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Abstract

In the present studies, high quality conducting StVO3 (SVO) and YBa,Cu307.4
(YBCO) oxide thin films were grown by Pulsed Laser Deposition (PLD) method. It
has been demonstrated that SVO films can be epitaxially grown on Si at a
processing temperature as low as 550°C and heteroepitaxial relationship of
(100)svoll(100)Tin|I( 100)s; 'has been obtained. Our SVO films are of good metallic

properties and a very low resistivity of 3 puQ-cm at 78 K has been recorded. The

high temperature superconducting YBCO films integrating on Si through the
STO/TiN buffer layers also show good metallic property and have good electrical

conduction of 95 uQ -cm at room temperature. Its transition temperature (T) is

about 88 K. However, from the scanning electron microscopic studies of the
YBCQ/STQ/TiN/Si heterostructure, microcracks were observed. The microcracks
may arise from the large difference in thermal expansion mismatch between YBCO
and STO and the oxidation of TiN layer. In view of this, magnesium oxide (MgO),
a buffer material with better thermal matching with YBCO and. a good oxygen
diffusion barrier for protecting TiN from oxidation during the growth of YBCO was
used. From the scanning electron microscopic studies of the YBCO/MgO/TiN/Si
heterostructure, a crack-free and a much better surface morphologies has been
observed. In addition, it did allow a better crystal growth of PZT films on YBCO
bottomn electrode, i.e. PZT/YBCO/MgO/TiN/Si. Both the structure and electrical
properties of the Au/PZT/YBCO/MgO/TiN/Si integrated ferroelectric capacitors are
comparable to those grown on single crystal LaAlOs: (LAO) substrates. The

AW/PZT/YBCO/MgO/TiN/Si  integrated ferroelectric  capacitor shows good

Vicky P.W. Yip vii
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ferroelectric properties such as high remnant polarization, low coercive field and

high dielectric constant with low dielectric loss values. No polarization fatigue was

observed at bi-polar switching up to 107 cycles. The leakage current of such

capacitor is in the order of 107 AJem?.

In short, SVO films of good crystal quality has been fabricated on Si substrates
through TiN buffered layer and the processing temperature can be as low as 550°C.
Besides, a very low resistivity of SVO films has been obtained. In addition, the
merits of using MgO/TIN buffer layers over that of STO/TiIN has been
demonstrated. Up till now, there are many choices of buffer layers for growing
perovskites films. It is our believe that the discovery of the advantage of using
MgO/TiN buffer layers will have a great influence on people’s decision when they
choose the materials for buffer layers. Finally, as an example, excellent quality of
the heteroepitaxial AWPZT/YBCO/MgO/TiN/Si integrated ferroelectric capacitors

for potential non-volatile memory devices were fabricated.

Vicky P.W. Yip viil
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Chapter 1

Introduction

1.1 Introduction

Nonvolatile, fast switching and radiation hardness are some of the attributes of
ferroelectric memory devices that make them more desirable than their
semiconductor counterparts. Ferroelectric thin film capacitors thus offer a colossal
potential for future applications in microelectronic industry. Yet, issues pertaining
to integration and long term propérties, such as polarization switching fatigue in

some ferroelectrics like Pb(Zrol5gTio_4g)(;)3 (PZT),. have to be addressed and

overcome.

In the past few years, conductive oxides have been used as electrodes for all
ferroelectric thin film capacitors [Wu et al., 2000]. Superior and near fatigue free
operations have been demonstrated. For example, oxide electrodes, RuOs [Vijay et
al., 1993], IrO, [ Vijay et al., 1993}, Lag sSrpsCoO3(LSCO) [Ramesh et al., 1993] and
YBa;Cu;07(YBCO) [Kurogi et al., 1998] which have good electrical conductivity
have been shown to improve the fatigue performance of PZT thin films significantly.
With conducting oxide electrodes, it is thought that the trapped oxygen vacancies
could be compensated by the oxygen from within the electrodes. Eventually, it can
then alleviate the internal field and thus prevent fatigue. However, the choice of
appropriate oxide electrodes that have sufficiently low resistivity and lattice-match

with the ferroelectric is wide open and is at present under intense investigation. An

Vicky P.W. Yip |
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all epitaxially growth trilayered capacitor structures with sharp and clean interface
will undoubtedly have superior electrical characteristics. Very low leakage current

and long term switching stability are expected.

For miniaturized device application, successful integration of the ferroelectric
thin films into IC is essential. This implies that the perovskite oxides need to be
epitaxially grown on Si. For this reason a buffer layer of compatible structural,
electrical as well as thermal properties are required. TiN has been known to grow
epitaxially on Si [Narayan et al., 1992]. More recently, STO/TIN heteroepitaxially
grown on Si has been demonstrated [Lee et al., 1997]). Thus the STO/TIN/Si will

form an excellent platform for epitaxial growth of ferroelectric capacitor {Wu et al.,

2000].

Pulsed laser deposition (PLD) has proved to be a very successful technique for
fabrication of high quality thin perovskite oxide films. In addition, the PLD is
exceedingly favorable in preparing heteroepitaxial multilayers by simply ablating
different targets in alternate fashion. We used PLD method to fabricate our

proposed heterostructures as well as other related films.

Although there are many reports on fabrication of ferroelectric thin film
capacitor, there are, up-to-date, very few reports on preparation and characterization
of all epitaxially grown integrated ferroelectric capacitor with conductive oxide
electrodes. And only few of them have reported successful epitaxial growth of these

structures on Si [Wu et al., 2000}. Our proposed new heteroepitaxial structures are

Vicky P.W. Yip 2
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expected to show better performance for application in nonvolatile FERAMSs in
microelectronics. Apart from their possible applications, these material systems

have good potential to yield vital information and better understanding of the

materials science and physics involved.

1.2 Nonvolatile Ferroelectric Random Access

Memory (NVFERAM)

Nonvolatile memory is an essential requirement for all computer systems. It is
especially important for systems where vital information has to be stored and
retained - memory that does not forget when the power is lost. Fig.1.1 shows the
schematic diagram of two kinds of NVFERAM architectures which are examples of
one transistor and one capacitor (1T-1C) design. This configuration helps to prevent
crosstalk between adjacent cells. The high-density architecture (Fig.1.1a) is designed
for use as computer memory while the low density architecture (Fig.1.1b}) is for
smart cards and other applications of .embedded memories, say, MmiCroprocessor

controllers [Auciello et al., 1998].

The selection requirements for a nonvolatile memory include fast read/write,
radiation hardness, cost effectiveness via compatibility with currently used
integrated circuit {(IC) processing technology, high endurance and retention, and
nondestructive readout (NDRO) capability [Sinharoy et al; 1992]. In all these

respects, ferroelectric memory stands out as the suitable choice.

Vicky P.W. Yip 3
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Fig.1.2a shows the schematic diagram of the perovskite AYB*O,” crystal
structure with A occupying at the corners, B occupying the centres of each unit cell
and O” ions are centered on each face of the lattice. Above curie temperature, the
perovskite crystal structure is cubic lattice whereas below curie temperature, the
perovskite crystal structure is tetragonal lattice.  Ferroelectric crystals are
characterized by having polarization vectors that can be oriented in two
diametrically opposite directions (denoted by convention as | (Fig.1.2b) and 0
(Fig.1.2c) by applying an external electric field. The | and O polarization states in a
ferroelectric crystal are due to displacements of positive metallic and negative
oxygen ions in opposite directions which result in the polarization that characterizes
ferroelectric materials. Indeed, the reason why ferroelectric material can be used as
nonvolatile memory is because ferroelectric material retains two stable remnant
polarization (% Pr) values at zero field as shown in Fig.1.3. And the polarization
reversal from up (1) to down (0) or vice versa as a function of applied voltage can
allow the control and sensing of the state of the polarization. If we apply a large
electric field to a distorted ferroelectric phase, all the domains can be lined up in the
same direction. On the other hand, when we apply a reversed field to the specimen,
the polarization of it can be switched from up (1) to down (0). For a large single
crystal this change of polarization would require voltages of several kilovolts which
is actually impractical for commercial devices [Scott et al., 1989]. Nonetheless, for
a thin film of order 100nm thick, this can be achieved only by a few volts. The
major concern in the use of ferroelectric in thin film memories is the fatigue problem

which 1s the loss of switchable polarization with electric field cycling.

Vicky P.W. Yip 5
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Fig.1.2  Schematic diagrams of the (a) APBY O perovskite crystal structure:
cubic lattice (above Curie temperature); (b) tetragonal lattice (below Curie
temperature) with spontaneous polarization pointing upwards; (c)
tetragonal lattice (below Curie temperature) with spontaneous polarization

pointing downwards.
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In fact, the fatigue mechanism has not been well explained yet. In accordance
with what other authors have been suggested, the fatigue mechanism may be due to
the trapping of oxygen vacancies at the electrode/ferroelectric interface which would
then cause an internal field to build up. Consequently, this prevents further domain
switching. It is generally believed that the oxygen vacancies in PZT thin film are

due to the lead losses during the crystallization of the films [Du et al., 1998].

In Chapter 2, a brief history and the principle of PLD are presented. Besides,

the advantages as well as disadvantages of using PLD for film preparation are

discussed,

In Chapter 3, the experiments and set-up are presented. Working principles for
the four-circle mude X-ray diffraction, four-point probe technique, P-E loop

measurement and fatigue test are described.

In Chapter 4, the results of SVO films grown on (100)LAO and (100)Si
substrates are reported. The processing parameters as well as the structural and
electrical properties of SVO films are discussed. Besides, its scanning electron

micrographs of the cross-section and surface morphologies of the SVO films are

also shown.

In Chapter 5, the work on fabrication of integrated epitaxial YBCO thin films

on Si by PLD method using STO and TiN as buffer layers are presented.

Vicky P.W. Yip 7
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Heteroepitaxial structures of TiN/Si, STO/TiN/Si and YBCO/STO/TiN/Si are

prepared and their structural and electrical properties are discussed.

In Chapter 6, the structural and electrical properties of the YBCO/MgO/TiN/Si

heterostructure are presented. Its merit over the YBCO/STO/TiIN/Si heterostructure

is also discussed.

In Chapter 7, the structural characterization and ferroelectric properties of the
epitaxial ferroelectric thin-film capacitors based on the
Au/Pb(Zrp 52 Tig.43)O01/YBa;Cu;307./MgO/TiN/Si  heterostructure are  presented.
Besides, the superior surface morphologies of PZT thin films when grown on

YBCO/MgO/TiN/Si heterostructure instead of YBCO/STO/TiIN/Si heterostructure

are also discussed.

Finally, a conciusion, in which the results and emphasis of the original
achievements of the present work as well as the suggestions for future studies are

included, is given in Chapter 8.

Vicky PW. Yip 8
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Chapter 2
Pulsed Laser Deposition (PLD)

2.1 History of Pulsed Laser Deposition

The first experiment using pulsed laser deposition could be traced back as far as
1965. However, further investigations were sporadic and slow-paced during the
next two decades. Nonetheless, the successful growth of high T. superconducting

films in 1987 has allowed the rapid development of PLD [Singh et al., 1998;

Douglas et al., 1994].

The present name, pulsed laser deposition (PLD), was named by official voting
from the participants of the first Maéerial Research Society Symposium on Pulsed
Laser Ablation held in San Francisco in April 1989. Actually, before using the
present name, several other names were used such as laser sputtering, laser-assisted
deposition and annealing (LADA) pulsed laser evaporation (PLE) laser molecular

beam epitaxy (LMBE) laser-induced flash evaporation (L.IFE).

2.2 Advantages of Pulsed Laser Deposition

There are various methods which can produce thin films such as co-evaporation
[Ishiwara et al., 1991], electron-beam evaporation method [Moon et al., 1994], r.f.
sputtering [Lee et al., 1999], chemical vapor deposition (CVD) {Funakubo et al,,
1998], molecular beam epitaxy (MBE) [Nagata et al., 1992]. However, PLD offers a

number of advantages over the others. The foremost advantage is that it allows

Vicky P.W. Yip : 9
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“congruent” evaporation. That means the stoichiometry of multicomponent
materials can be preserved in the deposited films and actually it is a great advantage
for the deposition of multicomponent ceramics where conventional thermal
evaporation or sputtering can lead to non-stoichiometry films. Since the focused
laser beam has a very high energy density, it can then ablate all the constituent
components of the target simultaneously irrespective of their difference in melting
point. Besides, the ablated species are highly energetic. Their kinetic and excitation
energies may help them to migrate to their favorable site after deposition. This
implies that crystalline films can be grown at a relatively lower substrate
temperature. In addition, PLD is probably the simplest among all thin film growth
techniques. It can be used to grow thin films of any kind of materials. It also allows
the in-situ growth of multilayers of different materials. Actually, it is most suitable
for rapid exploration of new materials-integration strategies to develop
heterostructures such as all-perovskite capacitor for NVFERAMs. A multiple targets
system can be loaded inside the deposition chamber on a rotating holder which can
be used to sequentially expose different targets to the laser beam, thereby enabling
the in situ growth of heterostructures. Furthermore, film growth can be carried out
in a reactive environment containing any kind of gas with or without plasma
excitation. For growing oxide films, ambient oxygen, say, can be provided at the

time of ablating.

In fact, there are disadvantages in using PLD method to deposit thin films. One
of the disadvantages of PLD is its difficulty in coating thick film. Besides, the

narrow forward angular distribution that makes large-area smooth film growth a

Vicky PW. Yip T}
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very difficult task. The film thickness is highest at the center of the plasma plume
normal to the target surface and decreases rapidly with the distance away from this
point [Venkatesan, 1988). There are however, some methods to improve the thin
films” uniformity. For example, by tilting and rotating the target result in a much
larger scanning area of the plasma plume to the substrates and hence can much
improve the uniformity of the thin films to form larger area size samples [Greer,
1989; Buhay et al.,1992]. The other intrinsic disadvantage of the PLD method is
the formation of micron-sized particulates. This problem is more severe in the multi-
layer systems because the particulates on the surface of the films will greatly affect
the growth of the subsequent layers and the interface quality. Nonetheless, various
approaches such as “‘crossed fluxe.s” techniques, and “eclipse” method, were adopted
to either reduce or to eliminate those particulates. The insertion of an opaque mask
between the target and the substrate forming a shadow mask to block the large
particulates emitted from the target in the forward direction has been suggested by
Iwabuchi et al. [1994]. Particulate free thin films with very smooth surface have

been obtained.

2.3 Principle of Pulsed Laser Deposition

2.3.1 Three Stages for the PLD Process

1) Laser radiation interaction with the target and production of a highly forward
directed plume which consists of a mixture of energetic species including
atoms, molecules, electrons, ions, clusters, micron-sized solid particulates, and

L

molten globules.

Vicky P.W. Yip 11
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2) The interaction of the plume with a background ambient gas which depends on
the type of thin films to be deposited. Oxygen gas is usually added for the

oxides films.

3) Condensation, nucleation and growth of a thin film on the substrate surface.

2.3.2 Three Common Modes of Film Growth in the Initial Stages

According to Lewis and Anderson, there are three common modes of film
growth in the initial stages. They are Frank-Van Der Merwe, Volmer-Weber and
Stranski-Krastanov. The Frank-Van Der Merwe is the growth of one monolayer at a
time. Consequently, it has a very smooth epitaxial film. It occurs when the cohesive
energy between the film and substrate atoms is greater than the cohesive energy of
the film. However, the smoothness of the film monotonically decreases as each new
film layer i1s added. Volmer-Weber is the island growth mode provided that the
cohesive energy of the film atoms is greater than the cohesive binding between the
film and the substrate atoms. This results in an epitaxial film that has a rough
surface, or a polycrystalline film containing voids. Stranski-Krastanov mode which
will occur when the monotonic decrease in binding energy with each successive
layer 1s energetically overridden by some factor such as strain energy due to lattice
mismatch and island formation becomes more favorable, consists of island growth

after the first monolayer has formed successfully.

Among the three modes of growth, Frank-Van Der Merwe is more desirable for

thin film growth as it gives a high quality films and epitaxial single crystal films.

Vicky PW. Yip 12
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However, the three modes of film growth are only important for ultra-thin films and
are not a matter of concern for films of thickness 2 100nm. In the present study, the
thickness of the different multilayers fabricated is greater than this value, so, the

type of modes of film growth is not the subject of our investigation.

Vicky PW. Yip _ 13
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Chapter 3

Experiments and Set-up

3.1 Introduction

All the epitaxially grown films in the present studies were prepared by the PLD
technique. The PLD system as shown schematically in Fig.3.1 consisted of a KrF
éxcimer laser, a high vacuum chamber and a rotating multi-target holder. The
targets were fabricated by the standard solid state reaction of mixtures of different
oxides. The PLD process was carried out under ambient oxygen and at elevated
substrate temperatures. The as-prepared films were structurally characterized by X-
ray diffractometer. Surface morphology of the films was examined by the scanning
electron microscopy (SEM) and the atomic force microscopy (AFM). The
correlation between the structural propertits and the deposition conditions was
studied. The electrical properties of the SVO and YBCO films were measured by
the standard four-point-probe technique. Measurement of ferroelectric properties of
the capacitors such as P-E loops, S\Jw;ritching fatigue, dielectric constant and current-

voltage characteristics were carried out.

Vicky PW. Yip 14



2 q THE HONG KONG
b POLYTECHNIC UNIVERSITY Chapter Three
& Femiam '

KrF Excimer Laser

Target Holder

—

T
- a.'t“
Rt v

Viewing

Substrate holder Window

N\

. 3 Lens /

/\ . n
3 i -
oA L n L Nramm e s, e i Vi e
\;‘,? . e . - S e e e o
Vierswr. o ls omen e wieaas R s T T T
e
Y
™.
\/

Laser

Window <

/Gas Inlet

Pressure Gauge

Fig.3.1  The schematic diagram of the pulsed laser deposition system.
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3.2 Instruments

3.2.1 Excimer Laser

An excimer laser is a type of gas discharge pulsed laser which can emit high
flux of UV photons. In the deposition of our films, a KrF excimer laser was used.
The KrF laser involves gases of Fa, Kr and Ne in partial pressure of 4 mbar, 130
mbar and 3210 mbar, respectively. The ionic and electronically excited species are
created by the avalanche electric discharge excitation (about 40 kV). At the same
time, laser transition takes place during the dissociation of the excimer molecules as
the ground state is repulsive and they rapidly dissociate. The resulting radiation
wavelength is 248 nm. Our KrF excimer laser is a Lamda Physik COMPex 200.
The maximum laser energy is about 500 mJ per pulse and the repetition rate can go
up to 20 Hz. The output laser has a near “top-hat” spatial profile with a cross-
section measuring 1x3 cm? at the exit window. Shot-to-shot laser energy fluctuation
is less than 5%. In general, there is no noticeable energy drop over 15-30 minutes

duration, which is the typical time span for film deposition.
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3.2.2 Optical Elements

The optical elements in the PLD system include lens, mirror and laser window.
They are used to couple the energy from the laser to the target and are placed
between the output port of the laser and the laser port of the deposition chamber. As
dirt tends to attenuate and scatter the light beam, it causes optical damage to the
optical components easily, so, all the optical elements used in our PLD experiments

-have always been kept clean and dust-free.

3.2.2.1 Lens

The lens is used to collect radiation from the laser and to focus it on the target
to achieve the required energy density for ablation. Lenses made of various
materials such as magnesium fluoride, sapphire, calcium fluoride, UV-grade fused
silica, borosilicate crown glass, zinc sulphide and zinc selenide provide different
transmiitances at different wavelengths. As a KrF excimer laser with wavelength of
248 nm was used in our PLD system, UV-grade fused-silica lens with 99 %
transmittance at 248 nm (excluding norminal reflection at the interface) was used.

The focal length of the lens was 50 cm.
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3.2.2.2 Mirror
The mirrors used in our PLD system are 5 cm diameter and dielectric
multilayer coated mirrors which are designed for 45° incidence. The manufacturer

quoted reflectivity for the laser beam incident on the coating side is higher than

95%.

3.2.2.3 Laser Window

The function of the laser window is to allow laser to enter the deposition
chamber while keeping the chamber at high vacuum. It is a circular flat made of
UV-grade fused silica with 5 mm thick and 500 mm diameter. During the PLD
process, the window’s surface is very often contaminated or coated with the laser

ablat>d materials. For this reason, the window needs to be routinely cleaned and re-

polished.

3.2.3 Vacuum Chamber

After the laser beam passed through the optics, it enters the vacuum chamber
through the fused silica window. The vacuum chamber had several ports and they
are used for heater, pressure gauge, gas inlet, target holder, laser window and
viewing window. The heater is made of stainless steel and it is heat-shielded by a
few thin plates of stainless steel wrapped around the side of the heater. Kanthal wire
(25% chromium, 5% aluminum, 3% cobalt and 67% iron) is used as the filament
inside the heater for heating purpose. The diameter of the Kanthal wire is 0.559 mm

and the resistance per unit length is 5.1 Qm™'. A total resistance of the Kanthal wire
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used was 15 Q. A K-type (Nickel-Chromium, Nickel-Aluminum) thermocouple is
inserted into the heating block for the measurement of the substrate temperature.
The temperature is controlled by a temperature controller (PAC25-0321) capable of
operating a temperature range room temperature to 750°C. The substrates are pasted
onto the top of the heating-block with silver paint (G3691 Agar Scientific Ltd.) as it
has good heat conduction and can provide good adhesion between the heating block

and the substrates.

The base pressure of the vacuum chamber is monitored by an ionization gauge
‘(Type WI-T). The ambient gas pressure during deposition and post-annealing is
measured by a Baratron pressure gauge (MKS Baratron Type 122A) which is
mounted on one of the chamber port. A digital meter (MKS Type PDR-D-1 Power
Supply Digital Readout) is connected to the pressure gauge to display the value.
The range of the measurable pressure is | mTorr to 12 Torr with the accuracy of

+0.01% of full scale.

3.2.4 X-ray Diffractometer (XRD)

The crystal structures of the thin films are characterized by an X-ray
diffractometer (Philip X’'pert system) in four-circle mode. The Cu K, radiation
(A=1.54A) is used and the Kp line 1s filtered by a Ni filter. Fig.3.2 shows a
schematic digram of the X-ray diffraction of a crystal. When X-ray falls on atoms in
a crystal, each atom scatters a small fraction of the incident beam. The reflected

beams from all atoms in the crystal planes involved may interfere and the resultant
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Fig.3.2  The schematic diagram of X-ray diffraction of a crystal

Vicky P.W. Yip 20



Q THE HONG KONG
Q' b POLYTECHNIC UNIVERSITY Chapter Three
HFiAIT AP

reflected beam is strong only when the path difference between the successive
planes is an integral number of the wavelength of the incident X-ray. That means
reinforcement only occurs for planes p and q when AB + BC = nA, where n is an
integer and A is the wavelength of the X-ray. If d is the distance between planes of
atoms and 9 is the angle between the X-ray beam and the crystal plane, then AB +
BC = 2d sin8, and the reflected beam has maximum intensity when

2d sinB = nA (Bragg’s Law) (3.1)
and the d value is calculated as

d = a/(h*+k*+1%)'"? (3.2)
where a is the lattice constant of the crystal structure and h, k and 1 are the reciprocal

lattice indices for a-axis, b-axis and c-axis respectively.

For example, to calculate the 20 angle for (400)Si:

As a =5.43A for (100) Si, A = 1.54A for K, radiation of Cu in X-ray
Then d = 5.43/ (4*+0+0)2A = 1.3575 A

From Equation (3.1),

20=69.11°.

3.3 Experimental Procedures

3.3.1 Substrate Preparation
The (100)Si wafer and (100)LAO were used as substrates. For convenient

analysis and measurement, they were cut into small pieces with dimension of 0.5x1
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cm’. Since contamination on the substrates will interfere with the registration of the
atoms of the deposited layer, a basic requirement for epitaxy is an atomically clean
surface prior to deposition. Hence, the (100)Si substrates were cleaned prior to
insertion in the vacuum chamber by ultrasonically degreasing in acetone for 6 - 10
minutes and by immersing in 10 % HE solution for 10 minutes to remove the surface
oxide layers. The .substrates were then cleaned with deionized water and acetone.

For the (100)LAQ substrates, similar cleaning procedure, but without HF etching

was performed.

3.3.2 Deposition Process

All the thin films, including TiN, SrV0O; (SV0O), SrTiO; (STO), MgO,
YBa,Cu30y7.x (YBCO) and Pb(Zrgs;Tipus)Os (PZT) were deposited by the PLD
method. For the in-situ deposition of multilayer thin films, all the targets (TiN,
SVO, STO, MgO, YBCO and PZT) were mounted on the same rotating target holder
(Fig.3.3). By adjusting the vertical position of the rod, the laser beam was focused
onto the round surfaces of different targets for ablation. To avoid digging a hole on

the target, the target was rotated during ablation.

The substrate was pasted to the heater by silver paint which acted as a heat
conducting medium. The temperature of the substrate heater was set in the range of
450°C - 750°C and was controlled by a temperature controller. The distance
between the target and the substrate was 4 cm. When high-vacuum deposition was

required, the chamber was evacuated by a rotary pump first until the pressure was
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Fig.3.3  The schematic diagram of the multi-target holder for in-situ deposition of

multilayer thin films
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approximately 10 mTorr. Then a cryo-pump was used to obtain a base pressure of
<10® Torr. Indeed, the type of pump used and the vacuum required depended on
the kinds of films to be deposited. For TiN, SVO, STO and MgO films, all of them
needed to be prepared at high vacuum. After the cryo-pump had evacuated for a
certain amount of time, e.g. 10 minutes, the substrate was heated to the desired
temperature. After the substrate was stablized at the desired temperature, the laser
was switched on and pulsed at a repetition rate of 10 Hz for a certain amount of

time. The thickness of the thin film was controlled by the deposition time.

In order to obtain high crystallinity and to reduce oxygen deficiency, the films

were post annealed at elevated temperature for about 10 — 30 minutes under high

vacuum or in an ambient gas pressure.

3.3.3 Structural Analysis of Thin Films

The structure of the thin films ‘was characterized by X-ray diffractometer
(XRD). In order to determine the epitaxial quality of the deposited thin films, 0-
28 scan, @-scan (rocking curve) and 360° ¢-scan were carried out. Fig.3.4 shows the

three axes rotation of the sample, i.e. O axis, ¢ axis and ¢ axis.

For the 6-20 scan, it allows us to observe the lattice planes of the thin films
grown with the direction parallel to the normal direction of the substrate surface. If
epitaxial thin films are grown, only one set of planes of a family (e.g. (h00)) should

be observed and it needs to be the same as the substrate (i.e. (h00)). Otherwise, the
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Fig.3.4  The rotation axes of the sample relative to the X-ray emitter and detector.
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thin films grown are not epitaxial and are randomly oriented polycrystalline.
Nonetheless, even if one set of planes from a single family of peaks in the 6-26 scan
is observed, we cannot guarantee that the films are epitaxially grown on the
substrates. Since there is the possibility for poor planc-to-pléne alignment such as

twisting between planes, we can only say that the films are highly oriented in this

direction.

The rocking curve, which is carried out by fixing the 20 value of the selected
peak and the angle 6 is scanned for a few degrees, allows us to know the degree of
orientation of the thin films fabricated. In other words, it can let us know how good
the films are crystallized. The value of the Full Width at Half Maximum (FWHM)
reflects the degree of the orientation of the thin films. A small value of the FWHM

implies a high degree of orientation. Generally, 2 FWHM of ~1° is considered to be

good oriented, and if it is £1°, the films can be said as highly oriented.

As mentioned before, if reflection peaks from a single family of planes in the 8-
20 scan are observed, it is not sufficient to say that the thin films are epitaxially
grown. Therefore, 360° ¢-scan is performed to ensure definitively that the films are
epitaxially grown on the substrates. It is also used to determine whether the

deposited films are lattice matched and “cube-on-cube” growth on the substrates.

For simple cubic structure, in carrying out the 360° ¢-scan, the angle @ is tilted

to 45°, fixing the 28 and 6 angles corresponding to the (220) planes of substrates or
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films. Usually, higher order plane diffractions are used for good lattice matched

substrate in order to obtain resolved peaks from the film and the substrate. From the

360° ¢-scan profile, four diffraction peaké are observed and each of them is

separated to 90°. They correspond to the (220), (250), (202) and (205) reflections.
If the four peaks of the film have the same ¢ angles as those of the substrate, we can

then say that the film has been cube-on-cube epitaxially grown on the substrate.

3.3.4 Electrical Properties of the Thin Films

3.3.4.1 Resistivity Against Temperature Measurements

The electrical properties- of the depoéited SVO and YBCO thin films were
measured by the standard four-point-probe technique. After the thin films were
deposited on the substrate, four gold top electrodes with equal spacing were
sputtered on the film surface. Conducting wires were attached on the top electrodes
using silver paint for connection to external measuring circuit. A constant current [
was allowed to flow through the two outer electrodes. The voltage difference V
between the two inner electrodes was measured. As a constant current was supplied
to the film, the resistivity p of the thin film was calculated by:

_ thIxC.F. (3.3)

where t is the thickness of the film and C.F. is the correction factor. The correction
factor for a circular sample (with a diameter d) and a rectangular sample (with the
side parallel to the probe line as a and that perpendicular to the probe line as d) are

given in Table 3.1 where s is the probe spacing [Tsai, 1988].
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Table 3.1 Correction factor (C.F.) for the measurement of sheet resistances with the

four-point-probe.

Square Rectangle
dfs Circle Ald =1 a/d=72 a/d=73 a/d>4
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 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 3.2248
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 4.2357 4.2357 4.2357
150 4.3646 4.3882 4.3947 4.3947 4.3947
20.0 44364 44516 4.4553 4.4553 4.4553
40.0 4.5076 4.5120 4.5129 45129 4.5129
oo 4.5324 4.5324 4.5325 4.5325 4.5324

Note: The one high-lighted is the C.F. we used for our samples.

=L, 4. 05 5,

*

( 1
0.5 s 02

e
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Fig.3.5 shows the constant current source circuit for the sample. A standard
747 operational amplifier configured in a negative feedback inverting amplifier
mode was used to maintain a constant current flowing through the feedback loop
even if the resistance of the sample changed widely. By adjusting the supply voltage
or the values of the resistors, a constant current was obtained. In the present study,
the constant current was kept at 1 mA. Fig.3.6 shows the constant current source
circuit for the Pt thermometer which was used to monitor the sample temperature
down to liquid nitrogen temperature of 77 K. Similarly, a constant current of 1 mA
was maintained in this circuit. Therefore, the variation of the sample resistivity with

temperature was measured by using these two constant current circuits.

3.3.4.2 Hysteresis (P-E) Loop Measurement

Owing to the noncentrosymmetric crystal-lattice structure (i.e. the center of ail
the positive charges does not coincide with that of the negative charges), electric
dipole is formed in each crystal of the ferroelectric polycrystalline materials, such as
PZT. For an as-prepared ferroelectric material, the electric dipoles orient randomly
such that the resulting polarization of the material is almost zero.  When a
sufficiently high electric field is applied to a ferroelectric sample, the electric dipoies
align along the electric field leading to a net polarization (P) and then polarization
charges on the sample surface. When the electric field is removed, only a small
number of the dipoles will switch back leaving a net permanent polarization (cailed
remnant polarization P;) in the sample. In order to reverse the resulting remnant

polarization, an electric field higher than the coercive field E; in opposite direction
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Fig.3.5 The constant current circuit for the sample.
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Fig.3.6  The constant current circuit for the thermometer.

Vicky P.W. Yip 30



Q THE HONG KOQNG
q POLYTECHNIC UNIVERSITY Chapter Three

v HilH I KR

has to be applied. By measuring the polarization charges generated on the sample
surface upon the application of an electric field, a hysteresis loop of polarization (=
surface density of polarization charges) versus applied field is observed. A typical

polarization hysteresis loop is shown in Fig.3.7.

In the present study, a standardized ferroelectric test system (RT-66A, Radiant
Technology), operating in the virtual ground mode was used to measure the
hysteresis loop measurement (Fig.3.8). A one-cycle triangle-wave form of
magnitude V and 9Hz (Fig.3.9) was applied to the sample of which the other surface
was maintained at zero volts. The generated polarization charge (Q) was colle;:ted
by an integrator. The electric field across the sample (E) and the induced

polarization (P} were calculated as:

\%
= 4
E . (3.4)
_Q '
P=-— (3.5)

where A and d are the surface arca and thickness, respectively, of the sample.
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Fig.3.7 A typical hysteresis loop of polarization versus applied field. P is the
saturation polarization, P is the remnant polarization, and E. is the
coercive field.
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Fig.3.8  Schematic setup for measuring the hystere::s loop using a RT66A tester,

operating in the virtual ground mode.
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Fig.3.9  Schematic diagrams of the signals used in the hysteresis polarization
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3.3.4.3 Fatigue Test

Fatigue is defined as the loss of the switchable polarization with continuous
switching of a ferroelectric material. In the present study, the fatigue tests were
carried out using a RT66A ferroelectric tester. A bipolar square wave of 9 V and
frequency 25 kHz (Fig.3.10a) was applied to the sample. The cycling was
periodically interrupted and a pulse polarization measurement was made. In the
pulse polarization test, five triangular pulses (Fig.3.10b) were applied to the sample
and the switched polarization #P* and nonswitched polarization +P" (Fig.3.10¢c)
were determined. P’ was determined after subjecting the capacitor to two triangular
pulses of opposite polarities whereas P" was determined after subjecting the
capacitof to two triangular pulses of the same polarity. The difference between P’

and P” denoted the switchable polarization.

3.3.4.4 Current-voltage Characteristics and Dielectric Constant

The dielectric constant of the PZT capacitors was measured using an
impedance analyzer (HP 4194A), while the current—voltage characteristic was
measured using an clectrometer (TR8652). Patterned top electrodes produced by

shadow mask method were used to facilitate these measurements.
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Fig.3.10 Schematic diagrams of the (a) signal used in fatigue test; (b) pulse train
used to measure the pulse polarization of the capacitors; (¢) switched

polarization (+P*) and non-switched polarization (+P*).
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Chapter 4

Fabrication and Characterization of SrVO,;/LaALQO;

and SrVQOy/TiN/Si

4.1 Introduction

Currently, there is great interest in fabricating highly conducting oxide films for
use as electrodes in applications such as ferroelectric capacitor and solid-oxide fuel
cell. Commonly used conducting oxides include YBa;CuzOr, La;..Sr,Co0Os, and
doped lanthanum manganates. SrVO; (S§VO) has a perovskite cubic structure with a
lattice constant of 3.84 A. It is known to have very low electrical resistivity and is
therefore a suitable material for conducting oxide electrodes. Indeed it has been
reported that the high quality SVO films can be fabricated on oxide single crystal
substrates and resistivities of the order of p2-cm have been achie\.fed [Ritums et al.,
1998]. SVO films directly grown on Si substrates have also been attempted. Only
poor crystalline structure and high resistivity films, however, have been obtained
[Ritums et al., 1998; Nagata et al., 1992]. SVO films grown on Si through thin
buffer layers of Sr [Moon et al., 1996] and yttria-stabilized zirconia (YSZ) [Ritums
et al., 1998] have been reported. High quality epitaxial films have been
demonstrated at substrate temperature of 650°C. This relatively high deposition
temperature, however, is incompatible with the processing temperature of about

500°C commonly used in Si fabrication technology.

In this chapter, we present the results of fabricating SVO thin films on LaALO;
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(LAO) and TiN buffered Si by pulsed laser deposition (PLD) method. Very high
quality epitaxial SVO films grown on LAQO substrates have been obtained and
resistivities of 3 p€2-cm and 19 pQ-cm were recorded at 77 K and 300 K
respectively. High quality heteroepitaxial SVO/TIN/Si structures have also been

fabricated and a low processing temperature of 550°C has been demonstrated.

4.2 Structural Analysis of SrVO; Films
4.2.1 SrVO; (SVO) Target Fabrication

SVO target was fabricated by using the standard solid state reaction method.
Chemicals of vanadium oxide (V,0s) and strontium carbonate (SrCQ;) were used.
Since the ratio of strontium (Sr) to vanadium (V) is | for the SVO target, the
required masses for V,0s and SrCO; can be calculated as follows:

Molar mass of
V305 : 181.88
SrCO; : 147.63
For V;,0s, the required mass is calculated as follows:
181.88/(2*99%) =91.8568
01.8568/10=9.18586
0.18586/2.5=3.67g
Similarly, the required mass of SrCOj is calculated as follows:
147.63/99% = 149.1212
149.1212/ 10 = 14.9121-2

1491212 /2.5 = 5.96g
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After the desired proportion of oxides was weighed, they were well mixed by a
mortar and a pestle for about 1 hour. The powders were then put into an alumina
crucible and covered with a lid. The whole assembly was heated to 850°C at a rate
of 3°C/min in a high tefnperature furnace for calcination. After heated at 850°C for
5 hours, the sample was cooled down to room temperature slowly. The resulting
SVO compound (in the form of a block) was then crushed and ground by a mortar
and a pestle for about | hour. In order to ensure the homogenity and complete
calcination of the compound, it was re-calcinated at 850°C in the furnace for 5
hours. The resulting compound was then re-ground into fine powder. Afterwards
the powder was pressed into circular pellets of diameter 22 mm and thickness 5 mm,
using a pressure of about 1000 kg/cm®. The pellets were sintered at 950°C in the
furnace for 5 hours. The structure of the resulting SVO target was characterized by

an X-ray diffractometer.

4.2.2 Substrate Temperature Dependence

4.2.2.1 SrVOy/LAO

SVO films were grown on LAO substrate at deposition temperatures ranging
from 450°C to 750°C. The ambient oxygen pressure was kept between 10 and 10
Torr. Except for those deposited at high vacuum of 10 Torr, all SVO films showed
poor crystallinity and high resistivity. So, in all subsequent studies, SVO films were
grown at 10 Torr ambient pressure. Fig.4.l shows the 6-20 scans of the films
deposited at 750°C, 650°C, 550°C and 450°C. Apart from the film grown at 450°C

(Fig. 4.1(iv)), all the as-deposited films are well crystallized. This is evident from
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Fig. 4.1 X-ray 0-28 diffraction patterns for the SVO/LAO structure with the SVO
layer grown under high vacuum and deposition temperature as follows: (1)

750°C, (11) 650°C, (ii1) 550°C, and (iv) 450°C.
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the presence of the sharp and well-defined diffraction peaks. As shown in Fig.4.1,
only strong (hQQ) reflection peaks are obs_erved, no trace of other SVO reflections is
observed. This suggests that highly oriented SVO films can be obtained at
temperature of 550°C or above. Actually, the crystallinity obtained for the SVO
films is very good as indicated by the narrow X-ray @-scan rocking curves of the
(200)SVO reflection. For example, for the SVO film deposited at 650°C, the full
width at half maximum (FWHM) is about 0.7°. The small Kg peaks observed for all

the films are due to the diffraction of the Kg line of the X-ray by the LAO substrate

(Fig.4.1).

In fact, a film can be grown on a substrate in an excellent orientation to the
r.ormal of the suiface, but poor in the in-plane orientation as twisting between planes
can occur. Therefore, in order to determine whether the SVO films were epitaxially
grown on the substrate, 360° ¢-scans for the (220)SVO and (220)LAO were also

carried out. It was used to confirm the in plane alignment of the films to the

suibstrates.

Fig.4.2 shows the X-ray 360° ¢-scans on (220)SVO and (220)LAO planes with

which the film was deposited at 650°C. It is seen that four sharp peaks separated at
90° interval appear indicating the four-fold symmetry of a typical cubic structure.
The two sets of the reflections occur at the same diffraction angle suggesting a cube-
on-cube expitaxial growth of SVO films on LAO substrate. For films deposited at

higher temperatures, similar results are observed.

Vicky PW. Yip 40



&

Intensity (a.u.)

Fig.4.2

THE HONG KONG

POLYTECHNIC UNIVERSITY

Chapter Four

HHHETKE

8 b (i)

.

100

150

¢ (Degree)

200

250

300

350

360° ¢-scans diffraction patterns of (i) (220)SVO, and (i) (220)LAO.

Vicky P.W. Yip

41



qu Féifw?%‘ié‘fﬁuc UNIVERSITY Chapter Four
v HFHEEITKY
4.2.2.2 SrVO4/TiN/Si

In view of the fact that SVO films have such good crystal quality, it will be
very interesting and useful if SVO can be grown on Si substrate for integrated
device applications. However, it was observed that if SVO was directly grown on Si
substrate, the film had poor crystallinity and high resistivity due to lattice-
mismatched and chemical diffusion. Moon et al. {1996] has shown that the VO, was
reduced by silicon to metallic vanadium when SVO was directly grown on Si
substrate. Therefore, TiN was used as the buffer layer in the present work. It
provides not only a lattice-matched site for subsequent SVO film growth, but also a
good chemical diffusion barrier. Fig.4.3 shows the X-ray photoelectron core level
spectrum of V 2p and O ls of the as-grown film depoéited at 550°C under high
vacuum, In a perovskite SVO structure, the vanadium shouid be tetravalent. The
binding energy of V** and V** are 516.3 eV and 517.6 eV, respectively. Our XPS
results suggest that our SVO films composed of both V** and V**. The measured

ratio of the V/Sr by XPS is 1.30/1.48, which is close to the nominal composition of

/1.

Fig.4.4 shows the X-ray 0-20 diffraction patterns for the SVO/TIN/Si
heterostructure deposited at substrate temperatures of 750°C, 700°C, 650°C, 600°C
and 550°C. It is seen that highly oriented SVO films with strong (h0O0) reflections
are prepared. The crystallinity of the film improves as the substrate temperature
increases. Fig.4.5 and Fig.4.6 show the X-ray w-scan rocking curves on the (200)

reflection of the SVO and TiN films deposited at 550°C, respectively. Their FWHM
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Fig.4.3  X-ray photoelectron core level spectrum of V 2p and O Is of the as-grown
film deposited at 550°C under high vacuum, '

Vicky P.W. Yip 43



POLYTECHNIC UNIVERSITY

&

20

10

20

10

20

Intensity(a.u.)
=

Fig.4.4

qu THE HORG KONG Chap[er Four

HFHEHETIAS

Si(400)

t‘\
SVO(100)
-
— TiN(200)
| ; SVO(200)

L. (i)

.,.
L
T

(iv) (

.

L | S ] ] 1 | P J Lg_
20 30 40 50 60 70 80

28(Degree)

X-ray 6-28 diffraction patterns for the SVO/TiN/Si structure with the TiN
layer deposited at 550°C under high vacuum. The SVO layer was
deposited at (i) 750°C, (it) 700°C, (iii) 650°C, (iv) 600°C, and (v) 550°C.
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Fig4.5 Rocking curve of (200)SVQO reflection of the as-deposited SVO film
grown on TiN buffered Si substrate. The deposition conditions for both of
the SVO and TiN layers were under high vacuum and with deposition
temperature of 550°C.
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Fig.4.6  Rocking curve of (200)TiN reflection of the buffered TiN film of the
SVO/TIN/Si heterostructure. The deposition conditions for both of the
SVO and TiN layers were under high vacuum and with deposition
temperature of 550°C.
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are about 1.7° and 1.6°, respectively, indicating that they are well oriented. Fig.4.7
shows the X-ray 360° ¢-scans on the (220)SVO, (220)TiN and (220)Si diffraction.
Both the TiN and SVO films were deposited at 550°C. The characteristic four-fold
symmetry is observed and cube-on-cube epitaxial growth is suggested. The low
temperature processing of the SVO/TiN/Si heterostructure is important for

developing integrated devices on Si.

4.2.2.3 Cross-section and Surface Morphology of the SrVO,/LAO

and SrVOy/TiN/Si
In order to investigate the thickness and smoothness of the films, scanning
electron microscopy (SEM) measurements were carried out. Fig.4.8a and Fig.4.8b
show the SEM micrographs of the cross-section of the SVO/LAO and SVO/TiN/Si
structures, respectively. The thickness of the SVO film deposited on LAO substrate
is about 375 nm and those of the SVO film and TiN buffer layer deposited on Si
substrate are about 250 nm and 200 nm, respectively. It is also seen that sharp

interfaces between the SVO, TiN, and Si layers are observed (Fig.4.8b).

Fig.4.9a and Fig.4.9b show the surface morphology of the SVO films deposited

on LAO substrate and TiN buffered Si substrate, respectively. It is seen that the

surfaces are quite smooth. As shown in the atomic force microscopé (AFM)
topographic image (Fig.4.10), the surface roughness of the corresponding

SVO/TiN/Si fitm (Fig. 4.9b) is about +4 A,
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Fig.4.7  360° ¢-scans diffraction patterns of (1) (220)SVQO, (i1) (220)TiN, and (i)
' (220)Si.
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Fig.4.8  Scanning electron micrographs of the cross-section of the (a) SVO/LAO
and (b)SVO/TiN/Si. Both SVO and TiN layers were deposited under a
pressure of 4 x 10 Torr. The deposition temperatures of them are 600°C
and 550°C respectively.

Vicky P.W. Yip
449



Chapter Four

o

=

4

53]

2,

Z

=

)
2ls
18] K8
w I
2 =1 o
S8
o
3o ¥
b= b

&

AR08 K X

tor

1 Hﬂﬁ_

20 00 KU

SHT

SE1

oC

Det

341

(=]
=
=3
)
[=1
r=
-y

ag= 1.8 K X

)

b

(

)4
£
- ©
e 2
o =
w
2 g
S a
3
Mw, —
(m
5 s
o)
Lol
g2
=
o
g &
59
8o
w 2
3]
3
I
—
Q
>
[}
Z.

and Ti

Both SVO
x 10° Torr. The deposition temperatures of them are 600°C and 550°C

Surface morphology of the SVO film
respectively.

TiN/Si.

4.9

Fig

50

Vicky P.W. Yip



Qb THE HOXNG KONG
Q’ POLYTECHNIC UNIVERSITY Chapter Four

& HEH T AR

Fig.4.l0  AFM topographic image of the SrVO; film deposited at a substrate
temperature of 600°C.

Vicky P.W._ Yip 51



Q THE HONG KONG
Q’ b POLYTECHNIC UNIVERSITY Chapter Four

v A T A%

4.3 Post Deposition Annealing Effects under Different Ambient

Oxygen

In order to evaluate the effects of ambient oxygen pressure on the structure and
properties of SVO films, as-deposited films grown under high vacuum and at
deposition temperature of 750°C were in—si-tu annealed under different ambient
oxygen pressures for 20 minutes. Fig. 4.11 shows the X-ray 6-20 diffraction
patterns for the SVO/LAO film annealed under different ambient oxygen pressures.
It is clearly seen that the process of post deposition annealing has significant effects
on the crystallinity of the SVO thin films. It is seen that as the annealing oxygen
pressure increases, the (100)SVO and (200)SVO reflection peaks become smaller,
suggesting a poor crystallinity. The peaks almost disappear when the annealing
oxygen pressure is '66 mTorr and have the sharpest reflection at a certain low
annealing ambient oxygen pressure, i.e. 10 mTorr. This phenomenon may be
explained by the heat convection. Under higher annealing ambient oxygen pressure,
the temperature of substrate becomes lower than the temperature of the heater due
to heat convection. Therefore, the crystallinity of the SVO films becomes poor as ar
result of a lower annealing temperature. On the other hand, we can see from
Fig.4.11 that the crystallinity of the film starts to deteriorate as the annealing
pressure is reduced 10_10'6 Torr. This may be explained by the fact that at such low

pressure, the oxygen stoichiometry of the SVO films becomes so poor that it affects

the crystallinity.
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Fig.4.11 X-ray 0-28 diffraction patterns for the SVO/LAOQ structure with the SVO
layer grown under high vacuum and deposition temperature of 750°C.
After the film deposition, it was annealed at 750°C under different
ambient oxygen pressure for 20 minutes: (i) 10 Torr, (11} 10 mTorr, (iii)
35 mTorr, and (iv) 166 mTorr.
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4.4 Electrical Property of SrVO; Thin Films

The deposition temperature has a distinct effect on the electrical property of the
SVO films. Fig. 4.12 shows the temperature dependence of resistivity of the SVO
films deposited on LAO substrate at different deposition temperatures: 550°C,
600°C, 650°C and 700°C. Apparently, the SVO films are of good metallic
properties. It is also seen that the resistivity of the SVO film decreases as the
substrate temperature increases. This trend is probably due to the improved

crystallinity of the SVO thin films at higher deposition temperature.
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Fig.4.12 Resistivity against temperature of SVO films deposited on LAQ substrate
at 550°C (Curve A), 600°C (Curve B), 650°C (Curve C), and 700°C
(Curve D).
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Chapter 5

Fabrication and Characterization of YBa,Cu;05.,
(YBCO) Films on Si Substrates Using STO/TIN

Buffer Layers

5.1 Introduction

YBCO, one of the most widely studied high temperature superconducting
materials, belongs to Type II class of superconductors which are characterized by

their ability to retain their superconducting properties in very high magnetic fields.

Numerous attenipts have been made to incorporate YBCO into the existing
silicon integration technology [Hao et al.,, 1994} for superconducting and other
microelectronic appliclations. Nonetheless, the deposition of YBCO directly on
silicon will damage the electrical properties of the silicon surface and the
superconductivity of YBCO due to the out-diffusion of elements in YBCO and the
large lattice mismatch (Si, a = 5.43 A:YBCO,a=382Ab=389 A, c=11.68 1’3\.)
Therefore, a buffer layer inserted in between the St and YBCO is necessary to
prevent the barium and copper in the stoichiometric YBCO compound from
diffusing into the silicon substrate. Actually, the use of these buffer layers between
YBCO and Si not only serves to stabilize the YBCO/Si structure, but also provides
either an electrical insulation or a conduction channel in this mutilayer system.

Different oxide and conducting buffers such as yttria-stabilized zirconia (YSZ) [Liu
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et al., 1999; Hwang et al., 1995; Jeong et al., 1998; Juang et al., 1994], MgO [Fork
et al., 1991), SrTiO; [Cheung et al., 1992}, CeO; [Luo et al., 1991], and SiO; [Gupta
et al., 1988] have been used. In fact, the stability of this layered structure is

determined to a large extent by the properties of the buffer layer and its interfaces

with YBCO and Si.

In this chapter, we present the work on fabrication of integrated epitaxial
YBCO thin films on Si by the PLD method using STO and TiN as buffer layers.
Heteroepitaxial structures of TiN/Si, STO/TiN/Si and YBCO/STO/TiN/St have been

prepared and their structural and electrical properties are discussed.

5.2 Characterization of TiN/Si and STO/TiN/Si

5.2.1 TiN/Si

" TiN has a cubic NaCl-type structure with a lattice constant of 4.24 A for
stoichiometric material. It has many unique properties such as high electrical
conductivity, high chemical stability, hardness and abrasion resistance. Therefore, it
has found wide applications in wear- and abrasion-resistant coating, atomic diffusion
barrier and contact formation in advanced LSI technologies. Narayan et al. [1992]
showed that the resistivity of an epitaxial TiN layer formed on Si as measured by a
four-point-probe technique was very low (15-17 uQcm) at room temperature and
showed a metallic behavior. Therefore, it can also be used to form ohmic contacts in

the source und the drain regions of a metal-oxide semiconductor (CMQOS) device.
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In view of the fact that TiN has such excellent diffusion barrier properties and
can be epitaxially grown on Si, it is of interest to use it as a buffer layer for
integrating YBCO on Si, which has a lattice constant of 5.43 A. Although there is a
large difference in lattice constant between TiN and Si, TiN has been shown to grow
epitaxially on Si via domain matching epitaxy [Tsvetanka Zheleva et al., 1994] in
which four lattice constants of TiN match with three of Si. Actually, for domain
matching epitaxy, the lattice misfit is about 4.0%. Besides, epitaxial growth of TiN
films on Si were obtained in a wide range of substrate temperatures from 500°C to

750°C [Leung, 1998]. Post-deposition annealing of TiN films was not necessary.

In the present work, the TiN buffer layers were fabricated by ablating a TiN
target bought from Electronic Space Products International (ESPI) company (grade
2N5). All of the TiN films were prepared at 600°C and 720°C under a pressure of
4x10°® Torr. The laser fluence, repetition rate and deposition time used are 3 J/em®
10 Hz and 20 minutes respectively. The thickness of the TiN films, as measured by

the profiler and cross-section SEM imaging was about 200 nm.

Fig.5.1 shows the X-ray 6-20 diffraction pattern of the TiN film deposited at
600°C under a pressure of 4x10°° Torr on (100)Si substrate. A single sharp peak of
(200)TiN is observed indicating a single phase of the TiN film. The FWHM of the
(ZOO)TEN reflection is about 1.71° (Fig.5.2) suggesting that the crystal of the film is
highly oriented. In order to determine whether the TiN film was epitaxially grown
on the Si substrate, 360° ¢-scans of the (220)TiN and (220)Si reflection peaks were

carried out. Fig.5.3 shows their corresponding 360° ¢-scans profiles. Four sharp
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Fig.5.1 X-ray 0-20 diffraction pattern for the TiN/S1 structure. The TiN

layer was deposited at 600°C under a pressure of 4x 10°® Torr.
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Fig.5.2 Rocking curve of (200)TiN reflection. The TiN layer was deposited
at 600°C under a pressure of 4x 10 Torr.
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Fig.5.3 360° ¢-scans diffraction patterns of (i) (220)TiN, and (i1) (220)S1.
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peaks for each of the 360° ¢-scans are observed, indicating the four-fold symmetry
of a typical cubic structure. The two sets of reflection peaks occur at the same
diffraction angle suggesting a cube-on-cube expitaxial growth of TiN films on Si,

i.e. <100>mnli<100>s;. For the TiN films deposited at a higher temperature, 720°C,

similar results are obtained.

5.2.2 Characterization of STO/TiN/Si

5.2.2.1 SrTiO; (STO) Target Fabrication
. The fabrication process of the SrTiQ; (STO) target is very similar to that of

SVO target as mentioned in Section 4.2.1. For the ratio between strontium and
titanate to be 1, the required mass for S'rC03 and TiO, are calcuiated as follows:
Molar mass of

SrCO; : 147.63

TiO, : 79.90
For SrCQOs, the required mass is calculated as follows:

147.63/99% = 149.121

149.121/ 18 = 8.2845¢
Simi[z.lrly, the required mass of TiO» is calculated as follows:

79.90 7 99.99% = 79.908

79.908 /18 =4.439g
In the present work, high purity AR grade of titanium dioxide (TiO.) (grade: 4N)
and strontium carbonates (SrCQOs) (grade: 2N) were used to fabricate the STO target.

After the desired proportion of oxides was weighed, they were well mixed by a
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mortar and a pestle for about 1 hour. The powders were then put into an alumina
crucible and covered with a lid. The whole assembly was heated to 1000°C at a rate
of 10°C/min in a high temperature furnace for calcination. After heated at 1000°C
for 10 hours, the sample was cooled down to room temperature slowly. The
resulting STO compound (in the form of a block) was then crushed and ground by a
- mortar and a pestle for about 1 hour. In order to ensure the homogenity and
complete calcination of the compound, it was re-calcinated at 1000°C in the furnace
for 10 hours. The resulting compound was then re-ground into fine powder.
Afterwards the powder was pressed into circular pellets of diameter 22 mm and
thickness 5 mm, using a pressure of about 1000 kg/cm’. The pellets were sintered at
1300°C in the furnace for 10 hours. The structure of the resulting STO target was

characterized by an X-ray diffractometer.

Fig.5.4 shows the X-ray 628 diffraction pattern of the STO perovskite oxide
target. Sharp and strong reflection peaks are observed. They were identified and
were labeled in the figure for reference. Thus the XRD profile suggests that the

STO target is well crystallized and is fit for PLD for preparing STO thin films.
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Fig.5.4 XRD pattern of the STO perovskite oxide target.
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5.2.2.2 Structural Analysis of STO Thin Films

As discussed in Section 5.1, in order to overcome the problems of lattice
mismatch and chemical reaction between YBCO and the Si substrate, different
buffer layers have been used. In the present work, STO/TIN buffer layers are used.
The reason for introducing the STO buffer layer as well as the TiN buffer layer is
because high processing temperature (750°C) and ambient oxygen (300 mTorr) are
required during deposition and post-annealing of YBCO films and the TiN buffer
llayer will probably be oxidized under such circumstances. For this reason, one more

buffering layer, STO is introduced before depositing the YBCO films.

STO has a cubic perovskite structure. It has a high dielectric constant (€,=300
at room temperature) which makes it a useful material for DRAMs in semiconductor
devices. Its lattice constant of 3.906 A is lattice match with both of TiN (4.24 43\)

and YBCO (a=3.82 A,b=3.89 &, c=11.68 A).

During depositing the STO films, the deposition temperature used was kept at
650°C and a high vacuum condition was needed to avoid undesirable oxidation of
the TiN buffer layer. Besides, they were prepared under laser fluence of 3 Jicm?®
with a repetition rate of 10 Hz for 6 minutes. The thickness of the STO films, as

measured by the profiler and cross-section SEM imaging was about 150 nm.

Fig.5.5 shows the X-ray 0-20 diffraction pattern for the STO/TiN/Si

heterostructure. The STO and TiN films were deposited at 650°C and 720°C,
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X-ray 0-26 diffraction pattern for the STO/TiN/Si structure. The
STO and TiN layers were deposited at 650°C and 720°C,
respectively, under a pressure of 4x10°° Torr.
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respectively, under a pressure of 4x10® Torr. Single phase of TiN and STO films
were observed. Fig.5.6 shows the rocking curves of (200)STO and (200)TiN
reflections. Their FWHM are 1.52° and 1.67° respectively. Fig.5.7 shows the 360°
$-scans of (220)STO, (220)TiN and (220)Si reflection peaks. Again, four sharp
peaks for each of the ¢-scans are observed indicating the four-fold symmetry of a
typical cubic structure. The three sets of reflections occur at the same diffraction
angle suggesting a cube-on-cube expitaxial growth of STO films on TiN buffered Si
substrate.  For the STO/TiIN/Si heterostructure, lower deposition temperature
(600°C) for TiN film was also tried and it showed similar results as that of higher
deposition temperature. From these results, we can conclude that high quality of
STO films is obtainable on the TiN buffered Si substrate. Consequently, YBCO is
possible to be deposited on top of STO/TiN/Si to form YBCO/STO/TiN/Si

heteroepitaxial structures.

5.3 Characterization of YBCO/STO/TiN/Si

There are several parameters that influence the quality of YBCO films such as
the nature and orientation of the substrate. Besides, the temperature and pressure
used during film growth may also play a very important role in obtaining good
quality of YBCO films. In this section, the quality of the deposited YBCO thin

fitms as influenced by the temperature and pressure are discussed.
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Fig.5.6 Rocking curves of (1) (200)STO and (ii) (200)TiN reflections. The

MgO and TiN layers were deposited at 650°C and 720°C,
respectively, under a pressure of 4x10° Torr.
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Fig.5.7 360° ¢-scans diffraction patterns of (i) (220)STO, (ii) (220)TiN, and
(iit) (220)Si.
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5.3.1 Substrate Temperature Dependence

YBCO films were deposited on the STO/TiN/Si heterostructure under different
deposition temperatures ranging from 650°C — 750°C with the ambient oxygen
pressure kept at 300 mTorr. The STO/TiN buffer layers, however, were deposited at
650°C under high vacuum. Fig.5.8 shows the X-ray 6-20 diffraction patterns for the
YBCO films deposited on the STO/TiN/Si heterostructure with different substrate
temperatures of 650°C, 700°C and 750°C. It is seen that highly oriented YBCO
films with strong (00¢) reflections are prepared. Besides, the (200)TiN reflections
were also recorded when YBCO films were deposited at deposition temperatures of
650°C and 700°C. And their corresponding FWHM of the (200)TiN reflections are
1.91° and 2.31°. It is clearly that when the YBCO is deposited at a higher deposition
temperature, the crystallinity of YBCO films gets better. It is reflected from the
decreasing value of the FWHM of the YBCO reflection peaks. For example, the
FWHM of the (005)YBCO reflections are 1.90°, 1.83° and 1.58° for deposition
temperature of 650, 700 and 750°C respectively. In contrast, the FWHM of
(2Z00)TiN reflection peaks gets wider and even disappears as the growth temperature
of YBCO increases. This phenomenon may attribute to the fact that under elevated
temperature with high ambient oxygen pressure, the oxygen may diffuse through the
STO capping layer. As a result, TiN is oxidized and the crystallinity of TiN is
destroyed. The oxidation of TiN may Acause damaging structural defects and can
have detrimental effect on the YBCO films and the overall heterostructures.

Discussion on these and the remedial solution will be discussed in later chapters.
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Fig.5.8 X-ray 0-26 diffraction patterns for YBCO films deposited on the

STO/TiN/Si heterostructure. The YBCO layer was deposited under
an ambient oxygen pressure of 300 mTorr at different deposition
temperatures of (i) 650°C, (ii) 700°C, and (iii) 750°C. Both of the
TiN and STO layers were deposited under high vacuum (4x10°®
Torr) with deposition temperature of 650°C.
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5.3.2 Ambient Oxygen Dependence

In view of the fact that the TiN buffer layer was oxidized when deposited
YBCO film at high deposition temperature with high ambient oxygen, so, YBCO
film deposited at a lower deposition temperature with high vacuum was tried to
grow on the TiN/Si structure first. Then YBCO film deposited at high deposition
temperature with high ambient oxygen was carried out. Here, YBCO itself acted as
the buffer layer. Fig. 5.9 shows the X-ray 0-20 diffraction pattern for the
YBCO/YBCO/TIiN/Si heterostructure. The top-YBCO layer was grown at 750°C
under an ambient oxygen pressure of 300 mTorr. The YBCO-buffered and TiN-
buffered layers were grown at 650°C and 600°C, respectively, under a pressure of
4x10% Torr. 1t is clear that only weak signal of (00¢)YBCO reﬂqctions are

obtained. It may be due to the oxygen deficiency of the YBCO films.

Fig.5.10, on the other hand, shows the X-ray 8-20 diffraction pattern for the
YBCO/STO/TiN/Si  heterostructure. The deposition conditions for the
corresponding layers were kept the same. Clearly, sharp reflection peaks of
(OOIE)YBCO are obtained. And the X-ray @-scan rocking curves on the (005)
reflection of the YBCO shows that the FWHM is 1.7° indicating that the film is of
good (00 £) orientation. Fig.5.11 shows the X-ray 360° ¢-scans on the (220)YBCO,
(220)STO and (220)Si diffraction. Apart from the four YBCO peaks, other set of
four peaks is observed. They are also separated by 90° but shifted by 45° relative to
the YBCO peaks. Judging from their sharpness, they are most likely Si reflection.

Their identities, however, have not been determined.
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X-ray 6-20 diffraction pattern for the YBCO/YBCO/TiN/Si

heterostructure, with the top YBCO layer grown at 750°C under an
ambient oxygen pressure of 300 mTorr. The buffered YBCO and
TiN layers were grown at 650°C and 600°C, respectively, under
high vacuum. After the deposition, the films were annealed for 30

minutes at 500°C under | atm oxygen pressure.
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Fig.5.10 X-ray 0-20 diffraction pattern for the YBCO/STO/TIN/Si

heterostructure with the YBCO layer grown at 750°C under 300
mTorr ambient oxygen pressure and both of the STO and TiN layers
were under high vacuum with deposition temperature of 650°C and

600°C, respectively.
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Fig.5.11 X-ray 360° ¢-scans on the (i) (220)YBCO, (ii) (220)STO and (iii)

(220)S1 diffraction,
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5.3.3 Electrical Property of the YBCO Thin Films

Fig.5.12a and Fig.5.12b show the resistivity against temperature of the YBCO
films deposited on the STO/TiN/Si heterostructure. The YBCO layer was grown at
750°C under ambient oxygen pressure of (a) 400 mTorr and (b) 300 mTorr. The
STO and TiN buffér layers were deposited at 650°C and 600°C, respectively, under
.a pressure of 4x10°® Torr. The as-grown films were then post-annealed at 500°C in
oxygen atmosphere for 30 minutes. From the resistivity against temperature
profiles, it is seen that the films show metallic behavior and have a zero resistivity
temperature of 88 K. It is comparable with the results obtained by other research
group of which the T, obtained for the YBCO films with YSZ buffer layers on Si is

87 K [Hwang et al., 1995].

Fig.5.13 shows the resistivity against temﬁerature of the YBCO film deposited
directly on the LaAlO; (LAQ) single crystal substrate. The YBCO film shows
metallic behavior and has a zero resistivity temperature of 90 K. Obviously, we can
see that the T. obtained for the YBCO/STO/TIN/Si heterostructure is quite
comparable to the one directly grown on LAO substrate. Yet, the T, can still be
better. In Section 5.3.5, the surface morphology of the YBCO/STO/TiN/Si
heterostructure is shown. Microcracks are seen running along the film surface.
These cracks may actually severely degrade the electrical qualities of the

superconductor film.
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Fig.5.12 Resistivity against temperature of YBCO films deposited on the
STO/TiN/Si heterostructure, with the YBCO layer grown at 750°C
under an ambient oxygen pressure of (a) 400 mTorr, and (b) 300
mTorr. The TiN and STO films were deposited at 650°C and
600°C, respectively, under high vacuum.
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Fig.5.13 Resistivity against temperature of YBCO film deposited on

LAO(100) with the YBCO layer grown at 750°C under an ambient
oxygen pressure of 400 mTorr and post-annealed at 500°C under 1!
atm pressure for 30 minutes.
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5.3.4 Cross-section of the YBCO Thin Films

Fig.5.14a and Fig.5.14b show the scanning electron micrographs of the cross-
section of the YBCO/STO/TIN/Si heterostructure. In Fig.5.14a, the YBCO layer

was grown at 750°C under 300 mTorr whereas both of the STO and TiN layers were

grown at 650°C and .720°C, respectively, under a pressure of 4x10°® Torr. Actually,
the deposition conditions for the YBCO/STO/TIN/Si heterostrcuture in Fig.5.14b
was the same as that in Fig.5.14a except that the deposition temperature for the TiN
film was at 600°C. From these two different figures, we can see that there are three
different layers. The thickness for the corresponding layers in both cases was about
the same and was about 550 nm, 150 nm and 200 nm for the YBCO, STO and TiN
layers respectively. Besides, we can see the film has several types of defects: grain
boundaries, thermally induced cracks and irregular shaped outgrowths. Some grains
appear to grow from the interface, a feature similar to the reported case in which the
YSZ buffer layer is being used [Hwang et al., 1995]. Hwang et al suggests that the
grains outgrow from the interface between YSZ and YBCO. As the film thickens,
the grain develops into a cone shape. From the electron probe microanalysis
(EPMA) study, they find that the outgrowths have the same composition as the
background film. Besides, they are believed to be the same 123 phase as the rest of
the film. They nucleate and grow from the YSZ surface with a relatively larger
growing rate than the background film like the a-axis growth.  Applying the same
conception, the outgrowth for the YBCO/STO/TiN/Si heterostructure may come
from the interface between STO and YBCO. Similarly, the grain develops into a

cone shape.
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The cross-section of the YBCO/STO/TiN/Si heterostructure, with the
TiN layer deposited at (a) 720°C and (b} 600°C, under high vacuum.
The YBCO layer was deposited at 750°C under an ambient oxygen
pressure of 300 mTorr whereas the STO layer was deposited at
650°C under high vacuum,
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5.3.5 Surface Morphology of YBCO Thin Films

5.3.5.1 Substrate Temperature Effect

Fig.5.15, Fig.5.16, and Fig.5.17 show the surface morphologies of YBCO films
deposited on the STO/TIN/Si heterostructure. The YBCO layer was deposited at
different substrate temperatures of Fig.5.15 (650°C), Fig.5.16 (700°C) and Fig.5.17
(750°C) under an ambien.t oxygen pressure of 300 mTorr. In Fig.5.15 and Fig.5.16,
both of the STO and TiN buffer layers were deposiu;,d at 650°C with a pressure of 4
x 10® Torr. There is big difference in the orientétion of the YBCO films. Chan et al.
[1989] pointed out that for their YBCO films, the a, b-oriented grains appeared as
cross bars and the c-oriented grains appeared as disks. In accordance with what he
defined, the orientation of the YBCO grains in Fig.5.15 should be a-c mixed with
the YBCO parallel to [100] directions of STO whereas that in Fig.5.16 should be c-

oriented.

In Fig.5.17, the deposition conditions for both of the STO and TiN buffer layers
were also grown with a base pressure of ~10° Torr. But the deposition
temperatures for them are at 650°C and 720°C respectively. From the surface
morphology of the YBCO film shown, we can see that the film is c-oriented. When
compare this one with the one shown in Fig.5.16, we can see that the grains in
Fig.5.17 are more disks like, it actually implies that the film is much more c-oriented
than that in Fig.5.16. In fact, it is consistent with what other has reported that higher

deposition temperature favors c-oriented [Lee et al., 1991].
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(ii)

Surface morphology of the YBCO film deposited on the STO/TiN/Si
heterostructure: (i) magnification = 1x10%, (ib) magnification = ax10”.
The YBCO layer was deposited at 650°C under an ambient oxygen
pressure of 300 mTorr, whereas the STO and TiN buffer layers were
deposited at 650°C under a pressure of 107 Torr.
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Fig.5.16 Surface morphology of the YBCO film deposited on the STO/TiN/Si
heterostructure: (i) magnification = 1x10%, (ii) magnification = 4x 10",
The YBCO layer was deposited at 700°C under an ambient oxygen
pressure of 300 mTorr, whereas the STO and TiN buffer layers were
deposited at 650°C under a pressure of 10 Torr.
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Fig.5.17 Surface morphology of YBCO films deposited on the STO/TiN/Si
heterostructure: (i) magnification = 1x10?, (ii) magntfication = 4%x10".
The YBCO layer was deposited at 750°C under an ambient oxygen
pressure of 300 mTorr, whereas the STO and TiN buffer layers were
deposited ut 650°C and 720°C, respectively, under a pressure of 10
Torr.
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5.3.5.2 Ambient Oxygen Effect

Fig.5.18a and Fig.5.18b show the scanning electron microscopy (SEM) of the
YBCO/STO/TIN/St heterostructure. The deposition conditions are the same as
described in Section 5.3.3. The ambient oxygen pressure of YBCO film in Fig.5.18a
is 400 mTorr and that in Fig.5.18b is 300 mTorr. Obviously, we can see that some
spherical particulates, which is a common PLD feature without shadow masks and
microcracks formed on the surface. The microcracks may be due to the fact that

there is large difference in thermal expansion coefficients ( @5, = 12.6 x 10K
and @y, = 8 x 10%K) [Qiao et. al., 1994] between YBCO and STO. As the

difference in thermal expansion coefficient will cause the film under tensile stress
when cool the film down from the deposition temperature. In order to relax the
strain, microcracks are then formed. Comparatively, we can see that microcracks in
Fig.5.18a is more severe than that in Fig.5.18b. This phenomenon may be probably
due to the fact that TiN is more severely damaged under higher ambient oxygen.

Consequently, it then affects the films growing on it.

[n short, from the above discussion, it seems that the STO is not the best buffer
layer for depositing YBCO on Si.  Although, the T. obtained for the
YBCO/STO/TIN/SI heterostructure was 88 K which was comparable to that grown
on single crystal LAO substrates of which a T, of 90 K was obtained. However,
from the scanning electron microscopy, it showed that the surface morphologies of
the YBCO films on the STO/TiN/Si heterostructure had microcracks as well as the

presence of particulates.  The microcracks may be due to the lurge difference in
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Fig.5.18 Surface morphology of YBCO films deposited on the STO/TIN/Si
heterostructure, with the Y.BCO layer grown at 750°C under an
ambient oxygen pressure of (a) 400 mTorr and (b) 300 mTorr. The
STO and TiN buffer layers were grown at 650°C and 600°C,
respectively. under a pressure of ~10® Torr.
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thermal expansion coefficients between YBCO and Si. Besides, the oxidation of
TiN during the YBCO growth also had detrimental effect on the YBCO films and
the overall heterostructures. In the next chapter, we will discuss using the MgO/TiN

as the buffer for depositing YBCO on Si.
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Chapter 6

Fabrication and Characterization of YBa,Cu;0.,
(YBCO) Films on Si Substrates Using MgO/TiN

Buffer Layers

6.1 Introduction

In Chapter 5, the fabrication and characterization of YBCOQ films grown on Si
substrates using STO/TiN buffer layers are discussed. It is found that these buffer
layers for YBCO films integrating on Si produce detrimental microcracks. In order
to circumvent this undesirable feature and to produce a better film quality,
magnesium oxide (MgO) is being studied as a buffer layer instead of STO. The
lattice constant of MgO is 4.21 A which has a small lattice mismatch with TiN. It is
expected that a good quality of MgO film can be grown on TiN. Our ekperimental
results did show that the MgO could be epitaxially grown on TiN. In fact, MgO is
an important material and a key substrate for a variety of perovskites such as
superconducting YBCO and ferroelectric lead zirconate titanate. It is a highly ionic
insulating solid with a NaCl structure. Besides, it has a small dielectric constant and

low loss tangent which makes it ideal for high frequency multilayer circuits.

In this chapter, the structural and electrical properties of the
YBCO/MgO/TiN/Si  heterostructure  are presented. Its merit over the

YBCO/STO/TIN/SI heterostructure is also discussed.

Vicky P.W. Yip _ 88



?Qb }”glt{‘:?'?%g})-rglc UNIVERSITY Chépter Six
v Hig BT RS '
6.1.1 Characterization of MgO/TiN/Si

All MgO films in this study were prepared at 650°C under a base pressure of
4x10° Torr. The laser fluence, repetition rate and deposition time used was 3.5
J/em?, 10 Hz and 20 minutes respectively. The TiN films were deposited in the
same conditions as described in Section 5.2.1. The thickness of the MgO films as
measured by the profiler and cross-section SEM imaging was about 120 nm. Fig.6.1
shows the X-ray 0-20 diffraction pattern for the MgO film deposited on the TiN
buffered layer, which was deposited at 600°C under a pressure of 4x10° Torr. Sharp
peaks for both of the (200)TiN and (200)MgO reflections were obtained. Since the
lattice constants of MgO (4.21 A) and TIN (4.22 A) are so close, their peaks cannot
be resolved. The FWHM of the combined (200)MgQO & (200)TiN reflections is
about 1.56° as shown in Fig.6.2. This value suggests that the crystal of the film is
highly oniented. In order to determine whether the 14gO film was epitaxially grown
on the TiN buffered Si substrates, 360° ¢-scans of (220)Mg0O, (220)TiN and (220)Si
reflections were carried out. Fig.6.3 shows the ¢-scans of (220)Mg0O, (220)TiN and
(220)Si reflection peaks. Four characteristic peaks of a cubic structure are observed.
The positions of the four peaks are in good match. This suggests that a cube-on-

cube expitaxial growth of MgO films on TiN buffered Si substrate.
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X-ray ©-20 diffraction pattern for the MgO/TiN/Si structure. The
MgOand TiN layers were deposited at 650°C and 600°C,
respectively, under a pressure of 4x10° Torr.
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Fig.6.2 Rocking curves of (200)TiN and (200)MgO reflections of the

MgO/TiN/Si heterostructure. The MgQO and TiN layers were
deposited at 650°C and 600°C, respectively, under a pressure of
4x10° Torr.
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Fig.6.3 360° ¢-scans diffraction patterns of (i) (220)MgO & (220)TiN, and
(i1) (220)Si.
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6.2 Characterization of YBCO/MgO/TiN/Si and

YBCO/STO/TiN/Si

In Section 6.1.1, MgO has been shown to grow epitaxially on TiN buffered Si
substrate. In this section, the structural characterization of YBCO films grown on
the MgO/TiN/Si heterostructure is presented. Its superior structural qualities to

those using STO as a buffer layer, i.e. YBCO/STO/TiN/Si is also discussed.

6.2.1 Structural Characterization of YBCO/MgO/TiN/Si

and YBCO/STO/TiIN/Si

Fig.6.4 shows the X-ray 08-20 diffraction pattern for the YBCO film deposited
on the MgO/TiN/Si heterostruture. The YBCO layer was deposited at 750°C under
an ambient oxygen pressure of 300 mTorr for 20 minutes. The MgO and TiN were
deposited at 650°C and 600°C, respectively, un.der a pressure of 4x10°® Torr. Tt is
seen that highly oriented YBCO films with strong (00 ¢ ) reflections are prepared. In
addition, (200)TiN, (200)0MgO and (200)YBCO are also recorded. The reasons why
(200)TiN and (200)MgO peaks can be resolved sometimes and the occurrence of the
(Z00OYBCO peaks have not been determined yet. In Section 7.2.1, we will again
show that the (200)TiN and (200)MgQ and (200)YBCO will appear together
sometimes. Nonetheless, the FWHM of the (005)YBCO, (200)MgO and (200)TiN
reflections were 1.37°, 1.26° and 1.82° respectively as shown in Fig.6.5. These

values actually suggest that the crystal of the film is highly oriented.
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Fig.6.4 X-ray 9-20 diffraction pattern for the YBCO/MgO/TiN/Si

heterostructure. The YBCO layer was deposited at 750°C under an
ambient oxygen pressure of 300 mTorr. The MgO and TiN layers
were deposited at 650°C and 600°C, respectively, under a pressure
of 4x10°® Torr.
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Fig.6.5 Rocking curves of (i) (005)YBCO, (ii) (200)MgO, and (iii)

(Z00)TiN reflections. The YBCO layer was deposited at 700°C
under an ambient oxygen peessure of 300 mTorr whereas the MgO
and TiN layers were deposited at 650°C and 600°C, respectively,
under a pressure of 4x 10 Torr.
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In Section 5.3.5.1, it is shown that film cracking becomes more severe when
YBCO was deposited at a high deposition temperature, say, 750°C when using
STO/TiN buffer layers. Therefore, we héve lowered the deposition temperature of
YBCO to 700°C for the subsequent experiments. Besides, as we will use the YBCO
layer as thin oxide electrodes for the ferroclectric capacitors, the YBCO deposition
time have also been réduced from 20 minutes to 6 minutes. For YBCO deposited
for 20 minutes, the film thickness was about 900 nm as measured by the profiler and
cross-section SEM imaging whereas that deposited for 6 minutes, the thickness was

about 200 nm,

Fig.6.6 shows the X-ray 0-28diffraction patterns for the (a)
YBCO/MgO/TiM/Si and (b) .YBCO/STOfTiN/Si heterostrutures. The YBCO layer
was deposited at 700°C under an ambient oxygen pressure of 300 mTorr for 6
minutes. The MgO and STO buffer layers were deposited at 650°C under a pressure
of 4x10°® Torr. The TiN layer in the two heterostructures was kept at 600°C and a
pressure of 4x10°® Torr. When comparing the two heterostructures, it is evident that
using MgO as a buffer layer, the peaks formed are sharper which actually indicates
that the films have better crystallinity. It is believed that MgO is a good oxygen
diffusion barrier and can prevent TiN from oxidation. In case of using STO as a
buffer layer, the TiN is being oxidized during the deposition and post-annealing of
YBCO films which are required to be processed under high temperature and ambient
oxygen pressure. This is evident from the weakening and broadened TiN(200)
reflection in Fig.6.6b, Consequently, thé oxidation of TiN will cause damaging

structural defects and can have detrimental effect on the YBCO films and the overall
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Fig.6.6 X-ray 8-20 diffraction patterns for (a) YBCO/MgO/TiN/Si, and (b)

YBCO/STO/TiN/Si. The YBCO layer was deposited at 700°C
under an ambient oxygen pressure of 300 mTorr. Both MgO and
STO tayers were deposited at 650°C under a pressure of 4x10°° Torr
whereas the TiN was deposited at 600°C under a pressure of 4x10°
Torr.
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heterostructures,

For the YBCO/MgO/TiN/Si heterostructure, the FWHM of (005)YBCO
reflection is 1.66° whereas (200)TiN & (200)MgO reflections is 2.59° as shown in
Fig.6.7. Fig.6.8 shows the X-ray rocking curves of (005)YBCO and (200)TiN
reflections for the YBCO/STO/TIN/Si heterostructure. Their FWHM are 1.74° and
1.86° respectively. Superficially, from the value of the FWHM obtained, it seems
that the crystallinity of the YBCO/MgO/TiN/Si heterostructure is not better than the
one using STO as a buffer layer. Nonetheless, if we compare the XRD profiles
closely, we will discover that the signal to noise ratio is higher when using MgO as a
buffer layer. This rather broad rocking curve profile of unresolved (200)TiN and
(200)MgO may simply due to the small shift of (200)MgO reflectinn to low angle
due to strain at the interface as described earlier. In Section 6.2.3, we will show the
surface morphology of the YBCO/MgO/TiN/Si heterostructure is much better than
that of the YBCO/STO/TIN/Si heterostructure. Needless to say, the surface
morphology of the PZT/YBCO/MgO/TiN/Si heterostructure is also better than that
of the PZT/YBCO/STO/TIN/Si heterostructure as will be shown in Section 7.2.1.
Besides, a much better crystal quality of PZT films is formed when it is grown on
the YBCO/MgO/TiN/Si heterostructure. The FWHM of the (200)PZT, (005)YBCO

and (200)TiN & (200)MgO can be as low as 1.09°, 1.09° and 1.83° respectively.
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Fig.6.7 Rocking curves of (i) (005)YBCO and (ii) (200)TiN & (200)MgO

reflections. The YBCO layer was deposited at 700°C under an
ambient oxygen pressure of 300 mTorr whereas the MgO and TiN
layers were deposited at 650°C and 600°C, respectively, under a
pressure of 4x10°° Torr.
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Fig.6.8 Rocking curves of (i) (005)YBCO, and (it} (200)TiN reflections.

The YBCO layer was deposited at 700°C under an ambient oxygen
pressure of 300 mTorr whereas the STO and TiN layers were
deposited at 650°C and 600°C, respectively, under a pressure of
4x10°° Torr.
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- 6.2.2 Cross-section of YBCO Thin Films on MgO/TiN/Si |

Fig.6.9 shows the scanning electron micrograph of the cross-section of the
YBCO/MgO/TiN/Si heterostruture. The YBCO layer was deposited at 750°C under
an ambient oxygen pressure of 300 mTorr for 20 minutes. The MgO and TiN were
deposited at 650°C and 600°C, respectively, under a pressure of 4x10® Torr. From
the cross-section of the heterostrutures, three layers are clearly shown. The
thickness was 900 nm, 120 nm and 200 nm for the YBCO, MgO and TiN layers
respectively. It is evident that the different layers have a sharp interface. When
compare this cross-section with the one having the YBCO/STO/TIN/S]
heterostruture as shown in Fig.5.14, it is obvious that using MgO as a buffer layer,
the interface formed is clearer. This again suggests that MgO is a better buffer layer
than STO. The MgO layer is good enough to maintain the structural quality of TiN
from oxidation during deposition and post-annealing of YBCO films which are

required to be processed under high deposition temperature and ambient oxygen

pressure.

Pao Yuo-kong Library
PolyU - Hong Kong
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The scanning electron micrograph of the cross-section of the
YBCO/MgO/TiN/Si heterostructure. The YBCO layer was deposited
at 750°C under an ambient oxygen pressure of 300 mTorr for 20
minutes. The MgO and TiN were d%posited at 650°C and 600°C
respectively, under a pressure of 4 x 107 Torr.
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6.2.3 Surface Morphologies of YBCO Thin Films Grown on

MgO/TiN/Si and STO/TiN/Si Heterostructures

6.2.3.1 Comparison of YBCO Films Grown at High Deposition

Temperature

In Section 5‘3.5.1', we have shown that the YBCO films deposited on the
STO/TiN/Si heterostructure at 750°C under an ambient oxygen pressure of 300
mTorr for 20 minutes, cracking occured (Fig.5.17). Nonetheless, there is no
cracking occurs when MgO/TiN are used as the buffer layers. Fig.6.10 shows the
surface morphology of YBCO films deposited on the MgO/TiN/Si heterostructure.
Apart from some spherical particulates, which is a common PLD feature without
shadow masks, there is no apparent cracking and holes on the surface of the YBCO
film. It may be due to the fact that .he thermal expansion coefficient of MgO

(Cyreo ~ 13.5x10°%/K) is much better match to that of YBCO (0,5, ~ 12.9x10°%/K ).

(The thermal expansion coefficient of STO is o, ~ 8 x 10%K.)  Actually, the

large difference in thermal expansion coefficients between YBCO and STO can
create a large thermal strain in the films. As mentioned in Section 5.3.5.2, the
difference in thermal expansion coefficient will cause the film under tensile stress
when cool the film down from the deposition temperature. And in order to relax the
strain, microcracks are then formed. Besides, cracking is more severe for the
YBCO/STO/TiN/Si heterostructure as STO is not a good oxygen diffusion barrier to
prevent the TiN films from oxidation during the deposition and post-annealing of

YBCO films. As discussed in Section 5.3.1, under elevated temperature with high
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Fig.6.10 Surface morphology of YBCO film$ deposited on the MgQ/TiN/Si

heterostructure:(i)magnification = 1x10%, (iymagnification = 10x 10°.
The YBCO layer was deposited at 750°C under an ambient oxygen
pressure of 300 mTorr, whereas that of the MgO and TiN buffer
layers were deposited at 650°C and 600°C, respectively, under a
pressure of 4 x10°° Torr.
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ambient oxygen pressure, the oxygen may diffuse through the STO capping layer.
As a result, TiN is oxidized and the crystallinity of TiN is destroyed. The oxidation
of TiN may cause damaging structural defects and can have detrimental effect on the

YBCO films and the overall heterostructures.

6.2.3.2 Comparison of YBCO Films Grown at Low Deposition

Temperature

Fig.6.11 and Fig.6.12 also show the surface morphologies of YBCO films on
the MgO/TiN/Si and the STO/TIN/Si heterostrutures respectively. The YBCO layer
was deposited at 700°C under an ambient oxygen pressure of 300 mTorr for 6
minutes. The MgQO and STO buffer layers were also deposited at 650°C under a
pressure of 4» 10" Torr whereas the TiN layer in the two heterostructures v ‘as kept at
600°C and a pressure of 4x10° Torr. Again, when comparing the two
heterostructures, it is evident that when using MgO as a bufter layer, the YBCO
films have a much better surface morphology. The reasons are the same as

discussed in Section 6.2.3.1.

In Section 5.3.5, we notice that the YBCO films can have different orientations
under different substrate temperatures. For example, the YBCO films are a, b-
oriented, having the c-axis of YBCO parallel to either [100] or [010] directions of
STO when they are deposited at substrate temperature of 650°C and c-oriented with
the ¢ axis of YBCO parallel to the [001]STO when they are deposited at substrate

temperature of 700°C or above. According to [Chan et al., 1989], the a, b-oriented
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Fig.6.11 Surface morphology of the YBCO film deposited on the
MgO/TiN/Si heterostructure, The YBCO layer was deposited at
700°C under an ambient oxygen pressure of 300 mTorr,
whereas the MgO and TiN buffer layers were deposited at
650°C and 600°C, respectively, under a pressure of 10 Torr.
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Fig.6.12 Surface morphology of the YBCO film deposited on the STO/TiN/Si
heterostructure. The YBCO layer was deposited at 700°C under an
ambient oxygen pressure of 300 mTorr, whereas the STO and TiN
butfer layers were deposited at 650°C and 600°C, respectivety, under
a pressure of 10°° Torr.
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grains appear as cross bars and the c-oriented grains appear as disks. Obviously, our
films do show similar consistency with the deposition temperatures. In Fig.6.11 and
Fig.6.12, we can see that the YBCO films appear as disks which mean that the
YBCO films are c-oriented. Indeed, the reason why we decide to deposit YBCO
films at 700°C is  that it gives c-oriented YBCO films and better surface
morphologies. Of course, when the YBCO films are deposited at 750°C, they are
also c-oriented. However, it 1s always desirable to use a lower deposition

temperature for growing films with acceptable qualities

6.3 Electrical Property of the YBCO Films on the

MgO/TiN/Si and the STO/TiN/Si Heterostructures

Fig.6.13 and Fig.6.14 show the resistivity against temperature of the YBCO/
MgO/TiN/Si and the YBCO/STO/TiN/Si heterostructures. The MgO and STO
buffer layers were deposited at 650°C whereas the TiN layers in the two
heterostructures were grown at 600°C. The deposition ambient was kept at the base
pressure of 4x10°° Torr. The YBCO layer was deposited at 700°C under an ambient
oxygen pressure of 300 mTorr for 6 minutes. After the deposition, the as-grown

films were then post-annealed at 500°C under an oxygen atmosphere for 30 minutes.

For the YBCO/MgO/TiN/Si heterostructure, the YBCO film shows metallic
resistivity versus temperature characteristic and has a transition temperature of 88 K.
The YBCO layer in the YBCO/STO/TiN/Si heterostructure, however, shows

semiconducting property versus temperature even though it does make a transition at
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Resistivity against temperature of the YBCO film deposited on the
MgO/TiN/Si heterostructure. The YBCO layer was deposited at
700°C under an ambient oxygen pressure of 300 mTorr for 6
minutes. The MgO and TiN buffer layers were deposited at 650°C
and 600°C, respectively, under a pressure of 4x10™ Torr.
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Fig.6.14 Resistivity against temperature of the YBCO film deposited on the

STO/TiN/Si heterostructure.  The YBCO layer was deposited at
700°C under an ambient oxygen pressure of 300 mTorr for 6
minutes. The STO and TiN buffer layers were deposited at 650°C
and 600°C, respectively, under a pressure of 4x 10 Torr,
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88 K. Nevertheless, it does not drop off gently and remain non-zero at 78 K. In
Section 6.2.3.2, we have seen the surface morphology of this heterostructure as
shown in Fig.6.12. Microcracks are seen running along the film surface. Actually,

these cracks may severely degrade both the structural and electrical qualities of the

superconductor film.

In conclusion, it is clearly seen that the MgO/TiN buffer layers allow a better
crystal growth of YBCO on Si. The superior quality of MgO may attribute to the
fact that MgO appears to be a much better oxygen diffusion barrier than STO during
the growth of YBCO films, in which high ambient oxygen pressure and elevated
deposition temperature are involved. Furthermore, the thermal expansion coefficient

of MgO (&0~ 13.5 x 10%K) is much better match with that of YBCO (00 ~

12.9 x 10%K ). (The thermal expansion coefficient of STO is oy, ~ 8 x 10%K.)
This will help to lessen the thermally induced stress on the YBCO films and hence

retain a crack free YBCO layer.
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Chapter 7

Structural Characterization and Ferroelectric

Properties of Pb(Zrs,Tiy45)O3 Thin Films

7.1 Introduction

Pb(Zr, Ti, )O3 (PZT), a pseudo-cubic perovskite oxide having a lattice constant
of 4.08A has been receiving much attention due to its many useful and important
properties. For its composition near the morphotropic phase boundary,
Pb(Zry5:Tips)O3 exhibits the best properties such as a low coercive field,
substantial remnant polérization, large dielectric constant and high piezoelectric
coefficient. Indeed, PZT is one of the best known and studied ferroelectrics which
offer a host of exciting applications such as non-volatile memories (NVM’s) and
dynamic random access memories (DRAM’s). In view of this, it would be very
u:s‘eful if PZT can be integrated with silicon. Yet, suitable buffer layers with
excellent diffusion barrier characteristics aré necessary as the growth of PZT films
on Si(100) substrates is not possible due to the high diffusivities of PZT constituents
into silicon.  Besides, lattice and domain matching substrates are required for
epitaxial growth of PZT films. [n addition, polarization switching fatigue problems
[Ramesh et al., 1992], charge retention [Ramesh et al., 1992], imprint [Lee et al.,
1995; Lec et al., 1996] and leakage current [Stolichnov et al., 1999]) need to be

resolved.
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7.2 Characterization of PZT/YBCO/MgO/TiN/Si and

PZT/YBCO/STO/TiN/Si

In this chapter, the structural characterization of the PZT films grown on the
YBCO/MgO/TiN/Si  and YBCO/STO/TIN/S: heteroepitaxial structures are
discussed. Besides, the ferroelectric properties of the epitaxial ferroelectric thin-film
capacitor  based on the Au/Pb(Zry 52 Tig43) O3/ YBa;CuzO7 /MgO/TiIN/S1
heterostructure are presented. Issues concerning fatigue and the leakage current are

addressed at the present studies.

7.2.1 Structural Characterization of PZT/YBCO/MgO/TiN/Si and

PZT/YBCO/STO/TiN/Si
The target used for fabricatin.g the PZT films was lead-enriched, i1e.
Pb(Zrp 5:Tip.45)O3 + 10% PbO (Pby (Zros:Tigs)Os.). All PZT films were deposited
at 650°C under an ambient oxygen pressure of 250 mTorr.  The laser fluence,
repetition rate and deposition time used were 2.5 Jlcm®, 10Hz and 25 minutes
respectively. The thickness of the PZT films was about 850 nm as measured from

the cross-section SEM image.

Fig.7.1 shows the X-ray 6-20 diffraction pattern of the PZT film deposited on
the YBCO/MgO/TiIN/Si heterostruture. The PZT film was deposited at 650°C under
an ambient oxygen pressure of 250 mTorr whereas the YBCO film was deposited at

700°C under an ambient oxygen pressure of 300 mTorr. The MgO and TiN films

Vicky PW. Yip 13
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X-ray 6-20 diffraction pattern for PZT/YBCO/MgO/TiN/Si. The
PZT layer was deposited at 650°C under an ambient oxygen
pressure of 250 mTorr whereas the YBCO layer was deposited at
700°C under an ambient oxygen pressure of 300 mTorr. The MgQ
and TiN Tayers were deposited at 650°C and 600°C, respectively,
under a pressure of 4x 10™ Torr.

Vicky P.W. Yip

114



Q . THE HONG KONG
Q POLYTECHNIC UNIVERSITY Chapter Seven

& WG LA

were deposited at 650°C and 600°C, respectively, under a pressure of 4x 10 Torr. It
is seen that a highly c-axis oriented YBCO film with strong (00¢) reflections are
prepared. Besides, (200) reflections of TiN, MgO and YBCO were also recorded.
The FWHM of the rocking curves of the (200)PZT, (005)YBCO, (2000MgO and
(200)TiN reflections were 1.10° 1.09° and 1.83° respectively as shown in Fig.7.2.
These values suggest that the four layers are highly oriented crystalline films. The
MgO layer helps to maintain the structural quality of TiN from oxidation during the
growth of YBCO and PZT in ambient oxygen. The epitaxy of the films are
confirmed by 360° ¢-scans of (220)PZT, (220)YBCO, (220)MgO, (220)TiN and
(220)Si reflections and the result shows that they have a similar 360° ¢-scans profile
as that shown in Fig.5.11. In all these ¢-scans, four characteristics peaks of 4-fold
symmetry are observed. The positions of the four peaks from the films are in good
maich. This strongly suggests that all these films are epitaxial growth, and cube-on-

cube for some of them, grown on top of the Si substrate.

Fig.7.3  shows another X-ray 8-28 diffraction  pattern of the
PZT/YBCO/MgO/TiN/Si heterostruiure with the deposition conditions same as that
shown in Fig.7.1. However, the X-ray diffraction pattern does show some
difference. In Fig.7.3, the (200)MgO and (200)TiN reflections have been recorded
as two resolved peaks. In addition, the (200)YBCO peak has also detected. This
case is the same as that shown in Fig.6.4. Nonetheless, whether there is an inter-
relationship between the occurrence of (200)YBCO and the separation of the

(200)M¢gO and (200)TiN peaks, cannot be determined yet. The crystallinity of the
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Fig.7.2 Rocking curves of (1) (200)PZT, (it) (005)YBCO, (i) (200)TiN &

(200)MgO reflections. The PZT, YBCO, MgO and TiN films were
deposited at 650°C, 700°C, 650°C and 600°C, respectively. The
deposition pressures of them were 250 mTorr, 300 mTorr, 4x10°
Torr and 4x10°® Torr, respectively.
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Fig.7.3 X-ray 0-208 diffraction pattern for the PZT/YBCO/MgQ/TiN/Si

h
a
d

cterostructure.  The PZT layer was deposited at 650°C under an
mbient oxygen pressure of 250 mTor whereas the YBCO layer was
eposited at 700°C under an ambient oxygen pressure of 300

mTorr. The MgO and TiN layers were deposited at 650°C and
600°C, respectively, under a pressure of 4x 10 Torr.
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films formed, however, is not as good as that shown in Fig.7.1. However, they are
still well oriented films. The FWHM of the (200)PZT, (005)YBCO, (200)MgO and
(200)TiN are 1.14° 1.44° 1.64° and 2.22° respectively as shown in Fig.7.4. And

similarly, from the 360° ¢-scans of (220)PZT, (220)YBCO, (220)Mg0O, (220)TiN

and (220)Si reflections, they do show good heteroepitaxial structure.

Fig.7.5 shows the X-ray 8-26 diffraction pattern of the PZT films deposited on
the YBCO/STO/TiIN/Si heterostruture. The deposition conditions for all the layers
were the same as that of the corresponding layers shown in Fig.7.1 for the
YBCO/MgO/TiN/Si heterostruture. As expected, the crystallinity of the different
layers formed was not as good as the one using MgO as a buffer layer. From the
profile, we can see that the peaks formed were not so sharp and the (200)TiN
reflection disappeared. Actually, the reason for these occurrences is primarily due to
the oxidation of the TiN buffer layer as discussed previously. The FWHM of the

(200)PZT and (005)YBCO are 1.38° and 1.45° respectively as shown in Fig.7.6.

7.2.2 Cross-section of the Ph(Zr0 5;Tiy.44)O; Thin Films on the

YBCO/MgO/TiN/Si Heterostructure
Fig.7.7 shows the scanning electron micrograph (SEM) of the cross-section of
the PZT/YBCO/MgO/TiN/Si heterostructure in which the deposition conditions for
the different layers are the same as that shown in Fig.7.1. The PZT layer was
deposited at 650°C under an ambient oxygen pressure of 250 mTorr whercas the

YBCO layer was deposited at 700°C under an ambient oxygen pressure of 300
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Rocking curves of (i) (200)PZT, (ii) (005)YBCO, (ii1) (200)MgO
and (iv) (200)TiN reflections. The PZT, YBCO, STO and TiN
films were deposited at 650°C, 700°C, 650°C and 600°C,
respectively.  The deposition pressures of them were 250 mTorr,
300 mTorr, 4x 10 Torr and 4x 107 Torr, respectively.
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X-ray 0-28 diffraction pattern for the PZT/YBCO/STO/TiN/Si
heterostructure. The PZT layer was deposited at 650°C under an
ambient oxygen pressure of 250 mTorr whereas YBCO was
deposited at 700°C under an ambient oxygen pressure of 300
mTorr. The STO and TiN layers were deposited at 650°C and
600°C, respectively, under a pressure of 4x10° Torr.
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Fig.7.6 " Rocking curves of (i) (002)PZT and (ii)(005)YBCO reflections.
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Fig.7.7 The scanning electron micrograph of the cross-section of the
PZT/YBCO/MgO/TiN/Si  heterostructure. The PZT layer was
deposited at 650 °C under an ambient oxygen pressure of 250 mTorr
for 20 minutes whereas the YBCO layer was deposited at 700 °C
under an ambient oxygen pressure of 300 mTorr for 6 minutes. The
MgO and TiN were deposited at 650 °C and 600 °C respectively,

-6
under a pressure of 4 x 107 Torr.
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mTorr. The MgO and TiN were deposited at 650°C and 600°C, respectively, and
under a pressure of 4x10°® Torr. From the cross-section SEM imaging, the thickness
was about 850 nm, 200 nm, 120 nm and 200 nm for the PZT, YBCO, MgO and TiN
layers respectively. Clearly, the four layers have sharp and clean interfaces. Same
as that discussed in Section 6.2.2, the MgO layer is good enough to maintain the

structural quality of the heteroepitaxial structure.

7.2.3 Surface Morphologies of the Pb(Zrys,Tiy.45)O; Thin Films on

the YBCO/MgO/TiN/Si and the YBCO/STO/TiN/Si

Heterostructures

Fig.7.8 and Fig.7.9 show the surface morphologies of PZT films deposited on
the YBCO/MgO/TiN/Si and the YBCO/STO/TIN/SI heterostructures.  Again, the
deposition conditions for the different layers are the same as that described for
Fig.7.1. The PZT layer was deposited at 650°C under an ambient oxygen pressure
of 250 mTorr whereas the YBCO layer was deposited at 700°C under an ambient
oxygen pressure of 300 mTorr. The MgO and TiN were deposited at 650°C and
600"C, respectively, under a pressure of 4x10° Torr. Obviously, there is big
difference in the surface morphologies of the PZT filims such as holes are observed
in Fig.7.9 bu.t not in Fig.7.8. Actually, this phenomenon is the same as that
discussed in Section 6.2.3.1. The occurrence of holes is due to the large difference
in thermal expansion coefficients between YBCO and STO and the oxidation of TiN

films during deposition and post-annealing of PZT and YBCO films.
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Fig.7.8
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(1)

Surface morphology of the PZT film deposited on the
YBCO/MgO/TiN/Si heterostructure: (i) magnification = 1x10°, (ii)
magnification = 10x10*. The PZT layer was deposited at 650°C
under an ambient oxygen pressure of 250 mTorr, whereas the YBCO
layer was deposited at 700°C under an ambient oxygen pressure of
300 mTorr. The MgO and TiN buffer layers were deposited at 650°C
and 600°C, respectively. under a pressure of 107 Torr.
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Fig.7.9

__' : ;i_.‘;\
Bk N

EHT:28 .88

30800 p——

Surface morphology of the PZT f{ilm deposited on the
YBCO/STO/TIN/Si heterostructure: (i) magnification = 1x10%, (ii)
magnification = 10x10*. The PZT layer was deposited at 650°C
under an ambient oxygen pressure of 250 mTorr, whereas the YBCO
layer was deposited at 700°C under an ambient oxygen pressure of
300 mTorr. The STO and TiN buffer layers were deposited at 650°C
and 600°C. respectively, under a pressure of 10° Torr.
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In Fig.7.8, apart from the scattered spherical particulates which can be
eliminated by using a shadow mask, it is clear that the film is crack-free and the
grains of the multi-layer are densely packed. The grain size of the PZT film grown

under the deposition condition as stated in Fig.7.8 ranges from 140 nm to 510 nm.

7.3 Ferroelectric Properties of PZT Thin Films

7.3.1 Hysteresis Loop

Fig.7.10 shows the schematic diagram of the Au/PZT/YBCO/MgO/TiN/Si
heterostructure capacitor. The top most gold layer was deposited by sputtering on
PZT to act as the top electrode. Its thickness is about 100 nm. [t was patterned by
contact mask into circular spot with diameter of 320 um . All other layers were in-
situ deposited by the PLD with the same deposition conditions a- mentioned in
Section 7.2.1. The PZT layer was deposited at 650°C under an ambient oxygen
pressure of 250 mTorr whereas the YBCO layer was deposited at 700°C under an
ambient oxygen pressure of 300 mTorr. The MgO and TiN were deposited at 650°C

and 600°C, respectively, under a pressure of 4x 10 Torr.
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Fig /.10 Schematic diagram of the Auw/PZT/YBCO/MgO/TiN/S1

heterostructure capacitor.
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Fig.7.11 and Fig.7.12 show the P-E hysteresis loops of the
AWPZT/YBCO/MgO/TiN/Si and the AwPZT/YBCO/LAO capacitors. The datas
were obtained in the pulse test with driving voltagesof 7V, 9V, 11 V, 13 V and 15
V. In Fig.7.11, it is seen that the capacitor has a square and well saturated loop with
remnant polarization (P;), saturation polarization (P,) and coercive field (E.) of 24
UC/lem’, 40 uC/em® and 47 kVicm respectively.  Actually, these values are
comparable to that grown on single crystailine substrate as shown in Fig.7.12. The
remnant polarization (P,), saturation polarization (P,) and coercive field (E.) are
about 36 uC/cm?, 42 uC/em® and 47 kV/iem respectively. These results are close
to those reported by Wu et al. [2000] in which the remnant polarization is 35-40

uC/cm? and the coercive field is 40-50 kV/cm.

In Fig.7.11 and Fig.7.12, it is not;:d that the hysteresis loops are a little
asymmetric in shape, which may be attributed to the different top and bottom
electrodes and also oxygen vacancies and trapped electrons near the electrodes at the
bottom and top of the device [Lee et al., 1996]. The absolute value of the negative
coercive field £ was less than that of the positive coercive field E?, a feature
similar to the reported case for the Au/PbTiO3/YBa,Cu;0;. 5 capacitor [Gao et al.,
2000]. Gao et al. suggested that the larger difference between the work function of
YBCO and PTO than that of Au and PTO results in higher barrier height and so the
asymmetry of electric properties of Au/PTO/YBCO capacitor. Besides, they also
suggested that the asymmetry is due to the lattice mismatch at the interface.

According to the strain theory [Tabata et al., 1994), the defects which appeared at
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the interface between the PTO layer and other material can generate strain and
induce stress at the interface. The stress would then induce piezoelectric effect on
the PTO layer and resuit in the generation of charges at the top and the bottom
interfaces. Therefore, an appending electric field is produced in the PTO layer. And

from the whole capacitor, this property is similar to a constant bias on the top
electrode. The absolute value of E was less than that of £} suggesting that the DC

bias on the top electrode is negative which offsets a part of the polarized field in the
PTO layer and results in the asymmetry of the hysteresis loop of the AwWPTQ/YBCO
capacitor. Applying the same concept, the asymmetry of electric properties of
AWPZT/YBCO/MgO/TiN/Si capacitor may be due to the interface of PZT/YBCO
and the lattice mismatch. (Au, 4.08 A; PZT, a=4.08 A; YBCO, a=3.82 A, b = 3.89

A.c=11.68 A).

7.3.2 Fatigue Behavior

Fig.7.13 shows the normalized switchable polarization as a function of
switched cycles of the AwWPZT/YBCO/MgO/TiN/Si capacitor. It shows that the
switchable polarization does not change much up to 107 cycles. After that, there is a
gradual loss of polarization. It drops down to 70% of its initial polarization in 10°
cycles. Fig.7.14 shows the corresponding change of the hysteresis loop. [t seems
that the change in the hysteresis loop is not significant, The drop in the remnant
polarization is not much. However, from the fatigue .profile, it does show that
Au/PZT/YBCO/MgO/TiN/Si capacitor starts to fatigue after 107 cycles. In fact, in

order to get a fatigue free capacitor, YBCO itself as the top electrode may be used.
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As mentioned in Chapter I, using highly conductive oxide such as RuQO;, IrO;,
Lag 5819 5Co03(LSCO) and YB:2Cu30,(YBCO) as electrodes yield greatly improved
fatigue characteristics. It is believed that oxygen vacancies in the PZT thin films
can easily exchange with the oxygen in the oxide electrodes, thereby reducing the
oxygen vacancy pileup at interfaces and reducing the fatigue. In addition, Ramesh
et al. [1992] pointed out that the superconductive cuprate was a better oxide
electrode candidate for ferroelectric memory devices than the conventional Pt metal
electrode. However, in order to have good fatigue-free performance as well as a low
leakage current, using hybrid electrodes may be a much better choice as will be

discussed in Section 7.3.4.

7.3.3 Dielectric Constant

The dielectric constant for a bulk PZT is between 1000-3200. The highest
dielectric constant extracted from the maximum capacitance of the
AWPZT/YBCO/MgO/TiN/Si capacitor was 648 and the dielectric loss is 0.06 as
measured at a frequency of 1 kHz. Actually, it is better than Wu et al. [1993) who
reported that the dielectric constant of their PZT film on YBCO was only 330. They
explained the lower value of the dielectric constant might contribute to the diffuse
interface, as defined by a particulate microstructure. From these results, it is
apparent that in order to fabricate ferroelectric film with high dielectric constant and

low loss tangent, high quality heteroepitaxial films with sharp and clean interface

are required.

Vicky PW. Yip 134



THE HONG KONG

Q'tb! POLYTECHNIC UNIVERSITY Chapter Seven

HFiEE I RS

7.3.4 Current-voltage Characteristic

Fig.7.15 shows the current-voltage curve of the Auw/PZT/YBCO/MgO/TiN/Si
capacitor. From the figure, it is seen that as the voltage is increasing, the current
density is increasing. The minimum current density 1s 107 A/cm2 with an applying
voltage of 1 V. Actually, in order to improve the leakage current, hybrid or layered
electrodes that include Pt and oxides can be used [Al-Shareef et al., 1995]. Al-
Shareef et al has pointed out that using the new hybrid electrodes the PZT capacitor
can have low leakage as well as good fatigue performance. Usually, the PZT films
with oxide electrodes exhibit high leakage. According to Lee et al.[Lee et al., 1995],
the high leakage is due to the fact that the Schottky barrier for the charge carrier
injection through the Pt/PZT interface is much higher than that for oxide/PZT
interface. Therefore, the injection cur-ent through the former is expected to be much
higher than through the latter. Apart from this, the high conduction of PZT films
with oxide electrodes is controlled by conductive secondary phase formed at the

grain boundaries due to diffusion of the electrode material [Al-Shareef et al., 1994].

In conclusion, a better crystal growth of PZT films is obtained on the
YBCO/MgO/TiN/Si heterostructure.  Excellent ferroelectric properties of the
AW/PZT/YBCO/MgO/TiN/Si capacitor are demonstrated. The P, P and E; obtained
are comparable to those of PZT films grown directly on single crystal substrates. In
addition, a high dielectric constant of 648 and a low leakage current density of 107
Afem® at an applying voltage of 1V are obtained. Furthermore, the integrated

ferroelectric capacitor shows no sign of polarization fatigue up to 107 switching
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Fig.7.15 Current-Voltage characteristic of the Aw/PZT/YBCO/MgO/TiN/Si
capacitor.
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cycles. We have therefore demonstrated that the heteroepitaxial structure
AWPZT/YBCO/MgO/TiN/Si is a viable system for developing into practical

NVFERAM.
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Chapter 8

Conclusion

In order to fabricate novel epitaxial ferroelectric thin film capacitofs on
buffered Si substrates for potential non-volatile memory devices, heteroepitaxial
multilayer which include SVO/TIN/S1, STO/TiIN/SI, MgO/TiN/Si,
YBCO/STO/TiN/Si,  YBCO/MgO/TiN/Si,  AwPZT/YBCO/STO/TiIN/Si  and
AWPZT/YBCO/MgO/TiN/Si were fabricated. Apart from these heterostructures,
high quality conducting oxide thin films such as SVO and YBCO, and the
AWPZT/YBCO heterostructure were also fabricated on (100)LaAlQ; single crystal
substrates. The structural properties of these deposited films were characterized by
a four-circle (X-ray 0-20 scan, @ -scan and ¢-scan) X-ray diffractometer using Cu
K ¢ radiation. Electrical property such as the resistivity against temperature of the
SVO and YBCO films was measured by the standard four-point-probe technique
ove.r a temperature range from 77 K to room temperature. Measurements of
ferroelectric properties of the PLD PZT films such as P-E loops, polarization

switching fatigue, dielectric constant and I-V curves were also carried out.

From the X-ray @ -scan rocking curves, it is shown that high quality SVO films
can be obtained on TiN bufféred Si substrate. The X-ray 360° ¢-scans diffraction
patterns, suggest that SVO can be epitaxially grown on Si at a processing
temperature  as low as 550°C and heteroepitaxial  relationship  of

(100)svoll(L00)1in|I(100)si has been obtained. The SVO films are of good metallic
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properties and resistivities down to 3 uQ-cm at 78 K was achieved.  This

represents the lowest resistivity achieved for noh-superconducting oxides. The high
conductivity of SVO is attributed to the presence of high concentration of oxygen
vacancies in the oxygen defficient SVO films. For these reasons, SVO needs to be
prepared under high vacuum and should avoid excessive oxidation at high
temperature in oxygen ambient. In fact, it is envisaged that SVO can be used as
conductive oxide electrodes in applications where neither high temperature nor

ambient oxygen is involved.

Since ferroelectric PZT films needed to be processed under 250 mTorr ambient
oxygen pressure at 550°C or above, the use of SVO as conducting oxide electrodes
would inevitably result a down graded conduction and poor film crystailinity.
Instead we choose YBCO as the bottom electrode for the ferroelectric PZT
capacitor. It has superconductivity property at the transition temperature (T) of
about 88 K. It is metailic like and has good electrical conduction at room
temperature.  Epitaxial YBCO/STO/TiN/Si heterostructure has been fabricated.
However, scanning electron microscopic studies of the film surfaces revealed that
the films had several types of defects such as grain boundaries, thermally induced
cracks and irregular shaped outgroxl;fths. In fact, the thermally induced cracks were
likely due to the large difference in thermal expansion coefficient between YBCO
and STO and the oxidation of TiN layer. In view of this, instead of STO/TiN buffer
layers, MgO/TIN buffer layers were used. In comparison, YBCO/MgO/TiN/Si
heterostructure not only has a much better crystallinity but also a much better

surface morphology. Apart from some spherical particulates, which 1S a commeon
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PLD feature without shadow masks, there is no apparent cracking and holes on the
surface of the YBCO films. Besides, the PZT films deposited on
YBCO/MgO/TiN/Si heterostructure also show superior crystallinity, smooth surface
morphologies and better ferroelectric properties. Actually, the remnant polarization,
saturation polarization and coercive field of the PZT film in this heterostructure are
comparable to that of PZT ﬁim grown on single crystal LAO substrate. For the
AWPZT/YBCO/MgO/TiN/Si integrated ferroelectric capacitor, they are 24

uClcem®, 40 uClem® and 47 kViem respectively, whereas that of the

AWPZT/YBCO/LAO capacitor, they are 36 uC/cm*, 42 uC/cm?® and 47 kV/icm

respectively.  No apparent fatigue was observed up to 107 polarization switching
cycles. In addition, the Aw/PZT/YBCO/MgO/TiN/Si capacitor had a high dielectric
constant of 648 and the corresponding dielectric loss was about 0.06. The leakage

current of such capacitor was in the order of 10”7 A/em”.

In conclusion, Au/PZT/YBCO/MgO/TiN/Si integrated ferroelectric capacitors
of good electrical performance have been fabricated. Their potential for use in
future NVFERAM has been demonstrated. In order to enhance its long-term
operation reliability, its resistance to fatigue may improve further using YBCO as
both the top and bottom electrodes, ie. YBCO/PZT/YBCO/MgO/TIN/Si
heterostructure. It is believed that oxide clectrodes can alleviate fatigue. However,
PZT thin film capacitors with oxide electrodes typically exhibit high leakage current
which actually impede their practical use for memory applications. In order to have

a4 low leakage as well as good fatigue performance, hybrid electrodes are perhaps a
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much better choice.  For example, for the YBCO/PZT/YBCO/MgO/TiN/Si
heterostructure, instead of using YBCO as the bottom electrode, the YBCO/Pt or
P/YBCO hybrid electrodes may be used, i.e. YBCO/PZT/YBCO/PUMgO/TiN/Si or
YBCO/PZT/PVYBCO/MgO/ TiN/Si.  The merits of such or similar hybrid

electrodes, however, need further in-depth investigations.
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