMO films here were grown at 0.3 mTorr oxygen ambient and hence were oxygen
deficient. This LSMO film was estimated to be about 40 nm thick. The other
deposition conditions were remained unchanged. The results of R-T measurement is
shown in figure 6.5b. Although the metai-semiconductor transition cannot be observed
in the measured temperature range, an up-shifted profile for the PZT/LSMO is clearly
observed. The resistance in the LSMO film at room temperature is about twice of that
in PZT/LSMO heterostructures. Both sets of measurements show that the oxygen
deficient LSMO films became more “metallic like” after deposiiing oxygen

stoichiometric PZT films on top.
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Figure 6.4 The schematic diagrams of two-point resistance measurement.

From the above results, it is clear that the oxygen content in LSMO films is
mainly controlled by the oxygen pressure during deposition and is not affected by in situ
annealing process, even though the in situ annealing pressure varies widely from 4x10°
to 10 Torr. After depositing the PZT film onto the LSMO template at oxygen pressure
of 200 mTorr and annealing at 1 atm. oxygen pressure, however, oxygen gain of the
LSMO is evidenced by the resistivity measurements. It is a result similar to the previous
report of Wu et al. [66], in which oxygen is lost from the oxygen stoichiometnc
LNSMO film after depositing a STO film in high vacuum below 2x10* mTorr. It
causes a higher metallic-semiconductor transition temperature. This small increase,
however, does not affect the film’s electrical properties significantly. With careful
control of the deposition pressure, desirable and stable electrical transport properties of

semiconducting LSMO films may be obtained for FeFET application.
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Figure 6.5 The R-T curves of LSMO films and PZT/LSMO heterostructures (a) for LSMO film

with 200 nm thick deposited at 30 mTorr and (b) for LSMO film with 40 nm thick

deposited 3x10™ Torr fiims.
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6.2 Ferroelectric properties of the Aw/PZT/LSMO heterostructures

A non-volatile FeFET utilizes the ferroelectric properties of the ferroelectric layer
to sustain the field effect in &hc semiconducting layer even after the external electric
field 1s removed. For a high performance FeFET the ferroelectrics should have a high
remnant polarization, a relatively small coercive voltage, a good resistance against
fatigue and a long retention time. In this section, we will descdbe the fabrication

process and the ferroelectric properties of AWPZT/LSMO heterostructures.

6.2.1 Fabrication of AWPZT/LSMO on LAO

Pattened layers of LSMO, PZT and Au were deposited on LAO substrate in
succession formung a few Au/PZT/LSMO heterostructures on the same sample. The top
Au electrodes were deliberately made small to minimize tt 2 chance of covering pinholes
and large particulates, which were scattered randomly on the films’ surface. Three top
electrode configurations shown in figure 6.6 were used in our electrical measurement.
In figure 6.6a, the LSMO and PZT layers were deposited by PLD technique. Gold
electrodes with 0.2 mm diameter were ex-situ sputtered on top. This patterned
heterostructures was used for ferroelectric measurement. For the patterm shown in
figure 6.6b, LSMO film was fabricated into a double V shape and the channel
conductance came mainly from the middle section. Narrow strips of PZT and Au were
then deposited orthogonally across LSMO at this middle section. In this way we can
reduce the ratio of channel resistance to parasitic resistances of source and drain. It will

therefore enhance the modulation signal.
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Figure 6.6 The patterns of AWPZT/LSMO on LAQ used for ferroelectric measurement

and modulation test,

6.2.2 Ferroelectric properties measurement

PZT/LSMO heterostructures were fabricated on the LAO substrates with different
patterns as described before. The LSMO films were grown at 700°C under an ambient
oxygen pressure of 3x10* Torr. The PZT films were deposited at 200 mTorr oxygen
pressure and at 620°C. They were then cooled down to room temperature under 1 atm.
oxygen. pressure. The PZT and LSMO films were estimated to have thicknesses of 500
nm and 40 nm, respectively. The top gold electrodes with 60 nm thick were then
sputtered on top. The ferroelectric properties of these films were then characterized by

the RT66A ferroelectric test syétem.

Figure 7 shows typical P-E loops measured from the AwPZT/LSMO capacitor. It

is seen that the capacitor display an almost square hysteresis loops. The five loops were

obtained with driving voltage of 3,4, 5, 6 and 7 V. The exact area of the top electrode

was observed by a travelling microscope. The measured value is about 1.5x10™ cm2.
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The remnant polarization (P;) is about 48 uC/em? and -P,. is about —46 uC/cmz. The
coercive electric field (E.) is about 57 kV/cm while -E. is about -47 kV/cm. Py saturates
and a relatively low voltage of 4 V. It was noted that the capacitor has a larger positive
coercive field than the negative one. It can be also observed in other samples for the

LSMO films grown at higher oxygen pressures (not shown).

The asymmetry in the hysteresis loops, which could further cause the imprint
failure, implies the existence of an internal electric field inside the PZT layer. However,

the cause of the internal field in thin film ferroelectrics and the imprint are yet to be

understood.
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Figure 6.6 Typical polarization-electric field hysteresis loops of AUWPZT/LSMO capacitors

with the maximum voltages of 3, 4, 5,6 and 7 V.
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It has been reported that for PZT and PLZT thin film capacitors the asymmetric
loops were due to some process variables and the electrode configurations [71, 72). It
has also been demonstrated that after cooling at reduced oxygen ambient, epitaxial
LSCO/PZT/LSCO capacitors develop more asymmetry in the hysteresis loops and a
more preferred polarization stated directed towards the top electrode. The reduced
oxygen pressure may induce more oxygen vacancies and the related deflect-dipole
complexes in the PZT films, and these effects were suggested to cause the imprint. Wu
et al. [73], on the other hand, reported the PZT films on LSMO templates at various
deposition pressures. They observed no change in the E, and the voltage asymmetry of

the loops for these pressures was the same.

The fatigue behavior and the degradation of ferroelectric properties due to
polarization switching were tested at 60 kHz with a pulse width of 8.6 us from the
switching voltages of ¥3 V to +7 V. Figure 6.7 shows the fatigue behavior of
AU/PZT/LSMO heterostructares. It is observed that the positive and negative
polarization is quite symmetric. The PZT films showed only 8% polarization loss after
2x10° switching cycles at £7 V. The larger polarization loss was obtained for low
switching voltage. Figure 6.8 shows the P-E loops before and after fatigue test for the
maximum voltages of 3 V and 7 V. The results in figure 6.8 agree with the results from
the fatigue tests. At the test voltage of £3 V, P, changes from 31.91 to 15.49 uC/em®. It

represents a 50% reduction. On the other hand, P, only drops by <8% after fatigue test

at 7V. It s believed that some charges may be trapped at the interface and a smali field
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cannot fully switch all the electric dipoles. It causes a rather flat P-E loop and substantial

change in P,.

The Auw/PZT/LSMO heterostructures fabricated by us in the present studies show
better fatigue test results than those reported by Wu et al. [73]. They used platinum (Pt)
as top electrodes and a large polarization loss of over 70% was observed at about 107
cycles [7]. A further improvement in fatigue-free operation at low driving voltage is
required. It is envisage that a smaller polarization loss can be obtained by making use of
LSMO as the top electrode. It has been also reported that by increasing the switching
frequency to 1 MHz, the polarization degradation decreases [28, 74]. Therefore a better
understanding of the switching fatigue mechanisms is need in order to design a fast

switching and high performance non-volatile FeFET.
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Figure 6.7 Fatigue properties of the AuW/PZT/LSMO heterostructures for LSMO grown at 0.3 mTorr

with thickness of 40 nm. The switching voitages are from3Vto 7 V.
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Figure 6.8 P-E loops just before and after the fatigue test of 3 V and 7 V for

the switching cycle of 1.7x10° and 2.7x10°, respectively.

Chapter 6 Electrical measurements of LSMO/LAQ and PZT/LSMO/LAC heterostructures

90



Polarization (LC/cm?)

QA THE HONG XONG .
Q’e POLYTECHNIC UNIVERSITY

FRAT RS

The tests on the retention characteristics of the AWPZT/LSMO heterostructures

were also carried out by using the RT66A system. The AwPZT/LSMO was written with

a rectangular pulse of =7 V with pulse width of 8.6 ps and then read by two rectangular

pulses of =7 V and 7 V, respectively. The pulse width was 2 ms.

The time delay

between the write pulse and the first read pulse is the retention time. The retention

characteristics of the AwWPZT/LSMO is plotted in figure 6.9. The AWPZT/LSMO

heterostructures retained 91.9% of its initial polarization value after 1x10° 5. The result

was comparable to the result of Yin et al. [74], in which the LSCO/PLZT/LSCO retained

92.6%.
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Figure 6.9 Retention characteristics of the FeFET AW/PZT/A.SMQ,
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6.2.3 Other electrical properties of AWPZT/LSMO heterostructures

Figure 6.10 shows the V-I characteristics of PZT film with cell area of 1.5x10™
cm’. Leakage current is less than 10° A at 7 V dc.. It suggests a reasonably high
dielectric breakdown voltage in our PZT film. The leakage current density at 1 V is

estimated < 5x107 Afem?.
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Figure 6.10 The V-I characteristics of PZT film with 1.5x10™ cm? Au electrode.
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As a last experiment in our present studies we have examined the field effect
modulation in one of our AWPZT/LSMO sample. In order to distinguish the
contribution due to leakage current from the actual field effect modulation we have used
an external power source to pole the PZT (either positively or negatively) as shown in
figure 4.17. After poling'we disconnect the power source from the sample altogether.
In this way there will be absolutely no leakage current in the measuring circuit. The
change in the measured signal can only be due to field effect modulation. The
modulation against gate voltage plot is shown in figure 6.11. Modulations with
observable magnitude starts at £14 V. A maximum modutation 5.6% 1s obtained at the
poling pulses of £18 V with 0.1 ms pulse width. The smaller modulation of 4% at +20
V may be due to partial breakdown of the PZT layer. In the case of maximum
modulation the channel resistance varies from 132 kQ with positive bias to 125 k€2 with
negative bias and sustains this value of resistance for over 15 minutes. The need of
large gate voltage and small modulation in our sample may be due to improper
configurations and patterns. It causes the chan ge of modulated-channel resistance small
compared with the parasitic resistances between the source/drain and gate. A short

retention time refiects a large leakage current in our sample.
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Figure 6.11 Modulation vs gate voltage for the Aw/PZT/LSMO FeFET.

In conclusion, the Auw/PZT/LSMO heterostructures has been fabricated on LAO
substrate. The electrical transport properties of LSMO were characterized. The results
of the R-T measurement agree with the XRD characterization. The conducting
characteristics of the LSMO fims can be controlled by tuning the oxygen content during
deposition. It is insensitive to the post-annealing process. LSMO films, therefore, can
be used as the semiconductor channel of FeEFET. On the other hand, the ferroelectric
properties of PZT films on semiconducting LSMO films were fully characterized. The
PZT films reveal high remnant polarization, good fatigue property as well as long
retention. A small remnant field effect modulation (5.6%) has been recorded. Our
studies have shown that the AuW/PZT/LSMO heterostructures can be vsed as FeFET for

memory storage.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

In the present experimental investigation, excellent quality epitaxial LSMO and
PZT/LSMO heterostructures have been successfully fabricated by the PLD method on
(001LAO single crystal substrate. The structural and electrical properties of both

LSMO and PZT/LSMO films are characterized for potential use in FeFET.

The resistivity-temperature and Hall effect measurements show evidence that the
conducting characteristics of the LSMO films can be controlled by tuning the oxygen
content during the deposition. Post-deposition annealing has no effect on both the
structural and electrical transport properties of the LSMO films — not even after they
have been annealed at 10 Torr oxygen pressure for 1 hour. The electrical transport
properties of LSMO films are slightly changed only after the PZT films growth. This
change, however, has no suiitantial on the overall electrical properties of PZT/LSMO
heterostructures. High quality LSMO films are alsé obtained at the temperature as low
as 500°C. This low growth temperature of LSMO is compatible with the processing

technology used in silicon industry. High quality LSMO films are therefore suitable

materials for potential integrated device applications.

Epitaxial ferroelectric PZT films have been grown on LSMO templates. The

crystallinity of the PZT films improves with decreasing LSMO film thickness. LSMO
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thin films as thin as 30 nm have been fabricated. In this thickness the LESMO is

expected to have larger field effect modulation.

A near square-shape P-E loop is obtained for the PZT/LSMO heterostructures with
small sputtered Au electrodes. A large remnant polarization 48 uC/em? and smali
coercive electric field 57 kV/cm are obtained at the maximum voltage of 7 V. A small
leakage current of 5x107 Afem® at 1 V is also recorded. In addition, polarization
fatigue-free operation at up to and beyond 10° switching cycles and long charge
. retention time (91.9% in 10° sec.) were achieved. These results suggest that our films
are of very good quality and can be used in FeFET. Indeed in the carefully designed and
pattemed AWPZT/LSMO structure we did observe a semiconducting channel
modulation of about 5.6%. This, of course, is too small for any practical uses.
Optimizations of the PZT and LSMO layers are needed. Parameters such as PZT layer
capacitance and charge concentration in LSMO matching requires fine adjustment. The

effect of LSMO film thickness and its control demand further investigation.

In conclusion, LSMO films have been verified to be a better candidate than other
oxides for used in FeFET. Its electrical characteriztics can be easily tuned during
deposition. It has a relatively high thermal stability and can be grown at such a low
temperature that is compatible with silicon technology. A novel all-perovskite FeFET
structure using LSMO as the semiconducting channel was fabricated and characterized.

The PZT films in the FeFET display good ferroelectric properties. Small leakage
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current was measured. Remnant field effect modulation was also obtained.

It was noted that our PZT films tend to have relatively large leakage current and
low permittivity. Such undesirable features can be ascribed to the PLD produced
particulates littered on thin film’s surface. In order to im-prove the electrical properties
of these films, particulates can be eliminated by inserting a shadow mask between target
and substrate during film growth. Besides, the trapped charges at the interface of
Au/PZT should be minimized to reduce the polarization loss. In this respect, conducting
oxide electrode should be used as the top electrode. Heteroepitaxial structure
LSMO(metallic)PZT/LSMO(semiconducting) will be an obvious choice and deserves

serious consideration.

Other perovskite oxide films like PZT, BST and PMN have been grown epitaxially
on MgO/TiN and STO/TiN buffered Si in our laboratory. LSMO has also been shown to
grow epitaxially on these buffered Si at temperature as low as 580°C. Further studies
should be focused on integrating PZT/LSMO FeFET on Si to form ultimate integrated

non-volatile FeFET devices.
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