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ABSTRACT

To study the crystal structure and ferroelectric properties of multiferroic
material BiFeOs (BFO), we first investigated the BFO thin film as a single layer
grown on a Si (001) substrate coated with LaNiOz (LNO) with a RF magnetron
sputtering (RF-sputtering) system. The measurements of high-resolution X-ray
diffraction (HRXRD) showed a highly orientated crystal structure along (001)
direction. The crystal quality increases with increasing deposition temperature in
a range of 400-600 °C; according to the fitted results of X-ray reflectivity (XRR),
the densities of BFO thin films were slightly less than their bulk values.
Increasing the deposition temperature increases the remnant polarization, and is
consistent with the results of XRD, indicating that the ferroelectric property has
a positive relation with the crystal quality and electron density. The results
indicate that the crystal quality dominates the ferroelectric property of BFO thin
films.

According to the first theme, the crystal quality is an important issue of a
ferroelectric material; an epitaxial thin film is a proper direction to improve the
ferroelectric property of a BFO thin film. The second theme is about an artificial

superlattice of multiferroic BFO and conductive LNO grown epitaxially, with a
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RF-sputtering system, on a single-crystal substrate of (001) Nb-doped SrTiOs
(STO) in a range 560-810 °C. The superlattice structure contains the features of
a satisfactory crystal structure and the strain effect in a single thin-film structure.
The superlattice contained 6-30 periods of symmetric BFO/LNO bi-layers with
each layer of thickness 1.7-8.5 nm. The total thickness of the films was fixed at
~100 nm. A ferroelectric and conductive superlattice material serves for an
investigation of the strain dependence of the ferroelectric properties of BFO
layers in a superlattice structure. The formation of the superlattice structure is
confirmed from the appearance of satellite peaks on both sides of the main peak
from the HRXRD pattern. The appearance of superlattice peaks separated by
Kiessig fringes in the XRR curve. The layer structure is confirmed with XRR, a
time-of-flight secondary-ion mass spectrometer (TOF-SIMS), and a
high-resolution transmission electron microscope (HRTEM). All results are
consistent with one another. The clearly discernible main peak and satellite
peaks on both sides of the substrate peak around the (002) STO Bragg peak
indicate the high-quality BFO/LNO artificial superlattice structure formed on a
STO substrate at all deposition temperatures and with various thicknesses of
sublayer. HRXRD measurements showed that these superlattice films become
subject to greater tensile stress along the c-axis and compressive strain in the
in-plane direction, and possess increased crystalline quality with both increasing
temperature of deposition and decreasing thickness of the sublayer.

The remanent polarization of the superlattice showed the same behavior as
the single-layer BFO thin film; the polarization increases with increasing
deposition and approaches a maximum at 660 °C. The hysteresis loops showed a
large current leakage at frequencies 0.5 and 1 kHz; the polarization decreases

with increasing measuring frequency.



Because of the physical limitation of RF-sputtering, the final theme is
about highly (001)-oriented ultrathin BiFeOs films of total thickness less than 10
nm deposited on Si (001) substrates via deposition of atomic layers (ALD) with
a LaNiOs buffer. A radio-frequency (RF)-sputtered sample of the same thickness
was prepared for comparison. The ALD, combined with interrupted flow and an
exchange reaction between Bi and Fe precursors, provides a superior method to
grow ternary compounds. According to X-ray diffraction, upon deposition at a
temperature less than 550 °C, the only phase in the film is BiFeOs. Anomalous
fine structure from synchrotron X-ray diffraction certifies the valence bonding
through the (001) diffraction signal. The stoichiometric ratio of BiFeO3 obtained
from X-ray photoelectron spectra indicates that ALD has a proportion much
improved over the RF preparation, in agreement with the diffraction anomalous
fine structure. The use of high-resolution transmission electron and atomic-force
microscopes shows that the layer structure and morphology from ALD presented
a satisfactory coverage, more conformal than that with the RF method. The
BiFeOs thin film deposited with ALD shows improved leakage at least 1000
times with respect to the RF preparation, making this method suitable for the
fabrication of ferroelectric random-access memory devices. From the hysteresis

loop, the largest remanent polarization is 2Pr = 2.0 uC cm™2,
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Chapter 1

Introduction

Multiferroic materials with a structure of perovskite type, in which
ferroelectric and magnetism coexist, have attracted much attention, due to the
physical properties that they offer prospective applications in devices taking
advantage of two coupled parameters based on a local lattice distortion and
electron spin [1-4]. Multiferroic oxide thin films are hence intensively
investigated because of their scientific importance and technological promise for
applications as non-volatile memories, such as ferroelectric random-access
memories (FRAM), magneto-resistive random-access memories (MRAM) etc
[4-8]. Among various multiferroic oxide materials, BFO has attracted much
attention because of its high Curie temperature, 7c = 1043 K, and high Néel
temperature, 7y= ~647 K [9,10]. BFO possesses a large polarization and a low
crystallization temperature; both properties are desirable for highly dense
FRAM. A randomly oriented ferroelectric capacitor tends to increase the
variation of polarization bit to bit. As the material is free of lead, it becomes a
worthy candidate for practical industrial applications. Ferroelectric thin films
promise diverse applications in microelectronics and data-storage devices, such
as sensors, transistors, and nonvolatile memories [11]. Considerable efforts have
been focused on the deposition of BFO thin films with the most desirable film
texture and electrical behavior for several technologically demanding
applications, including RF magnetron sputtering, pulse-laser deposition (PLD),
sol—gel synthesis, and chemical vapor deposition (CVD) [4,12-14]. PLD has
been used to grow epitaxial superlattice films of complicated oxide materials.

An advantage of this method is easily to control stoichiometry and crystal



structure etc. For this reason epitaxial superlattice films of complicated oxides
are typically prepared by PLD at high temperature [15,16]. RF magnetron
sputtering is also an important method to grow epitaxial perovskite oxide
thin-film materials because of the great reproducibility of the chemical
composition and the facile control of the process [17-19]. RF magnetron
sputtering has the advantages of large throughput at low cost and a large
uniform region of deposition; both properties match well the requirements of
industrial applications. A randomly oriented ferroelectric capacitor tends to
increase the variation of polarization. To decrease this variation, epitaxial films
might be the best option [20]. Epitaxial superlattice thin films have
demonstrated perfect ferroelectric properties that have advantages in scaling for
highly dense ferroelectric memory devices [17].

Integrated circuits (IC) constitute an application in which improved
materials are critically required. FRAM are electroceramics at the current state
of the art in commercial electro devices, but many other IC designs might
benefit from electroceramics in the future. To fulfill the requirements of the
semiconductor industry and to introduce the multiferroic material into this field
for FRAM in a new generation [3], growing a thin layer onto a wafer scale and
conformal coverage with decreasing leakage properties for devices are urgent
need. The improved method to process thin films, such as ALD, is an application
for this purpose.

In this dissertation, the first part describes the fundamental properties of
BFO thin films; BFO thin films were deposited on a LaN1Os-coated Si substrate
with a RF magnetron sputtering system. X-ray reflectivity and diffraction were
used to characterize the microstructure of the crystal quality, buried interface,

and surface morphology of BFO thin films. We used LNO because it is a

-2-



metallic material that can serve both as the bottom electrode in fabricating
integrated ferroelectric capacitors on Si and an effective interface for the growth
of highly oriented ferroelectric thin films [21- 24].

The second part is to explore how the substrate-induced strain affects the
ferroelectric behavior of ferroelectric thin films. Epitaxial strains can greatly
enhance the ferroelectric polarization and the Curie temperature of thin films
relative to their bulk counterparts [25]. We fabricated BFO/LNO superlattice
films on Nb-doped SrTiO; (STO) substrate with an ultrahigh-vacuum RF
magnetron sputtering system to improve the crystal quality and electrical
properties; Nb-doped STO can serve as the bottom electrode. The crystalline
phases, interfacial structure, and morphology of thin films are important because
they have strong impacts on physical properties and applications. As there exists
little information on the microstructure and morphology of the interfacial
structure of multiferroic superlattice thin films, the investigation of superlattice
structure on a microscopic scale becomes highly significant for applications
involving the dense memory in multiferroic materials [26].

Whereas X-ray diffraction at grazing incidence is a valuable analytical
tool to characterize epitaxial thin films, X-ray reflectivity has been demonstrated
to be a powerful tool to determine the thin film structure of the interfaces and
surface morphology layer by layer. We used LNO (lattice parameter 0.3861 nm
of pseudocubic unit cell) because it has a crystallographic compatibility for the
heteroepitaxial growth of a BFO (lattice parameter 0.3962 nm of rhombohedral
unit cell) layer; a lattice parameter smaller than that of BFO introduces a strain
through a lattice mismatch at the interface [27-30]. In this superlattice system,
the ferroelectric properties of the superlattice films result mainly from the

ferroelectric layers, i.e., BFO, because of the conductive property of the LNO
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material. For a ferroelectric and conductive superlattice thin film, those
materials can therefore serve for an investigation of the strain dependence of
ferroelectric properties of BFO layers in superlattice structures.

In the final part, the leakage current is a major problem in BFO thin films;
to improve the leakage issue of the BFO thin films, ALD was first introduced to
grow of BFO thin films. ALD is a self-limiting process to grow thin films that
possess several practical advantages including accurate and simple control of the
film thickness, larger grown area and larger batch capability, effective
conformality, and reproducibility [31]. The convectional ALD process is highly
suitable for the growth of binary compounds; only a few reports were published
about ternary compounds with ALD [32-34], among which BFO is absent. The
most straightforward approach for ALD of multicomponent oxides is to use
separate binary cycles of deposition and to adjust the composition with a
variation of the cycle ratio [35]. All cation precursors must be compatible, i.e.
volatile, thermally stable and reactive at the same process temperature. These
requirements yield a fairly narrow window of the process, which is just below
the decomposition temperature of the least stable precursor. The bilayer structure
of two binary compounds that are not true ternary compounds is due to poor
valence binding between two cation atoms when the bilayer ratio is large [35].
For the purpose of preparing the ternary BFO, we implemented an ultra-rapid
ALD diaphragm valve installed between the reactor and the vacuum pump in a
novel ALD process, with interruption of the flow rate. To retain a precursor in
the reactor chamber, the valve was closed first for a small interval before a
precursor was introduced into the reactor [36]. The main influences of this step
are to enhance the precursor density in the reactor and to extend the duration of

the reaction at the sample surface, which provides a satisfactory condition to
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grow thin films.

In this work, we report for the first time the highly (001)-oriented BFO
thin films grown with the ALD on a Si (100) substrate with LNO buffer layer
and the deposition temperatures are in a range of 480 - 550 °C, which shows

satisfactory results for the crystal structures and ferroelectric properties.



Chapter 2

Literature review

2.1 Multiferroic material

Multiferroics or magnetoelectrics, have more than two switchable states
such as polarization, magnetization and strain [37,38]. Multiferroics show
multifunctional materials of an appealing class that exhibit several ferroic orders
as ferroelectricity and antiferromagnetism at the same time [3]. The coexistence
of several order parameters drives new physical phenomena and provide
possibilities for novel device functions [39].

A multiferroic that is ferromagnetic and ferroelectric has demonstrated
large linear magnetoelectric effects. As a result of the ferroelectric and
ferromagnetic materials that typically possess large permittivity and
permeability respectively, o; is bounded by the geometric mean of the
diagonalized tensors g;; and ;; such that:

a; <e e, [40]

Both magnetization and polarization are indicated to encode information
independently in a single multiferroic. A four-state memory has been
demonstrated [41], but in reality it is agreed that the two order parameters are
coupled [42,43]. Coupling could in theory allow data to be written electrically
and read magnetically. It would take advantage of the best field of FRAM and
magnetic data storage; this condition is attractive [3].

2.1.1 Ferroelectric properties

Ferroelectrics are polar materials that are provided with two equilibrium
orientations of the spontaneous polarization vector in the absence of an external

electric field, and in which the spontaneous polarization vector can be switched

-6-



between those orientations with an electric field [44-46]. Most ferroelectric
materials experience a phase transition of crystal structure from a
high-temperature nonferroelectric phase into a low-temperature ferroelectric
phase (Fgure 2.1). The paraelectric phase might be piezoelectric or
non-piezoelectric and is rarely polar [44]. The symmetry of the ferroelectric
phase is invariably less than the symmetry of the paraelectric phase. The
temperature of the phase transition is called the Curie point (7). Above the
Curie point the dielectric permittivity decreases with increasing temperature

according to the Curie—Weiss law

C C
+ ~
T =P,

5

in which C is the Curie constant and 7, (7o = 7¢) is the Curie—Weiss

temperature.

Only a transition temperature into the first ferroelectric phase is called the
Curie point. The transition into a ferroelectric phase generally leads to strong
anomalies in the dielectric, elastic, thermal, and other properties [44], and is

accompanied with changes in the dimensions of the unit cell [47].
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Figure 2.1 Illustration of the changes in a ferroelectric material which transforms
from a paraelectric cubic into ferroelectric tetragonal phase with temperature.
The arrows show possible directions of the spontaneous polarizations (in two
dimensions). The unit cells are represented by a square for the cubic phase and

rectangle for the tetragonal phase [47].

2.1.2 Ferroelectric hysteresis loop and polarization switching

The most important characteristic of ferroelectric materials is the
polarization switching with an electric field. One outcome of the domain-wall
switching in ferroelectric materials is the occurrence of a ferroelectric hysteresis
loop (Figure 2.2) [47]. This hysteresis loop can be observed experimentally with
a Sawyer - Tower circuit [48]. With small values of an AC electric field, the

polarization increases linearly with the field amplitude, according to relation

B =xE

J



This condition corresponds to segment AB in Figure 2.2. In this area, the
field is insufficiently strong to switch domains with the unfavorable direction of
polarization. With increasing field, the polarization of domains with an
unfavorable direction of polarization begins to switch in the direction of the field;
the measured charge density (segment BC) increases rapidly. The polarization
response in this region is strongly nonlinear and the equation is no longer
effective. In case all domains are aligned (point C), the ferroelectricity again
becomes linear (segment CD). If the field intensity begins to decrease, some
domains switch back, but at zero field the polarization is nonzero (point E). To
measure a zero polarization state, the field must be reversed (point F). Further
increased field in the negative direction causes a new alignment of dipoles and
saturation (point G). The field strength is then decreased to zero and reversed to
complete the cycle. The value of polarization at zero field (point E) is called the
remanent polarization (P,). The field required to cause the polarization to zero is

called the coercive field (Ec) [47].
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Figure 2.2 Ferroelectric (P —E) hysteresis loop. Circles with arrows represent the
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2.2 Structure and physical properties of BiFeO; (BFO)
2.2.1 Crystal structure of BFO

The phase of BFO at 300 K is classified as rhombohedral (point group
R3c¢) [49]. The unit cell of perovskite type has lattice parameter 0.3965 nm and
rhombohedral angle of 89.3 — 89.48° [50,51], with ferroelectric polarization
along [111] pseudocubic [51]. The unit cell is also describable in a hexagonal frame

of reference, with the hexagonal c-axis parallel to the diagonals of the perovskite
cube, i.e., [001]nexagonat || [111]pseudocubic- In some cases, a pseudocubic

representation has been used, in which [111]; is equivalent to [001]nex. Oxygen
atoms occupy face-centered sites of the Bi cubic framework. The coefficient of
thermal expansion is neither completely linear nor isotropic [52-54], and
accounts of values [52,53] vary notably, ranging from 6.5x10° to 13x10° K™
BFO is a material with a high ferroelectric Curie (7c=1083 K) [55] and

antiferromagnetic Neel (7y=643 K) [56] temperatures.

Figure 2.3 Crystal structures of BiFeOs ;(A) tetragonal (B) unit cells [2].
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2.2.2 Physical properties of BFO

BFO has been reported to be ferroelectric with its polarization oriented
along the rhombohedral c-axis [111]; due to the displacement of Bi, and Fe, O
relative to each other [57] shown in Figure 2.4(a); neutron diffraction
experiments revealed antiferromagnetic ordering along [111]. [58]. Spins in
neighboring positions are antiparallel with each other, producing a G-type

antiferromagnetic ordering, as presented in Figure 2.4(b).

Direction of Pg
[1i1].
34 . 1
. Bl cations [UUI]IR_-\-
O Fe'' cations

c=13.9A

[01 O]hn

(a) (®)
Figure 2.4 (a) Crystallographic and (b) magnetic structure of BFO [59].

The early measurements of bulk ferroelectric materials in the 1960s and
1970s yielded only small values of the polarization, but the small value of P, = 6
nC cm™ reported by Teague et al [55]. for single crystals was viewed by those
authors as limited without saturation. The greatest polarization of the thin films
was initially thought [2] to be resulted from strain enhancement; great single
crystals were grown finally [60-64], with P, values near those of the films about
60 uC cm™ normal to (001) orientation (Figure 2.25) and, therefore, near 100 uC

cm’™ along [111]pseudocubic; @ large polarization property was also discovered in
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ceramics [65]. Calculations of electronic structure agree with the statement that

the polarization of bulk BFO is intrinsically large [66,67] (90100 uC c¢m™) and

insensitive to strain [67].
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Figure 2.5 Polarization of BiFeOs: bulk single crystal (top) [60] and epitaxial
thin film (bottom) [2].
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2.3 Structure and physical properties of LaN1O3 (LNO)

Among perovskite oxide materials of many kinds, LNO is an uncommon
instance exhibiting paramagnetic metallic behavior. The interest in this material
has led to the development of extremely conductive electrodes for ferroelectric
thin-film devices, including nonvolatile memories for technological applications
[68]. Superior heteroepitaxy with doped lanthanum manganites [69] means that
LNO thin films can also serve as electrodes in magnetoelectronic devices in
view of highly spin-polarized compounds [70,71].

LNO is a perovskite material with a distorted rhombohedral structure of
rhombohedral angle of 60.41° and lattice parameter a=0.5461 nm. A
pseudocubic lattice parameter of LNO is 0.383 nm is shown in Figure 2.6. LNO
is n-type metallic oxide without doping. The oxide is characterized by a small

electron density at Er like the new series of high 7. copper oxides [72]. The

resistivity at 300 K is about 1 m{) - cm. The LNO single crystal can serve as a

metallic bottom electrode, an ohmic contact material, a conservatory metallic

layer, and a lattice-matched metallic-oxide material.
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Figure 2.6 Structure of LNO crystal [73].
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2.4 Structure and physical properties of SrTiO3 (STO)

Strontium titanate (SrTiO,) has been variously used as a substrate to grow

oxide thin films of perovskite type, because STO is chemically and
compositionally stable, and has a small lattice mismatch with many

perovskite-oxide materials [74-76]. The electrical conductivity of STOis readily

4
controlled from a n-type semiconductor to metal-like conduction (up to 10 Q

cm), and even to superconductivity at temperature 7¢-<0.3 K when Ti is partly
substituted with Nb or La [78-81].

STO is a popular material of perovskite type with a cubic structure with
lattice parameter of a=0.3905 nm. Because of its large relative permittivity and
small dielectric loss, STO is applicable to electronic devices. The conductive
Nb-doped STO substance with variable conductivity is not only used as a
bottom electrode for the deposition of functional perovskite oxides [82-84] but
also provides a possibility to fabricate fascinating and novel devices such as
multilayer structure [85,86], superlattice [87], tunnel junctions [88], field-effect

transistor [89], Schottky junction [90], and p-n junction [91,92].
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Figure 2.7 Structure of STO crystal [93].
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Chapter 3

Experiments

3.1 Deposition systems

3.1.1 High-vacuum RF Magnetron Sputtering System (HV RF-sputtering)

The single-layer BFO thin film for study of the fundamental physical
properties was deposited with a HV RF-sputtering system. The deposition
chamber was connected to a pumping system consisting of a turbomolecular
pump of speed 500 L/min; the base pressure was kept at 1x10° Torr to avoid
contamination during deposition. The sputtering target of BFO was prepared
through a conventional solid reaction on sintering a calcined mixed powder in a
stoichiometric molar ratio Bi : Fe : O = 1.2 : 1 : 3; the excess bismuth
compensated for Bi volatilization during deposition [94]; the LNO target with
standard atomic ratio La : Ni: O =1 : 1 : 3 was prepared on sintering calcined
La,0O3 and NiO powders (99.99 % purity) with standard atomic ratio La : Ni : O
=1:1:3at950 °C for 2 h. Highly pure working gas argon (99.9995 %) and
reactive gas oxygen (99.9995 %) were controlled with mass-flow controllers
(MFC) to maintain a stable flow rate with argon at 8 sccm and oxygen at 2 sccm.
The MFC were precisely calibrated; the accuracy of the gas flow rate was within
2 %. The distance from the target to substrate was 140 mm; the working
pressure was fixed at 1.5x107 Torr for growth of thin film. The sputtering was
performed at power density of I W cm™; a LNO bottom electrode of thickness
50 nm was deposited on a (001) Si substrate at 500 °C. The BFO thin films were
deposited on a LNO-coated Si substrate; the thickness of each sample was fixed
at ~60 nm at a temperature in the range of 300-700 °C. With these parameters,

the growth rate of deposited thin films of BFO is 1.37 nm/min.
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The Si substrates were cleaned with supersonic rinsing with acetone and

methanol for 10 min before deposition; the substrate was dried with nitrogen

gas.
" ™
LNO
Turbo
molecular
pump
.

Figure 3.1 High vacuum RF-sputtering.
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3.1.2 Ultrahigh-vacuum RF Magnetron Sputtering System (UHV RF- sputtering)

To grow a superlattice thin film of high quality, the UHV RF-sputtering
system with a double gun was employed in this experiment. The vacuum
chamber was connected to a pumping system comprising three turbomolecular
pumps, two for the main chamber and one for the preparation chamber. The
sample was transferred into the main chamber from the preparation chamber
with a load lock; the shutter opening was controlled with a computer. We
thereby controlled precisely the duration of deposition of each layer during the
deposition of a superlattice thin film. The base pressure of the main chamber
was kept at 3x10°° Torr to avoid contamination at all times. The same sputtering
target of BFO and LNO was used with the HV RF-sputtering. Highly pure
working gas argon (99.9995 %) and reactive gas oxygen (99.9995 %) were also
used and controlled with the MFC to maintain a stable flow rate with Ar at 8
sccm and O, at 2 sccm. The distance from the target to the substrate is 90 mm;
the working pressure is fixed at 1.5x107* Torr. The RF sputtering was performed
at power density 0.74 W c¢cm” (BFO) and 0.98 W cm™ (LNO) without a bias
voltage. The growth rate of thin films are 0.6 nm/min for BFO and 0.4 nm/ min
for LNO; a shutter interrupts the deposition for 12 s between growths of
consecutive sublayers. To design and optimize the growth condition of both the
BFO/LNO superlattice and the thin-film structure for the electrical properties,
we designed the superlattice to contain 30 periods of symmetric BFO/LNO with
each sublayer of thickness 1.7 nm; the deposition temperature of the superlattice
was set at 560, 610, 660, 710, 760 and 810 °C for the desired properties. Based
on an optimum growth condition of the superlattice, a symmetric sublayer
structure (BFO,,/LNO,,),, in which m is the thickness/nm of sublayer and 7 is the

number of repeating periods, was adopted to investigate the strain effect on the
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ferroelectric properties. The superlattice structure contained BFO/LNO
sublayers in 6-30 periods with a sublayer thickness in the range 1.7-8.5 nm at
deposition temperature 660 °C. The total thickness of films was fixed at ~100
nm.

The STO substrate was cleaned with supersonic rinsing with acetone and
methanol for 10 min, and subsequently heated at 710 °C for 10 min in a

dioxygen atmosphere at 4x10 Torr to clean the sample surface.

Table 3.1 The growth conditions of BFO/LNO superlattice : deposition

temperature and sublayer thickness.

nm

1.7 2.6 3.6 5.2 8.5
°C

560

610

660

710

760

810

© o 6 ©| ©| ©
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Figure 3.3 Ultrahigh vacuum RF-sputtering.
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3.1.3 Atomic Layer Deposition (ALD)

ALD is a self-limiting process to grow thin films that possess several
practical advantages including accurate and simple control of thickness, large
area, large batch capability, effective conformality, reproducibility,
straightforward doping, scaling, ability to produce sharp, and tailored interfaces
to prepare multilayer structures.[31]

ALD involves a self-limiting vapor-phase chemisorption that relies on
consecutive surface reactions and utilizes critical purging steps to prevent
interactions between reactive precursors.[95] The BFO thin films were grown on
the LNO-coated Si (001) substrate with ALD; trimethylbismuth [(CH;);Bi,
purity 95 % min, Nanjing Chemlin Chemical Industry Co., Ltd],
cyclohexadieneiron tricarbonyl [C¢HgFe(CO)s; purity 97 % min, Alfa Aesar],
and deionized water (H,0O) served as precursors for atoms of Bi, Fe and O,
respectively. Thin films of BFO were deposited to a desired thickness ~10nm in
a range of 480 - 550 °C. A LNO buffer layer of thickness 50-70 nm was
deposited on a Si(001) substrate at 500 °C with a RF-sputtering system, which
provided a satisfactory condition for the growth of BFO.[96] Herein, a unique
ALD process was adopted to grow the BFO thin film that differed from the

conventional ALD process; the precursors were O, Fe, and Bi to form 1 ALD
cycle. The duration of pulses for O, Fe, and Bi were 100 > 400 and 15 ms,
respectively. Between a precursor pulse for evacuation of the chamber, the
interval in which the ALD valve was closed to ensure that the precursor
maintained a constant vapor pressure in the chamber so as to increase the

reaction duration, we called the stock time [31,36], 2 s for O, 4 s for Fe, and 0.5

s for Bi. After the stock time, highly pure gaseous N; (99.9995%) was employed
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to purge the chamber for 5 s at 1.1 torr before being evacuated with a rotary
pump for 7 s to base pressure 3x10~ Torr before the next precursor was admitted
to the chamber, as shown in Figure 3.5. Purging and pumping were performed in
the same manner as with the conventional ALD method. An enhanced affinity
with a ferroelectric oxide had advantages for the interfacial properties between
the conductive and ferroelectric oxides because of their similar structures of
perovskite type provided by conductive oxides; the lattice parameter of LNO
was a = 0.386 nm with a similar perovskite structure, which is compatible with

the lattice parameter of BFO, a=0.396 nm [97].

si (001)

Figure 3.4 ALD deposition process of BFO thin film for one cycle.
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Figure 3.5 Time table of modified ALD process for BFO thin film growth.
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3.2 Characterization of structure

3.2.1 X-ray Diffraction and X-ray Reflectivity (XRD & XRR)

X-ray diffraction is a powerful tool to determine the crystal structure and
crystalline quality. For this XRD we used a rotating anode for Cu-Ka radiation
in a commercial standard two-circle X-ray diffractometer (Max science
MI18XHF KXY-8019-1) operated at 50 kV and 200 mA in the X-ray laboratory
at National Synchrotron radiation Research Center (NSRRC), Hsinchu, Taiwan.
The XRD was measured with a '9-20' scan with scan speed 4° min™ and scaling
0.02°. Techniques to analyze a thin film play an important role in industry to
determine the characteristics of thickness, electron density, interface and surface
roughness of thin films. The XRR technique involves the measurement of the
radiation reflected from the interfaces and the surface of a multilayer structure
that can provide information about the interface [98-101]. Relative to other
methods to measure a surface, XRR yields a nondestructive measurement with
high resolution from 0.1 nm 1 um [102]. For XRR that is performed with a
Huber two-circle diffractometer, we used the same X-ray source as for XRD.
The incident light was made monochromatic with a flat Ge (111) crystal; two
pair sets of slits served to eliminate Cu Ko, contamination so yielding a
wave-vector resolution in the scattering plane of order 0.015 nm'.

To derive the physical parameters of a superlattice, the simulation of
specular reflectivity is based on the recursive formalism of Parratt [103]. The
reflectivity curve is fitted with the Bedergrrs Mercury code [104] to determine
the physical parameters of the thin films, including the thickness of each layer,
the electron density and the roughness of the surface or interface. This program

calculates the reflectivity of the thin film with the dynamic Fresnel equations of
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multilayer reflectivity, taking into account the absorption, instrumental

resolution, interface roughness and abruptness and sample curvature.
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Figure 3.6 X-ray diffraction and X-ray reflectivity.
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3.2.2 Synchrotron Radiation X-ray Scattering (SRXRS)

A synchrotron is a cyclic particle accelerator of a particular type in which
a magnetic field (to turn the particles so that they circulate) and an electric field
(to accelerate the particles) are carefully synchronized with the traveling particle
beam. With each turn in the accelerator, an accelerating RF voltage is applied to
the charged particles. As the energy of the particles increases, so does the
magnetic field of the ring, which maintains a constant radial orbit. Synchrotrons
were originally developed by L. W. Alvarez for purposes of high-energy particle
physics [105].

An accelerator takes stationary charged particles, such as electrons, and
drives them to nearly the speed of light. In being forced by magnets to travel
around a circular storage ring, charged particles emit electromagnetic radiation
tangentially and, consequently, lose energy. This energy emitted in the form of
light is known as synchrotron radiation. The synchrotron produces light on
accelerating electrons almost to the speed of light. Magnets restrict the electrons
to circular paths. As the electrons turn, photons (packets of radiant energy) are
emitted. The infrared and UV light and X-ray are sent down pipes called
beamlines, to work areas at which scientists conduct their experiments. The
components of a synchrotron include an electron gun, linear accelerator, a
circular booster ring (to increase the speed of the electrons), storage ring (to

re-circulate electrons) and beamlines [105].
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Figure 3.7 Synchrotron Radiation [105].
Basic Theory

Accelerated charged particles emit electromagnetic waves (radiations). A
magnetic force is applied to the charged particles -- electrons or positrons -- to
provide a central acceleration and to alter the trajectory of the charged particles.
Radiation emits tangentially from the trajectory of the charged particles; its
spectrum depends on the energy of the charged particles and the applied
magnetic field. A RF cavity restores the lost energy of the charged particles and
maintains a constant operating energy of the storage ring [105].

The properties of synchrotron radiation (SR) are high intensity and
brightness (Isg > 10°%/,pe), a wide range of continuous spectrum (35 keV > E >
0.05 eV at NSRRC), excellent collimation, low emittance, a pulsed temporal

structure, and polarization (linear or elliptical) and coherence [105].
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Figure 3.8 Taiwan Light Source (TLS at NSRRC) [105].
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The measurement of high-resolution X-ray diffraction (HRXRD) of the
radial scan and grazing-incidence X-ray diffraction in plane (GIXRD) were
performed at wiggler beamline BL-17B1 with a Huber eight-circle
diffractometer at NSRRC, Hsinchu, Taiwan. With two pairs of slits between the
sample and the detector, the typical scattering vector resolution in the vertical
scattering plane was set to ~1x10”nm™ in these experiments. The energy range
is 4.8 ~ 14.2 keV, wavelength 0.087 nm ~ 0.25 m, energy resolution 2.2x10*,
flux 2x10"", spot size of full width at half maximum 0.6 mm (H) x 0.5 mm (V);
the optics comprised a vertically collimating pre-mirror, a fixed-exit
double-crystal Si (111) monochromator, a toroidal focusing mirror, and a
scintillation counter as detector.

Although SR provides a strong and powerful X-ray source, in some
experiments such as for analysis of a thin-film structure, great intensity and flux
are urgently needed. An insertion device (ID), used for this purpose in the
synchrotron facility, is a component in a modern synchrotron light source that
has periodic magnetic structures that stimulate highly brilliant, forward-directed
emission of synchrotron radiation on forcing a stored beam of charged particles
to perform wiggles, or undulations, as they pass through the device. The Lorentz
force causes this motion; from this oscillatory motion we derive the names for
the devices of two classes -- wigglers and undulators. An ID is traditionally
inserted into a straight section of a storage ring. As the beam of stored particles,
generally electrons, pass through the ID, the alternating magnetic field
experienced by the particles causes their trajectory to undergo a transverse
oscillation. As there is little mechanical difference between a wiggler and an
undulator, the criterion normally used to distinguish between them is the

K-factor, which is a dimensionless parameter defined as
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in which ¢ is the charge of the particle passing through the ID, B is the
maximum magnetic field of the ID, A, is the period of the ID, B = v/c relates to
the speed, or energy of the particle, m is the mass of the accelerated particle, and
c is the speed of light. Wigglers are deemed to have K >> 1 and undulators to
have K <1 [106].

As an insertion device in a synchrotron, a wiggler comprises magnets in a
series designed to deflect laterally and periodically (wiggle) charged particles
(invariably electrons or positrons) in a beam inside a storage ring of a
synchrotron. These deflections create a altered acceleration that in turn produces
emission of synchrotron radiation in a broad spectrum tangent to the curve,
much like that of a bending magnet, but the intensity is greater because of the
contribution of many magnet dipoles in the wiggler. Furthermore, a wavelength
(M) decreased means a frequency (f) increased; this increased frequency is
directly proportional to the energy, so that the wiggler creates a wavelength of

light with a larger energy [107].
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Figure 3.9 Insertion device [105].

Figure 3.10 NSRRC BL17bl eight circle diffractometer.
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3.2.3 Atomic Force Microscope (AFM)

An atomic-force microscope is a surface-sensitive technique for the
surface science of thin-film materials. In a tapping mode, an AFM operates by
scanning a tip approaching the end of an oscillating cantilever across the sample
surface; the cantilever is driven to oscillate vertically near its resonance
frequency with a small piezoelectric element mounted in the AFM tip holder
similar to a non-contact mode. The amplitude of oscillation is greater than 10
nm, typically 100 to 200 nm. The interaction of forces acting on the cantilever
when the tip approaches the surface -- van der Waals forces, dipole-dipole
interactions, electrostatic forces, etc. -- cause the amplitude of this oscillation to
decrease as the tip moves nearer the sample. A tapping AFM image is therefore
produced on imaging the force of the intermittent contacts of the tip with the
sample surface [108]. The feedback loop maintains a constant amplitude of
oscillation on maintaining a constant RMS oscillatory signal acquired by the
split photodiode detector. The vertical position of the scanner at each data point
(x,y) to maintain a constant sefpoint amplitude is stored in the computer to form
the topographic image of the sample surface.

The surface roughness of the superlattice films of BFO/LNO/Si and
BFO/LNO was observed with AFM (NT-MDT Solver P47H and Digital
Instrument MultiMode) operated in a tapping mode with a silicon-nitride tip.
The sample was fixed to an iron disk holder with double-side adhesive tape. The
method to detect the cantilever deflection relies on optical interference. As the
tip traces various surface features, its vertical movement shifts the laser beam
between upper and lower photodiode components, creating voltage differences
that are electronically converted into height information. The image is captured
with a feedback-loop controller system. The scan rate of the tip was kept
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constant at 0.3, 0.5 and 1 Hz; the scanned lines numbered 512; the z height was

500 nm, and the scan size was setat I x 1 pm”and 2 x 2 um”.
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Figure 3.11 Sketch diagram of AFM apparatus [108].
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3.2.4 High Resolution Transmission Electron Microscope (HRTEM)

For high-resolution transmission electron microscopy (HRTEM), an
imaging mode of the transmission electron microscope allows for direct imaging
of the atomic structure of the sample [109]. HRTEM is a powerful tool to study,
on an atomic scale, the crystal structure of materials such as semiconductors,
metals, nanoparticles and trigonal carbon, e.g. graphene, C nanotubes.

The layer structure and interface roughness of the single-layer BFO thin
film and BFO/LNO superlattice are investigated with cross-sectional images

from a HRTEM (JEOL JEM2010) to confirm layer and epitaxy of films.
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Figure 3.12 Transmission Electron Microscope [110]
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3.3 Characterization of properties

3.3.1 Diffraction Anomalous Fine Structure (DAFS)

In general, X-ray scattering represents only information about the
long-range ordering of atomic structure, but measurements of X-ray absorption
fine structure (XAFS) provide short-range chemical information. DAFS
combines all capabilities of XRD and XAFS in a single technique; it provides
the advantages of information about short-range order of the set or subset of
long-range ordered atoms selected by the diffraction condition [111]. DAFS is
specific chemically and to valence, and is sensitive to the positions of
neighboring atoms; atoms can be separated on measuring the DAFS intensities
of Bragg peaks with varied diffraction structure-factor contributions. DAFS
provides the same structural and spectral sensitivities as X-ray absorption
near-edge structure, namely the valence, empty orbital and bonding information
for the resonant atoms [112,113].

Measurement of DAFS was performed with a synchrotron source at
wiggler beamline BL-17B1 with an eight-circle diffractometer at NSRRC,

Hsinchu, Taiwan.
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3.3.2 Time-of-Flight Secondarv-ion Mass Spectrometer (TOF-SIMS)

Secondary-ion mass spectrometry (SIMS) is a technique used in material
and surface sciences to analyze the composition of solid surfaces and thin films
by sputtering the surface of the specimen with a focused beam of primary ions
and collecting and analyzing the ejected secondary ions. The ratios of mass to
charge of these secondary ions are measured with a mass spectrometer to
determine the elemental or isotopic or molecular composition of the surface to a
depth 1 - 2 nm. Because of a large variation in ionization probabilities among
materials, SIMS is generally considered to be a qualitative technique, although
quantization is possible with the use of standards. SIMS is the most sensitive
technique for surface analysis, with limits of elemental detection ranging from
parts per million to parts per billion [114].

The composition of the depth profile of the BFO/LNO superlattice was
examined with a TOF-SIMS and a Cs" ion source (12.5 keV with current 50 nA,
CAMECA ims4f, in National Tsing Hua University). The raster size was 250

um x 250 pm; the rate of sputtering was 0.06 nm s™.
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3.3.3 X-ray Photoelectron Spectra (XPS)

The chemical compositions of BFO thin films were measured with X-ray
photoelectron spectra at a vacuum of 10™'? torr (PHI 1600 instrument). All XPS
data were collected with Mg Ka X-rays at energy 1253.6 eV. The fits of XPS
spectra were analyzed with software (XPSPEAK 4.1). The background was
subtracted with a linear method and peaks were fitted with a mixed
Gaussian-Lorentzian distribution. The atomic fraction of each element of the
BiFeO; films was calculated from the integrated intensity of signals and divided
by the relative sensitivity factor, for Bi-4f 9.14, for Fe-2p 2.957, and for O-1s
0.71. The integrated intensity of Bi-4f, Fe-2p and O-1s signals were calculated

to obtain the content of Bi, Fe and O with this equation,

1[

= —1 %100 %
IBi +IFe +IO

in which 7 pertains to Bi, Fe or O, and C; is the content of element i in the thin

film.
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3.3.4 Ferroelectric Test System (FTS)

Ferroelectricity is a property of a material that has a spontaneous electric
polarization that becomes reversible on application of an external electric field
[115,116]. The ferroelectric properties of the polarization — electric field (P-E)
hysteresis loop of single-layer BFO thin films and BFO/LNO superlattice films
were measured with a ferroelectric test system (TF Analyzer 2000 FE-Module,
axiACCT Co.) at varied applied frequency in a range 1-5 kHz; the voltage was
set at 5 or 6 V with applied current 1mA; a triangular waveform for samples
near 300 K. The hysteresis measured the charge stored in a ferroelectric sample
on integrating the current required to maintain one terminal of the sample at zero
bias. On eliminating the external capacitor, the circuit decreased the effect of
parasitic capacitor and allowed a highly accurate characterization of ferroelectric

devices. Figure 3.13 shows a schematic diagram of the ferroelectric test system.
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Figure 3.13 Schematic diagram of TF Analyzer 2000 [117].
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The excitation signal to measure the hysteresis of a triangular voltage is

plotted in Figure 3.14. The polarization pulse establishes a defined state of

polarization, the negative state of the relaxed remnant polarization. Following

the polarization pulse are three consecutive bipolar excitation signals; each

signal is separated with a relaxation time pulse, 1 s [117].

1’/\ LN /\Jf_

A

Voltage

__ Cyclelength

Figure 3.14 Excitation signal for a triangular voltage hysteresis

[117].
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The leakage current (with TF Analyzer 2000) was measured on applying a
voltage waveform of special step shape (shown in Figure 3.15) to the thin films
and measuring the current response with a virtual ground amplifier. A
ferroelectric capacitor was connected parallel to the sample as the model

capacitor, RC-time constants and a voltage-dependent resistor [117].

applied voltage waveform for leakage measurement

visllage

i

0.4

-0.6

-0.8

Vmax -1 |

1.2

time

Figure 3.15 Waveform of the leakage current measurement [117].
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3.3.5 Positive up and negative down (PUND)

Pulsed polarization analyses, also called positive up and negative down
(PUND), 1s one method to measure the polarization properties of a ferroelectric
material. This method avoids the interference from a large leakage and the
dielectric properties in the measurement of ferroelectric properties. A PUND
polarization test is a powerful tool to probe the ferroelectric behavior of a
ferroelectric material without other electrical effect and to derive there from an
accurate polarization; the transient current estimated with PUND is related to the
leakage current of a ferroelectric material [118-122]. To confirm the results of
the P-E hysteresis loops, we determined the ferroelectric properties of the BFO
thin films also with the PUND.

The measurement of PUND is made with the same test system (TF
Analyzer 2000) at 1 kHz. Figure 3.16 displays a typical function of a PUND
measurement. To determine the value of the intrinsic pulsed polarization of a
thin film, a pulsed voltage, composed of two positive and two negative pulses,

was applied [117].
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Figure 3.16 Typical excitation of PUND measurement [117].
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Chapter 4

Results and Discussion

4.1 Structure and physical properties of the single-layer BFO thin film
4.1.1 Crystal structure of the BFO thin film

To derive the fundamental properties of BFO thin film in terms of the
crystal structure and the electrical properties, we investigated initially single-
layer BFO thin film. A LNO bottom electrode of thickness 50 nm was deposited
on the (001) Si substrate at 500 °C with RF sputtering. BFO films of thickness
60 nm were then deposited on the LNO-coated Si substrate with the
RF-sputtering system at temperatures in the range of 300 —700 °C. We used
LNO because it was metallic and can serve both as the bottom electrode in
fabricating integrated ferroelectric capacitors on Si and as an effective interface
for the growth of highly textured ferroelectric thin films [21-24].

Figure 4.1 illustrates the results of conventional XRD ‘6-28’ scan of BFO
films deposited on the LNO-coated Si substrate at various temperatures. The
film deposited at 300 °C exhibits a weak XRD pattern with broad lines,
indicating a poorly crystallized film. At substrate temperature 700 °C, a
randomly polycrystalline BFO film resulted, whereas a highly (001)-oriented
BFO film was obtained for a substrate temperature in the range of 400 — 600 °C.
The BFO (001) and (002) peaks are intense and narrow, indicating the
satisfactory crystalline quality of BFO films deposited at 400 — 600 °C. To
examine further the texture of the deposited films, we measured the width of the
BFO (002) rocking curve (o scan) as shown in the inset of Figure 4.1.1. The full
width at half maximum (FWHM) of BFO (002) rapidly decreased to 3° for

deposition temperatures of 400 — 600 °C. Such a narrow rocking curve clearly
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demonstrates that the BFO films have a dominant <001> orientation. The
narrower 1s the FWHM of this rocking curve, the better is known to be the

crystalline quality.

1.6x10°
(001) _
5 S
1.4x10° — .
L
s
i >
5 2
1.2x10° 8
£
. 6 4 -2 0 2 4 6
- 1.0x10° + o (degree)
g (002)
4
,.; 8.0x10" — 700°c
‘w
] :
9
= 6.ox10° - \ \_ 600°c
4.0x10° - k 500°c
2.0x10% - j\ 00
] 300°c
|~ .
: T : | ! T 2
20 30 40 50 60
2 0 (degree)

Figure 4.1.1 XRD “0-20” scan of BFO films deposited on a LNO-coated Si
substrate at various temperatures. The inset shows the width of the BFO (002)

rocking curve (o scan).
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To examine the in-plane structure of the BFO films, we measured in-plane
grazing incidence X-ray diffraction as shown in Figure 4.1.2. The coexistence
of (100), (200), (110) and (120) Bragg peaks in the in-plane radial scan along an
arbitrary azimuth signifies that the in-plane structure is randomly oriented, as
confirmed by the lack of intensity variation of the (110) Bragg peaks in an
azimuthal scan (¢ scan). The sputter-deposited BFO thin film has an extremely
c-oriented columnar textural structure. The XRD result shows that the BFO film

deposited at 500 °C has the best (001)-oriented crystal structure.
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Figure 4.1.2 In-plane grazing-incidence XRD pattern of BFO films deposited on

a Si substrate at various temperatures.
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Figure 4.1.3 presents reflectivity curves of BFO films deposited on a
LNO-coated Si substrate at various substrate temperatures with their best fitted
results. For each curve, as the diffuse scattering was measured and subtracted,
the data points represent only the specular component. At a small angle of
incidence, the footprint of the beam is typically larger than the sample surface,
and only part of the light becomes reflected; the increased intensity of reflection
is thus due to the surface effect for which the angle of incidence is less than the
critical angle of total reflection (0.).

To acquire the physical parameters of the films, we used the simulation of
specular reflectivity on the recursive formalism of Parratt [103]. We fitted the
reflectivity data with the Bedergrs Mercury code [104] to determine the physical
parameters of the films, including roughness, thickness, and density. A
four-layer model that was adopted consisted of a truncated silicon single-crystal
substrate, a native silicon oxide, a layer of LNO bottom electrode, and the
deposited BFO film on the top. An expanded view of the best-fitted curve (solid
line) and the experimental data (open circles) of the BFO film deposited at 500
°C 1s shown in the inset of Figure 4.1.3; this fitted curve matches satisfactorily
the experimental data. The best-fitted parameters are listed in Table 4.1.1. The
reflectivity curve shows that the lower is the deposition temperature, the more
clearly present are the Kiessig fringes, and hence the smoother is the surface.
The fitted results show that the surface roughness increases with increasing
deposition temperature. According to Table 4.1.1, the densities of the BFO and
LNO layers were slightly less than their bulk values; this condition likely
reflects an increased density of defects inevitably occurring during deposition at

high temperature [123,124].

-47 -



10'®

-
(=]
o

Intensity (arb. units)
=)
F -

1012

10

10°

10

10°

o:experimental data

. g -fitted data (x5)
10 I L [ L) I L) i 1 I L] l |

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 4.1.3 X-ray reflectivity curve (open circle) of BFO films deposited on a
Si substrate at various temperatures and their best-fitted data (solid line) as a
function of momentum transfer. The inset shows an expanded view of the

best-fitted curve (solid line) and experimental data (open circles) of a BFO film

deposited at 500 °C.
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To confirm the X-ray reflectivity results, we examined the surface
roughness of deposited films with an atomic-force microscope (AFM). From
observations conducted in the contact mode on area of 1 ym x 1 pum, we
calculated the root-mean-square (RMS) magnitude of surface roughness. The
surface morphology of single-layer BFO thin films deposited at various
substrate temperatures as examined with the AFM is shown in Figure 4.1.4. For
comparison, the surface roughness evaluated from AFM images is listed in
Table 4.1.1. The surface roughness of the superlattice films shows the same
tendency of increasing surface roughness with increasing deposition

temperature.

Figure 4.1.4 AFM images of single-layer BFO deposited on the LNO coated si
substrate at substrate temperatures/°C: (a) 300, (b) 400, (¢) 500 and (d) 600.

-49 -



Table 4.1.1 Parameters from best-fitted results of reflectivity curves of BFO
films deposited on the LNO-coated Si substrate at various temperatures. The
surface roughness determined from AFM measurements is listed in the last

column for comparison. The relative standard deviations of the fitted data are for

thickness =2%, density =2%, and roughness =6%. The thickness of the Si

substrate is set as infinite and the bulk density is 2.34 g cm™. The bulk density
of BFO is 8.35 g cm  and that of LNO is 7.086 g cm .

deposition | fitted thickness fitted density fitted roughness | AFM
temperature /nm /g cm3 /nm /nm
/°C tivo taro pPLNO PBFo OBFO/LNO | Osurface | Osurface
300 49.00 | 59.80 6.732 7.685 0.77 0.52 1.1
400 46.59 | 60.98 6.377 8.353 1.80 0.85 1.8
500 47.70 | 58.95 6.377 8.269 1.95 1.32 1.9
600 54.00 | 62.00 5.137 6.348 1.00 3.90 4.6
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The evaluated surface roughness shows the same tendency of increasing
roughness with increasing temperature of deposition as that observed in the
X-ray reflectivity measurement. The results obtained from these two methods
agree satisfactorily.

Because specular reflectivity probes only the variation of laterally
averaged electron density along the surface normal, it cannot distinguish an
interface with a flat but smoothly varying density distribution from an abrupt but
ragged one. To confirm the lateral roughness of the interfaces, we measured also
the non-specular diffuse X-ray scattering [98, 125, 126]. The rocking curve of a
film deposited at 600 °C taken at 20 = 1.32°, displayed in Figure 4.1.5, is
characterized with an intense central feature associated with the specular peak,
as well as two diffuse scattering features on the shoulder (indicated by arrows in
Figure 4.1.5), i.e., the so-called Yoneda peaks [19, 22]. The presence of these
Yoneda peaks indicates a significant irregularity of the interface or surface of
the films. The asymmetry of two Yoneda features is due to the decreasing
illuminated area as 0 increases.

In the case in which the films conform, i.c., the local maxima and minima
of the overlayer surface or interface coincide with local maxima and minima of
the underlying interface, the conformity of the roughness produces an oscillating
profile of the diffuse scattering, similar to that observed in specular reflectivity.
[99, 125] The variation of the diffuse scattering intensity of the film deposited at
600 °C is depicted with open circles in the inset of Figure 4.1.5. For comparison,
the specular reflectivity of the same sample is plotted as a solid curve. The
absence of any oscillation fringe in the diffuse scattering indicates that no
conformal relation exists between the layer and the substrate in this sample. This

loss of correlation might be resulted from the random-walk process in atomic
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deposition that would smear the original roughness near the surface and hence
become uncorrelated as the interface front moves away from the surface [127].
Moreover, the deposited films, even with a highly (001) texture, do not become

an epitaxial layer; the growth rate of each grain is hence not exactly the same.
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Figure 4.1.5 Rocking-curve measurement of the BFO film deposited at 500 °C.
The arrows indicate two diffuse scattering peaks on the shoulder. The inset

shows a comparison of intensity curves between specular and diffuse X-ray

scattering.
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4.1.2 Electrical properties of the BFO thin film

A layer of Pt was subsequently deposited on the BFO thin films through a
shadow mask to form a Pt/BFO/LNO/Si stack at ~25 °C for tests of the
ferroelectric properties. A hysteresis curve of polarization — electric field (P—E)
was measured with a ferroelectric test system, at frequency 1 kHz and ~25 °C.

Figure 4.1.6 shows P—FE hysteresis loops of BFO thin films deposited on the
LNO-coated Si substrate at various temperatures. The BFO film deposited at
500 °C possesses the largest remanent polarization (P;). The greater is the
remanent polarization and the more nearly square the loop of the P-E curve, the
smaller is the full width at half maximum of the (002) rocking curve and the
more preferable is orientation (001) of the crystal structure of a BFO film

deposited at 500 °C.
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Figure 4.1.6 P—E hysteresis loops of BFO films (thickness 60 nm) deposited on

the LNO-coated Si substrate at various temperatures.
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Figure 4.1.7 shows the J-E curve of singe-layer BFO thin films deposited
on Si substrate with LNO buffer layer at various deposition temperatures that
indicates that there exist large leakage current densities for all deposition
temperatures. This is a major problem of the BFO thin film; the large leakage
current also had a strong interference on the ferroelectric properties. In order to

get an intrinsic and large polarization value the leakage issue should be reduced.
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Figure 4.1.7 J-E curve of single-layer BFO thin films deposited at 300 — 700 °C.
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4.2 Epitaxial growth and effect of strain on the BFO/LNO superlattice

The physical properties of the single-layer BFO thin film were studied in
previous work. The highly (001)-oriented single-layer BFO thin film shows poor
electrical properties and a large leakage current. To enhance the ferroelectric
properties and to decrease the leakage current, we studied the effect of strain on
the polarization of the BFO thin film at the same time that we fabricated the
BFO/LNO superlattice thin film.
4.2.1 Structure of the BEFO/LNO superlattice

The BFO/LNO superlattice was grown on a conductive Nb-doped
single-crystal STO (001) substrate at temperatures in the range of 560 — 810 °C
with a UHV double-gun RF magnetron-sputtering system. Figure 4.2.1 shows
the radial scan along direction (00L) of the BFO/LNO superlattice thin films at
various temperatures. Values of H, K, and L stated in this work are expressed in
reciprocal lattice units referred to the STO lattice parameter, 0.3905 nm at 25 °C.
The intense and sharp feature centered at L=2 is the STO Bragg reflection (002)
from the substrate. Satellite peaks of several orders are clearly observed on both
sides of the main peaks (marked with arrows in Figure 4.2.1) at all deposition
temperatures. An expanded view of the radial scan of the BFO/LNO superlattice
film deposited at 660 °C is shown in the inset of Figure 4.2.1. The main peaks
and satellite peaks accompanied by clearly discernible Pendellosung fringes on
both sides of the main peak indicate the high crystalline quality of the
BFO/LNO artificial superlattice structure formed on the STO substrate with RF

magnetron sputtering.
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Figure 4.2.1 Intensity distribution of the (002) radial scan of the BFO/LNO
superlattice film deposited at various substrate temperatures. The inset shows an

expanded view of the superlattice film deposited at 660 °C.
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The epitaxial nature of the BFO and LNO sublayers in the superlattices is
demonstrated by the in-plane orientation (2 0 0) with respect to the major axes
of the STO substrate. The distribution of the in-plane X-ray intensity of the
radial scans from superlattice films with varied deposition temperature is shown
in Figure 4.2.2; the scan was performed in the vicinity of the STO (2 0 0) Bragg
peak. A broad feature coexists with a sharp Bragg peak, which originates from
the substrate. This broad feature, indicated by arrows in Figure 4.2.2, is assigned
to the Bragg peak of the deposited layer, which is confirmed by the variation of
the relative intensity between the two signals as a function of angle of incidence.
The H-value of the in-plane main peak (marked with arrows in Figure 4.2.2)
decreases and approaches the STO substrate with increasing temperature of

deposition in the range of 560-660 °C.
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Figure 4.2.2 X-ray intensity of the radial scans along the (200) in-plane Bragg
peak of BFO/LNO superlattice films deposited at varied substrate temperatures.

An arrow marks the position of the superlattice main peak.
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The azimuthal diffraction patterns of the BFO/LNO superlattice film,
deposited at 660 °C, in the vicinity of a surface peak and the substrate Bragg
peak clearly exhibiting a four-fold symmetry with the same orientation appear in
Figure 4.2.3. These results constitute evidence for strong epitaxial growth of the
deposited layer on the substrate. No other feature is observed in the intervals
between the four peaks, indicating a perfect alignment of axes a and b of the
BFO and LNO unit cells along those axes of the STO substrate. The
measurement of the radial scan around the (111) Bragg peak provides further
structural information about the off-normal orientation. The radial scan around
the (111) Bragg peak for the BFO/LNO superlattice film deposited at 660 °C is
shown in Figure 4.2.4; distinct satellite peaks on both sides of the main peak are
clearly observed, indicating that not only a well defined epitaxial relation with
the substrate has developed along the (111) plane but also a smooth surface and

an interface were formed.
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superlattice film deposited at 660 °C.
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To confirm these X-ray diffraction results of the structure layer by layer
and the crystalline quality, we examined the superlattice films with a high-
resolution transmission electron microscope (HRTEM) at selected cross sections.
Figure 4.2.5 illustrates the HRTEM cross-sectional images of a superlattice film
prepared at 660 °C. According to Figure 4.2.5(a), a cross-sectional HRTEM
image on a large scale, the superlattice film clearly shows a well defined
structure of BFO/LNO layer by layer with the STO substrate; the thickness of
the sublayer agrees satisfactorily with the designed value. Figure 4.2.5(b), a
HRTEM image, indicates a satisfactory epitaxial relation between the film,
interface and substrate, consistent with the experimental results of X-ray

scattering of the surface normal and the in-plane direction.
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Figure 4.2.5 HRTEM cross-sectional images of the BFO/LNO superlattice on
the (001) SrTiO; substrate deposited at 660 °C; (a) large scale image, and (b)
image of the interface regions between individual layers and between film and

substrate.
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Figures 4.2.1 and 4.2.2 show an extra peak (marked *) located at L=1.872
and H=1.868 for superlattice thin films deposited with the substrate temperature
greater than 710 °C, which we attribute to the formation of the NiO phase due to
protracted deposition at high temperature. This NiO compound is readily formed
during decomposition of the LNO film heated for a long time at a high
temperature of deposition [128]. To confirm the formation of this NiO phase, we
measured the DAFS pattern for film deposited at 710 °C. DAFS is the X-ray
spectrometric technique that combines a sensitivity to long-range order of X-ray
diffraction and a sensitivity to short-range order of X-ray-absorption fine
structure [112]. Figure 4.2.6 shows the DAFS result of the Ni K-edge and La
L1-edge for the (002) superlattice diffraction peak and the extra peak shown in
Figure 4.2.1 (marked *) for film deposited at 710 °C. These results clearly show
a strong Ni absorption signal at 8.345 keV with no La absorption signal on the
extra diffraction peak, whereas both Ni and La absorption signals exist on the
(002) superlattice diffraction peak. According to this evidence from DAFS, the
extra peak indicates a NiO phase. The superlattice structure became gradually

degraded through the formation of the NiO phase for a film deposited at

temperature =710 °C, and was destroyed at 810 °C. The modulation length of

the superlattice and the thickness of the LNO layer altered slightly because of
the formation of the NiO phase. The main peak of the superlattice has therefore

an unsystematic shift for film deposited at high temperature.

-63-



Intensity (arb. units)

Intensity (arb. units)

1.6

\\

| @ NiK-edge —— (002) superlattice peak
1.4- extra diffraction peak
1.2
1 -0 ] M/\N/\’\\
0.8 -
0.6 -
81 82 83 84 85 86 87
Energy (KeV)
1.2
(b)
La L - edge
1.0 -
L — (002) superlattice peak ;
extra diffraction peak
0.2

N

6.0

61 62 63 64 65 6.6
Energy (KeV)

Figure 4.2.6 DAFS result of the (002) superlattice diffraction peak and the extra

peak as shown in figure 4.2.1 (marked *) for film deposited at 710 °C (a) Ni

K-edge, and (b) La L1-edge.
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The BFO and LNO films are described as having a pseudo-cubic structure,
with bulk lattice parameters 0.3962 nm for BFO and 0.3861 nm for LNO. In this
superlattice system, the BFO sublayer is in a biaxially compressive state,
whereas the LNO sublayer is in a biaxially tensile state. These heteroepitaxial
sublayers are hence characterized by either being strongly strained or containing
many misfitted dislocations with a modulation length larger than a critical value.
The critical thickness for the misfitted dislocations is estimated according to a

model proposed by Matthews and Blakeslee [129] as

h = LM&) ; 1} ,
4 (1+v)| \b

in which 4. is the critical thickness, b is the magnitude of the Burgers vector of
the dislocations, v is the Poisson ratio, and f is the misfit between the least
strained BFO/LNO bilayer and the STO substrate. The calculated critical
thickness of the BFO/LNO superlattice was ~15 nm. The designed modulation
length of the prepared superlattices (fgro + fino= 4 nm) is within the
theoretically estimated length. The total thickness of films, about 120 nm, was
much greater than the critical value of the thickness as BFO/LNO superlattice
films; this condition is one factor that leds to strain release. Both the sublayer
and the total thickness were factors that contribute to the results of the partial
strain effect in the superlattice structure.

The in-plane lattice parameter of BFO is determined directly from a
crystal-truncation-rod (200) radial scan [130, 131]. Although the out-of-plane
lattice parameter of the BFO layer is directly indeterminated from the (0 0 2)
radial scan spectra shown in Figure 4.2.1, we evaluated the parameter through
the elastic relation involving the strain normal to the interface in the cubic

structure [132, 133]. The in-plane compressive strain of the BFO layer is defined
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as (8pro—@pulk-BF0)/@pulk-BFO, 1N Which aggo 1s the lattice parameter of the strained
BFO layer that is obtained from the measured inplane lattice parameter of the
superlattice and a,u.pro 1S the bulk lattice parameter of unstrained BFO. Based
on this derived lattice parameter, the evaluated in-plane and out-of-plane strains
of BFO layers are shown in Figure 4.2.7. Deposition at a higher temperature
results also in a clearly larger in-plane compressive strain of the BFO sublayers
in the superlattice for films deposited at 560 — 660 °C. An in-plane lattice
parameter 0.3905 nm is necessary for the fully strained pseudomorphic growth
of BFO/LNO superlattices on the STO substrate. The lattice mismatch between
BFO-LNO bilayer is ~2.5 % of the in-plane lattice parameter. A fully strained
pseudomorphic growth of each layer thus does not occur in the superlattice
during deposition, even though the thickness of individual BFO and LNO layers
is less than the critical thickness [130, 134]. The BFO/LNO superlattice films
reveal a partial strain relaxation, and a not fully strained state for all deposition

temperatures, as shown in Figure 4.2.7.
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Figure 4.2.7 In-plane compressive strain and out-of plane tensile strain of the

BFO layer as a function of deposition temperature.
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Figure 4.2.8 shows the full width at half maximum (FWHM) of these
in-plane rocking curves of BFO/LNO superlattice films deposited at various
temperatures. The FWHM of the films increased greatly for the deposition
temperature above 710 °C. The narrower is the FWHM, the better is the
crystalline quality. The best crystal quality of the superlattice was shown at
deposition temperature 660 °C, which can be the most suitable condition for

growth of a BFO/LNO superlattice.
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Figure 4.2.8 Rocking curves of the in-plane (200) main peak of BFO/LNO

superlattice films deposited at various temperatures.
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Figure 4.2.9 presents reflectivity curves of BFO/LNO superlattice films
deposited at various substrate temperatures, and their best-fitted results. The
presence of clear oscillations indicates that both the surface and the interface
correlate well with each other and are smooth enough to produce the oscillations.
Both the superlattice peaks and the Kiessig oscillations, which are well
pronounced, reveal the presence of a well ordered layer structure of a
superlattice, providing evidence for the vertically periodic modulation of the
composition. To evaluate the physical parameters of the superlattice, we used a
simulation of the specular reflectivity on the recursive formalism of Parratt
[103]. We fitted the reflectivity data according to Ref. 104 [104] to determine
the physical parameters of the superlattice, including roughness, thickness, and
density. This program calculates the reflectivity of the material using the
dynamic Fresnel equations for multilayer reflectivity, taking into account the
absorption, instrumental resolution, interface roughness and abruptness, and the

sample curvature.
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Figure 4.2.9 Reflectivity curves of BFO/LNO superlattice films deposited at
various substrate temperatures and their best-fit results (solid line) as a function

of momentum transfer.
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Table 4.2.1 shows the best-fitted results of the physical parameters of each
thin-film layer, which indicate that the density of the BFO sublayer was less
than the bulk value and decreases with increasing temperature, whereas for the
LNO sublayer the density was slightly less than the bulk value. A Bi atom
escapes readily from the thin film at the high deposition temperature [135]. The
density of BFO was much less than the bulk density; this condition likely
reflects an increased density of defects that inevitably occur during the
deposition at high temperature. We found also that the thickness of the sublayer
decreased with increasing substrate temperature, except the film deposited at
810 °C, indicating a growth rate inversely proportional to temperature. The
thickness of the LNO sublayer decreased with increasing deposition temperature;
as the kinetic energy increases with increasing temperature, the effect of
re-sputtering was much more obvious, leading to the decreased thickness of the
sublayer.

At a high deposition temperature many vacancies are produced through
the escape of Bi; the density of BFO decreased with increasing temperature. The
fitted result shows not only that the surface and interface roughness increased
with increasing deposition temperature but also that the interface roughness
increased much for deposition at substrate temperature greater than 760 °C. The
reflectivity curve also that the lower is the deposition temperature, the more
clearly present are the superlattice peaks and the Kiessig fringes. Hence, the

lower is the deposition temperature, the smoother is the surface and the less

rough is the interface, except film deposited at =710 °C.
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Table 4.2.1 Parameters obtained from best-fit results of reflectivity curves of

BFO/LNO superlattice films deposited on the Nb-doped STO substrate with

varied deposition temperature. The surface roughness determined from AFM

measurements is listed in the last column for comparison. The relative standard

deviations of the fitted data are for thickness =2.5%, density =3% and

roughness =6%. The thickness of the SrTiO; substrate is set as infinite and the

bulk density is 5.118 g cm™. The bulk density of BFO is 8.366 g cm ™, and that

of LNO is 7.086 g cm".

fitted thickness

deposition fitted density fitted roughness AEM / nm

temperature /nm / g-cm” /nm
1°c ttno | tero | Pino | Psro | OLnossub | Ointerface | Osurface | Osurface
560 1.57 | 2.00 | 6.59 | 7.69 0.40 0.41 0.61 1.86
610 148 | 199 | 6.73 | 7.61 0.40 0.46 0.70 2.15
660 143 | 198 | 6.80 | 7.53 0.40 0.49 0.82 2.16
710 115 | 199 | 6.80 | 7.28 0.40 0.60 0.75 0.50
760 123 | 1.80 | 6.67 | 7.1 0.39 1.18 0.62 0.26
810 160 | 1.89 | 6.45 | 7.19 0.39 1.21 1.20 3.95
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To confirm the X-ray reflectivity results of the surface roughness, we
examined the surface roughness of the superlattice films using AFM. From
observations conducted in a contact mode on area 1 um x 1 um, we calculated
the root-mean-square (RMS) magnitude of surface roughness. The surface
morphology of BFO/LNO superlattice films deposited at various substrate
temperatures, as examined with the AFM, is shown in Figure 4.2.10. The AFM

images show that the film surface is free of cracks, but exhibits surface/film

features of three types—island-like for film deposited at <660 °C, nearly

structureless or featureless for 710 — 760 °C, and platelet-like for 810 °C. For
comparison, the surface roughness evaluated from AFM images is listed in
Table 4.2.1. The surface roughness of the superlattice films shows the same
tendency of increasing surface roughness with increasing deposition temperature
for films deposited up to 660 °C. The results show a tendency consistent with

the XRR fitted results.
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Figure 4.2.10 AFM images of BFO/LNO superlattice films deposited at
substrate temperatures/°C: (a) 560, (b) 610, (¢) 660, (d) 710, (e) 760, and (f) 810.
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4.2.2 Electrical properties of the BFO/LNO superlattice

Figure 4.2.11 shows the polarization—electric field (P-E) hysteresis loop
of the BFO/LNO superlattice deposited at various substrate temperatures.
Hysteresis loops with the largest remanent polarizations (2 P;) near 160 pC cm
were observed for superlattice films deposited at 660 °C, although the exact P;
value was difficult to determine because there still existed a large component of
leakage current, even with an epitaxial thin film of high quality. In a
ferroelectric or conductive superlattice system, i.e., BFO/LNO superlattice, the
intervening metallic layer increases the leakage current. The remanent
polarization increased with increasing deposition temperature for films
deposited up to 660 °C, and then decreased with further increasing temperature.
As illustrated in Figure 4.2.7, the BFO sublayers in the superlattices exhibit an
increased compressive strain, or a larger lattice distortion, that much elongates
the unit cells along the electric field in the superlattice structure with increasing
deposition temperature in the range of 560—660 °C. This result clearly reveals
that an effective manipulation of strain in BFO sublayers in a superlattice
structure with alternating insertion of LNO sublayers can greatly enhance the
ferroelectric properties of the BFO sublayers. The fitted result of the X-ray
reflectivity curve shows that the interfacial roughness of superlattice films
deposited above 760 °C is much larger than at other temperatures. Although
these superlattice films have greater tensile stress along the c-axis, they have
also narrower effective BFO layers. The greatly decreased remanent polarization
of films deposited above 760 °C might be attributed to the formation of the NiO
phase and the poor interface structure in the superlattice system. The value of
remanent polarization (2 P,) of the effective BFO layer, 2 P, ~160 pC cm 2,

obtained from Figure 4.2.8 is twice as large as that, 2 P, ~70 pC cm ~, for the
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single layer BFO film of thickness 60 nm prepared under the same

conditions at 660 °C.
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Figure 4.2.12 shows the J-E curve of BFO/LNO superlattice films with
various deposition temperature, which indicates large leakage current densities

in this superlattice system for all deposition temperatures, relative to a single
BFO layer film of thickness 180 nm [25] or another BFO/STO superlattice
system with the BFO layers of total thickness 200 nm prepared with the PLD
technique [136]. In the BFO/LNO superlattice system, a metallic layer between

leads increases the leakage current. These leakage current densities greatly
increased for film deposited at =710 °C, which seems consistent with the

tendency of the crystalline quality of the films and the formation of NiO phase.
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Figure 4.2.12 J-E curve of BFO/LNO superlattice films deposited at 560 — 710
°C.
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4.3 Sublayer thickness and leakage effect of the BFO/LNO superlattice

The growth condition of the BFO/LNO superlattice with satisfactory
crystal structure and ferroelectric properties was optimized in previous work.
The sublayer thickness is an important issue of the superlattice structure, and the
leakage property is a dominant problem of the hysteresis loop; those issues were
studied in this work.

4.3.1 Crystal structure of the BFO/LNO superlattice with varied sublayer

thickness

Figure 4.3.1, obtained from an eight-circle X-ray diffractometer and a
high-resolution synchrotron source with a radial scan along direction (00L) of
the BFO/LNO superlattice films, shows the crystalline quality of the superlattice
structure. The intense and sharp peak centered at L=2 is the STO (002) Bragg
reflection from the substrate. The main peak (marked with arrows in Figure
4.3.1) and well defined satellite peaks on both sides of the main peaks indicate
the great crystalline quality of the BFO/LNO artificial superlattice structure
formed with RF-magnetron sputtering. Expanded views of the fitted curve (solid
line), using both symmetric and exponential composition profiles and
experimental data (open circles) of BFO/LNO superlattice films with sublayers
of thicknesses 3.6 and 8.5 nm, in the inset of Figure 4.3.1 indicate the position of
the reflection of the satellite peak (marked with an arrow). Overall, both
assumptions yielded satisfactory agreement with the experimental data; some
discrepancy of the background intensity near the substrate peak in the
composition modulation shape is indicated by the satellite intensities. The
superlattice exhibits satellite peaks that allowed us to deduce the super-period of

the superlattice (Awaxrp) according to the formula [137]
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A
Awasno = 2(sin6?n —sin Gn_l) ’

in which A is the X-ray wavelength and 0, and 0,-; are the angular positions of

two successive satellite peaks.
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Figure 4.3.1 Intensity distribution of the (002) radial scan for the BFO/LNO
superlattice with varied thickness of sublayer and periods. The inset shows the
best fits (solid line) for the experimental XRD patterns for BFO/LNO

superlattices at thicknesses 3.6 and 8.5 nm.
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The period of the superlattice films obtained from the oscillations of the

(002) radial scan shown in Table 4.3.1 agrees with the measurement result of the

X-ray reflectivity

Table 4.3.1 Thickness parameters of the BFO/LNO superlattice obtained from

the results of X-ray diffraction, X-ray reflectivity and SIMS.

Nominal Awaxrp / nNm Fitted thickness by X-ray Total
reflectivity / nm thickness
sample
- (SIMS) /
Modulation Total tero tino Total m
length thickness thickness
tero+tino
(B1_7/L1_7)30/ 3.40+0.17 102.0 1.70 1.75 * 103.5
STO 0.04 0.04
(B2.6/L2.6)20/ | 5.40 +0.27 108.0 260+ | 2,60 104.0
STO 0.06 0.06
(B3s/L3e6)1s/ | 7.20£0.36 108.0 3.08+x | 4.00% 106.2
STO 0.07 0.10
(Bs.2/Ls2)10/ | 10.40 £ 0.52 104.0 530+ | 530% 106.0 104.0+1
STO 0.13 0.13
(Bss/Lss)s/ | 17.50 £ 0.88 105.0 870+ | 8.70+ 104.4 105.0+1
STO 0.21 0.21
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To verify the vertically periodic modulation obtained from the X-ray
measurements, we examined the vertical composition profile of the BFO/LNO
superlattices with SIMS. A SIMS depth profile of the (BFOgs/LNOg;s)s
superlattice is shown in Figure 4.3.2. The variations in the signals of Bi, Fe, La,
Ni, Sr, Ti and O are consistent with the designed period of six cycles of a
BFO/LNO superlattice. The total thickness obtained from the SIMS is consistent
with the calculated from the (002) radial scan and the X-ray reflectivity curve

shown in Table 4.3.1.
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Figure 4.3.2 SIMS depth profile of the (BFOg s/LNOg 5)¢ superlattice film.
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The epitaxial relation between the BFO and LNO layers in the superlattice
was examined according to the orientation in plane with respect to the major
axes of the STO (001) substrate. The distribution of the X-ray intensity of an
in-plane radial scan of the BFO/LNO superlattice film is shown in Figure 4.3.3.
The Bragg peak of the superlattice is shifted to a smaller / index and broadens
rapidly with increasing thickness of the sublayer. The azimuthal diffraction
patterns of the (BFO,,/LNO,);, superlattice in the vicinity of a surface peak
and the substrate Bragg peak that clearly exhibits a four-fold symmetry with the
same orientation appear in the inset of Figure 4.3.3. These results constitute
evidence for strong epitaxial growth of the deposited layer on the substrate. No
other signal is observed in the intervals between the four peaks, indicating a
perfect alignment of @ and b of the BFO and LNO unit cells along those of the
STO substrate.
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Figure 4.3.3 X-ray intensity of radial scans along the (200) in-plane Bragg line
of BFO/LNO superlattice films deposited for various periods. An arrow marks
the position of the superlattice main peak. The inset shows the azimuthal scan
(® scan) of the surface peak and the substrate Bragg peak for the
(BFO, 7/LNOj 7);0 superlattice film.
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The lattice parameters of BFO and LNO are 0.3962 and 0.3861 nm,
respectively. The BFO sublayer is in a biaxially compressive state whereas the
LNO sublayer is in a biaxially tensile state in the superlattice system. The
critical thickness for misfit dislocations, estimated according to a model
proposed by Matthews and Blakeslee [129], of the BFO/LNO superlattice was
~15 nm. The designed modulation length (tgrottino) of the superlattices was
from 3.4 nm to 17 nm. The lattice parameter of BFO in plane was determined
directly from the (2 0 0) reflection [130, 131]. The compressive strain in plane is
defined as (8gro—@puik-BF0)/@bulk—BFO, 1N Which agrg 1s the lattice parameter of the
strained BFO layer observed from the radial scan in plane of the superlattice and
Apuik-sro 18 the lattice parameter of bulk BFO free of strain. Based on this derived
lattice parameter, the strains evaluated in plane and out of plane of BFO layers

are related with [138]
20

& == Sy

1-v

in which v is Poisson's ratio, € L is the strain for out-of-plane and ¢, is the strain

for in-plane, shown in Figure 4.3.4 (a). The thinner is the sublayer; the larger is

the in-plane compressive strain of the BFO sublayers.
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4.3.2 Electrical properties of the BFO/LNO superlattice with various sublayer

thicknesses

Figure 4.3.4 (b) shows the J—F curve of BFO/LNO superlattice films with
sublayers of various thicknesses, which indicates large leakage current densities
in this superlattice system for all periods; the leakage current increases with
increasing thickness of the sublayers. In an insulating or conductive superlattice
system, i.e., the BFO/LNO superlattice, there is a metallic layer in between,
which increases the leakage current. An asymmetric feature of J-E curves might
be due to varied Schottky barrier heights of the top and bottom electrodes or the
varied extent of interface defects on both sides [139, 140], which seem
consistent with the tendency of the crystalline quality of the superlattice. The
clearer diffraction peaks and satellite lines, the narrower diffraction in plane and
the smaller mosaic structure of the film decrease the probability of leakage from

the top electrode to the bottom electrode.
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Figure 4.3.4 Strain dependent and J-E curve of BFO/LNO superlattice films
with varied sublayer thickness (a) in-plane strain and out-of-plan strain, and (b)

the J-E curve.
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The ferroelectric properties of the BFO/LNO superlattice at thicknesses
1.7, 3.6 and 8.5 nm, and single-layer BFO film (thickness 60 nm), of the
hysteresis loop of the polarization—electric field (P—FE) are shown in Figure 4.3.5.
P-FE hysteresis loops of BFO/LNO measured with probing frequencies 0.5 — 5
kHz at 25 °C show that both remanent polarization P, and coercive field Ec
depend strongly on frequency. Hysteresis loops, with the largest remanent
polarization (2 P;) of 160 uC cm_z, were observed for (BFOgs/LNOgs)s
measured at 5 kHz. In the loops measured under 1 kHz, the contribution from
the leakage is distinctly observable, as a result of which both the rounded shape
and the remanent polarization increase; at frequency 2 kHz or greater, the
contribution from the leakage was eliminated, and well saturated loops were
observed. Despite the small dc leakage, the P—E loop was dominated by other
effects of the extrinsic space charge, which might be due to the presence of
charged interface or defects or misfit dislocations formed through strain
relaxation at the interface [141]. The poor ferroelectric nature of the BFO film
can hence be attributed to the presence of mobile charge carriers (generated

electrons and oxygen vacancies) at large concentrations [142].
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Figure 4.3.5 P—E hysteresis loops of a BFO/LNO superlattice at thicknesses 1.7,

3.6 and 8.5 nm of sublayers and single-layer BFO thin film (thickness 60 nm).
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Figure 4.3.6 (a) displays the variation with frequency of the polarization
value (2P,); at small probing frequencies; these mobile free charges contribute to
the total polarization. The leakage is attributed to the presence of oxygen
vacancies, which increase the amount of free carriers, leading to a degradation
of the ferroelectric properties [142]. The effect of the leakage current was much
decreased on increasing the frequency of measurement; the polarization
approached a saturation value at all sublayer thicknesses as shown in the Figure.
From the result of polarization, an effective strain manipulation of BFO
sublayers in the superlattice structure by LNO sublayers can enhance the
ferroelectric properties of the BFO sublayers. The interface was an issue of the
ferroelectric property: the thinner is the sublayer, the greater is the extent of the
interface in the superlattice; imperfections at the interface, such as the formation
of undesirable phases or electronic trapping states, seriously degrade the
performance of the ferroelectric property [143]. For the same total thickness, the
superlattice films of smaller sublayer thickness have more periods, and more
interfaces result in a decreased effective thickness. The superlattice films that
have a thicker sublayer with diminished interface region therefore exhibited a
larger remanent polarization. The value of remanent polarization (2P,) of the
BFO layer, 2P, ~ 160 pC cm , obtained from Figure 4.3.6 (a) is eight times that,
2P, ~20 uC cm >, for the single-layer BFO thin film (60 nm) prepared under the
same sputtering conditions at 660 °C and measured at 5 kHz. To confirm the
polarization of the superlattice, we performed a PUPD test with pulse width 0.25
ms and delay time of 1000 ms. This pulsed measurement demonstrates that the
measured polarization switching is an intrinsic property of the superlattice, and
separate from the leakage property [4]. The results of the PUPD test are shown

in Figure 4.3.6(b); the remanent polarization obtained from the PUPD test was
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smaller than that from the hysteresis loops but shows a tendency the same as

with the result of the P—E loop, and likewise with the strain effect and the

periods of the superlattice.
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Figure 4.3.6 Polarization measurements for all sublayer thicknesses and single-
layer BFO (a) polarization value (2Pr) at varied frequencies from P—E hysteresis

loops, and (b) the remanent polarization obtained from the PUPD test.
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4.4 Growth of ultra-thin undoubted BFO films by atomic layer deposition.

The epitaxial BFO thin film grown with RF-sputtering show great
ferroelectric properties, but the large leakage current still existed in the BFO thin
film, which is a major concern.

4.4.1 Crystal structure and composition of ultra-thin BFO films.

Highly (001)-oriented BFO ultra-thin films with total thickness less than
10 nm were deposited on Si (001) substrates with ALD and a LNO buffer layer.
The deposition rate of BFO thin films was determined by XRR as a function of
growth temperature shown in Figure 4.4.1. The rate of BFO increases with
substrate temperate, attaining a maximum value at 500 °C and decreasing again
on further increased temperature. The phase of BFO is classified as a
rhombohedral distorted simple perovskite structure belonging to space group
R3¢ at 295 K; the unit cell of perovskite type has a pseudo-cubic lattice
parameter @ = 0.396 nm [144, 145]. For ALD growth in practice, a water
precursor enters a chamber to form a hydroxyl group in the same plane. From a
point of view along direction (111) of BFO, there are four oxygen atom planes
to form a unit cell, and the ion or bismuth atoms fill in between two oxygen
atom planes. The direction of growth of BFO along the surface is (001) because
of the substrate effect. The theoretical rate of deposition of one unit cell would
be a quarter of the lattice parameter (0.099 nm per cycle), which was near our
experimental result, 0.087 nm per cycle at 500 °C. The growth window of a BFO
thin film with an ALD system is from 490 °C to 520 °C.
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Figure 4.4.1 ALD growth rate as a function of substrate temperature for BFO

thin films deposited on the LNO-coated Si substrate.
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Figure 4.4.2 shows the XRD patterns measured from the radial scan (0-20
scan) alone the surface normal of Si (001) at various growth temperatures of
BFO. At a first glance, the peak position of the reflection of BFO (001) is near
that of LNO (001), but the integrated intensity of that reflection increased and
shifted to a smaller angle with deposition temperature increasing from 480 °C to
500 °C, and shows a BFO phase with a preferred orientation along (001). The
secondary phase obtained at 490 - 520 °C is contributed from a reflection of
BiFeO; (111); this is a minor phase of the thin film. The integrated intensity
ratio of the reflections for BFO (111)/(001)(111) is just 0.04 %, which means
that the properties of the thin film were contributed mostly from the BFO (001)
domains. When the temperature was increased to 520 °C, the Bi,O; (111)
reflection appeared and was accompanied with a decreased intensity of BFO
(001). The reason is that a higher deposition temperature might cause the
decomposition or degradation of the least stable precursor, cyclohexadiene iron
tricarbonyl, so that it becomes no longer reactive with hydroxyl for the
formation of BFO. Furthermore, a lower temperature cannot provide sufficient
energy to grow a BFO crystal of high quality. With higher or lower temperatures
of deposition, the intensity of the diffraction signal decreased rapidly; the results
signify an optimum temperature for growth, with the nearest growth rate of

BFO at 500 °C.
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In general, X-ray scattering yields information only about long-range
order of the atomic structure, but measurements of X-ray absorption fine
structure (XAFS) provide chemical information about the short range. DAFS
combines all capabilities of XRD and XAFS within a single technique; it
provides advantages of information about short-range order about the set or
subset of long-range ordered atoms selected by the diffraction condition [111].
DAFS 1is chemically specific and valence-specific, and is sensitive to the
positions of neighboring atoms; atoms can be separated on measuring the DAFS
intensities of Bragg peaks with varied contributions of diffraction structure
factors. DAFS provides the same structural and spectral sensitivities as
X-ray-absorption near-edge structure: valence, empty orbital, and bonding
information for the resonant atoms [112, 113]. To deduce the valence of Fe and
Bi elements, we present the DAFS results of BFO thin film deposited at 500 °C
and made on the BFO (001) diffraction peak as shown in Figure 4.4.3. The
theoretical values of the absorption edge for Fe and Bi atoms were located at
7.112 keV (K-edge) and 13.419 keV (L;-edge), respectively. The experimental
results show strong absorption signals of both Fe and Bi at the maximum peak
energies, 7.115 keV and 13.422 keV, respectively. This shift is due to Fe and Bi
elements being trivalent ions forming ionic bonds with each other and oxygen
ions in BFO, and causing the absorption edge to shift 3.0 eV from the atomic
state. As the signals are selected from the BFO ordering peak, the shift
phenomenon is strong evidence to indicate that the stoichiometry and the

bonding are precise and accurate inside the crystal BFO grain.
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In order to further understand the composition of the entire BFO thin film,
we utilized X-ray photoelectron spectra (XPS) to identify the global
stoichiometry of BFO deposited with ALD and RF sputtering; the results are
displayed in Figure 4.4.4; Figure 4.4.4(a)-(c) pertain to ALD and Figure
4.4.4(d)-(f) to RF sputtering. The fits of XPS were analyzed with software
(XPSPEAK 4.1). The background was subtracted with a linear method and
Gaussian-Lorentzian distributions were used to fit the peaks. The atomic fraction
of each element of the BiFeO; films was calculated from the integrated intensity
of the peaks and divided by the relative sensitivity factors -- Bi-4f 9.14, Fe-2p
2.957, and O-1s 0.71. The integrated intensity of Bi-4f, Fe-2p and O-1s peaks

were calculated to obtain the content of Bi, Fe and O with this equation,

— 1[
: IBi+IFe+IO

x 100 %

in which i denotes Bi, Fe or O; C; is the content of element i in the thin film.
Table 4.4.1 shows the calculated atomic fractions for both ALD and
RF-sputtered specimens.

The stoichiometry of the BFO thin film from the ALD is much nearer the
theoretical value than that from RF-sputtering; with ALD it is much easier to
control the atomic fraction of elements because of the advantage of the
self-limiting surface reaction. Once a strong ionic bond between cation and
anion was formed, it became stable while under the decomposition temperature
(proportional to the melting temperature of compounds). Although the Fe atoms
are missing about 5 % in the BFO thin film grown by ALD because of

insufficient reaction energy, there is only a BiFeO; phase present according to

the XRD result.
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Figure 4.4.4 XPS spectra of BFO thin film by (a)-(c) ALD (d)-(f) RF-sputtering.

Table 4.4.1 Parameters obtained from best-fit results of XPS spectra of BFO thin

films deposited on the LNO-coated Si substrate by (a) ALD and (b)

RF-sputtering.

Bi (atom%) Fe (atom%) 0 (atom%)
(a) ALD 24+3 15+3 61+3
(b) RF-sputtering 263 5+3 693
Theoretical value 20 20 60
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4.4.2 Leakage property of the ultra-thin BFO films.

To verify the doubt from XPS, we measured the leakage using a
ferroelectric test system (TF Analyzer 2000 FE-Module). Figure 4.4.5 shows
logarithmic plots of the leakage current density J as a function of applied E field
[146]. These results clearly show that the leakage currents of all BFO films
grown with ALD ware formed in one group with a value (~10™ A/cm® with 10
nm) as small as the results from the epitaxial BFO film of thickness 200 nm
grown by PLD [147]. The leakage property has improved in recent years, down
to 10° A ecm™ for the epitaxial BFO film of thickness up to 450 nm [148].
Furthermore, on comparison of the BFO thin film grown with ALD to that film
from RF-sputtering of the same thickness, the leakage current is 0.001 times that
of the BFO thin film grown with RF-sputtering. From this point of view, the
BFO thin films grown by ALD are suitable for industrial applications, in

combination with other advantages of ALD.
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4.4.3 Cross-sectional image and surface morphology of ultra-thin BFO films

The ALD method exhibits also a highly conformal growth for a thin-film
system. To deduce the interfacial joint of perovskite materials, we recorded
images of both ALD and RF systems with a HRTEM. Figure 4.4.6 (a) shows
HRTEM cross-sectional images of an ALD system; we observed that the BFO
thin film fully covered the LNO and maintained the morphology of the LNO
surface; the thickness was uniform, but the BFO surface at the top was rough.
This condition is also a key advantage for ALD mentioned above. Figure 4.4.6
(b) shows the cross-sectional image of BFO thin film grown by RF- sputtering;
the surface was less rough than for the BFO thin film grown with the ALD
system. The thickness of the BFO from RF-sputtering was also clearly
inhomogeneous; some parts of the film were much less thick than the desired

value, as little as only ~ 3 nm.
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To examine the surface roughness, we employed an AFM. The surface
morphology of the BFO thin films deposited by ALD and RF-sputtering as
examined with the AFM 1is shown in Figure 4.4.7. The calculated
root-mean-square surface roughness of BFO is 1.27 nm for ALD and 0.63 nm
for RF-sputtering; the surface roughness of ALD system is thus twice that of the
RF-sputtered sample. The results obtained by TEM analysis indicate a relation
between the film thickness and the surface morphology. The thin region of the
BFO film deposited with RF-sputtering also contributed to the measured leakage
current, which is due to quantum tunneling. In general, the electron waveform
propagates in materials with a length about 10~20 nm and has a greater
probability to tunnel through a barrier of length less than that of the waveform.
The leakage current increases with the electron tunneling through the thin area,
and the electrons easily leak from the short path of the thin film [149], which
was another reason for the great difference of the leakage current between the

ALD and RF system:s.
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Figure 4.4.7 AFM images of BFO thin films grown by (a) ALD and (b)
RF-sputtering.
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4.4.4 Ferroelectric property of ultra-thin BFO films.

Ferroelectric properties were characterized using polarization hysteresis;
the P-E hysteresis loop of BFO thin films was measured at 5 V and 5 kHz to
reduce the effect of the leakage [150]. To decrease the abundant concentration of
the H' state remaining in BFO thin films after the ALD processes [151],
annealing at a low temperature was applied to the BFO thin film for 2 h at 250
°C. Figure 4.4.8 shows the results for the ferroelectric property of BFO thin
films, from measurements of the hysteresis loop at 295 K; the largest remanent
polarization 2P, near 2 uC cm > was observed from the BFO thin film deposited
at 500 °C. The satisfactory behavior of the polarization was like our previous
result with BFO thin films of thickness about 60 nm fabricated with
RF-sputtering, but just one sixth the thickness from ALD [96]. The polarization
decreased rapidly because of the crystal quality, and a foreign phase appeared in
BFO on deposition at lower or higher temperatures. For comparison, the
hysteresis loop of a BFO thin film of thickness 10 nm grown with RF-sputtering
was also employed and is shown in Figure 4.4.8; it is difficult to obtain a
saturated P-E loop and the polarization shows nearly no ferroelectric property

because of the large leakage current.
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Although the leakage plays an important role in the polarization
measurement, the leakage behavior affected only the saturation feature of the
P-E loop because of the capacitance effect, not the value of polarization. In this
case, we could obtain an intrinsic polarization at a condition of smaller leakage.
The polarization is dominated by the crystalline quality, which is contributed
from a large displacement of the central atom in the unit cell. In this work, the
crystal structure has a large variation of substrate temperature, shown in Figure
4.4.9. The crystalline quality increased with growth temperature increasing to
500 °C, and decreasing again for a temperature in excess of the optimal
condition. Moreover, the leakage current density shows a trend opposite to that

of crystalline quality from XRD at various substrate temperatures.
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Figure 4.4.9 The relationship among crystal structure, leakage current, and

polarization at various deposition temperatures of ALD.
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To consider a relation between thickness and polarization, we assembled a
series of experimental data for BFO (001) with thickness as a function of
polarization normalized with thickness, shown in Figure 4.4.10. Besides ALD,
all results from PLD [2, 12, 147], CVD [4], sol-gel [152], and RF-sputtering [8,
153, 154] can yield a statistical linear regression curve with a point of
intersection about 30 nm. From the literatures, authors also mentioned that it
becomes difficult to quantity the ferroelectric or piezoelectric properties in a
capacitor geometry below 50 nm because of a progressively larger contribution
from leakage [155]. This report is the first credible remanent polarization for a
thickness less than 30 nm and a satisfactory leakage parameter for FeRAM
application at the state of art. As FERAM has a cell structure similar to that of
dynamic random-access memory (DRAM) in a contemporary design, the growth
of BFO must still face the same problem as current DRAM devices. The DRAM
capacitor technology is now more seriously challenged because of the
accelerated scaling of cell size. For stacked capacitor or vertical transistor
technology, as the dimension decreases to 20 nm, the most difficult situation is
insufficient space for the deposition of the dielectric layers and the electrode. In
this case, the aspect ratio between the cap and device typically exceeds 1:50,
which 1s a large barrier for PVD and CVD processes. ALD is a suitable
technique to deposit a dielectric film and an electrode into a deep trench with
improving process performance such as step coverage and throughput, but, as
the trench narrows to 13 nm, the industry needs ALD growth for multi-
component films such as (Ba,Sr)TiO; (BST) or SrRuOs;, while maintaining the
stoichiometry and step coverage using precursors with poor reactivity (poor
growth rate). BFO currently gains much attention as a new candidate material
for FRAM, but it also requires a higher switching voltage, which means that the
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film needs to be thinner, or possibly doped to accommodate operation at a low
voltage. The minimum switching charge value Qs (assumed to be 30 uC/cm?),
then yields the desired area of the capacitor. If this area is larger than the
projected capacitor size, a 3D capacitor should be adopted to solve this problem
[156].

ALD grown BFO thin films show a great capability to fulfill the
requirements of stoichiometry and a large rate of growth (0.087 nm per cycle) to
yield the throughput for FRAM. Furthermore, we reveal that the thickness of
BFO could be as little as less than 10 nm to improve the switching voltage in a
FRAM application and still retain satisfactory leakage properties. Although the
polarization was not great enough for a desired FRAM now, at least two ways to
improve this problem are shown: fabrication of a 3D capacitor through the
advantage of ALD, and growth of the BFO from the (001) to the (111) direction

to improve the polarization through easy-axis operation.
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Chapter 5

Conclusions

To investigate the structure and ferroelectric properties of BFO thin films,
we have grown highly (001)-oriented single-layer BFO films on the LNO-
coated Si substrate in temperature range of 400 — 600 °C with HV RF-sputtering
With X-ray reflectivity and diffraction we characterized the structure of the
buried interface and the surface morphology. The result fitted from X-ray
reflectivity curves shows that the density of the BFO film is slightly less than
that of the bulk values. The measurement of the hysteresis loops shows that the
largest remanent polarization (P,) occurs at deposition temperature 500 °C.
These measurements of hysteresis loops show that the ferroelectric properties of
BFO films are highly correlated with the degree of preferred orientation between
the substrate and the film.

To improve the ferroelectric properties with the crystal quality, a BFO/
LNO superlattice was fabricated on the Nb-doped STO substrate in the
temperature range of 560 — 810 °C with a UHV RF-sputtering system. For
measurements of X-ray reflectivity and diffraction, we characterized the
structure of the buried interface and the surface morphology. HRTEM images
indicate a well defined layer structure of BFO/LNO on the STO substrate and a
strong epitaxial relation among film, interface and substrate. DAFS
measurements confirmed the formation of a NiO phase for a film deposited at
and above 710 °C. The superlattice structure became gradually degraded

through the formation of the NiO phase for a film deposited at a temperature
=710 °C, and was severely destroyed at 810 °C. The largest remanent

polarization of a BFO/LNO superlattice occurred at deposition temperature 660
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°C. These measurements of hysteresis loops show that the ferroelectric
properties of BFO/LNO superlattice films are strongly correlated with lattice
strain, interface roughness, and crystalline quality of the films.

With optimized grown condition of the BFO/LNO superlattice, we
fabricated the BFO/LNO superlattice with varied sublayer thicknesses and
periods to study the effect of strain on the electrical properties. We studied also
the effect of leakage current on the polarization. We characterized the structure
of the interface and the surface morphology from measuring the X-ray
reflectivity and diffraction. An intrinsic remanent polarization of the
superlattices was observed at sublayer thicknesses in the range of 1.7-8.5 nm at
5 kHz. The periods and thicknesses of the superlattices confirmed with XRD

and XRR are consistent with the results of SIMS. The rounded shape of the
hysteresis loop at frequency =2 kHz resulted from a large dc leakage and

extrinsic interface effects.

In the latter work, we clearly demonstrated a new capability to achieve a
uniform fabrication of a large area, and showed a satisfactory performance of
BFO materials to create a new application in the electroceramic field. In
summary, highly oriented BFO thin films of thickness 10 nm were deposited on
a LNO-coated Si (001) substrate with ALD. The BFO thin films show purely a
single phase and satisfactory crystalline quality at optimum temperature 500 °C.
Both DAFS and XPS results show strong evidence of comparatively fine
stoichiometry of BFO thin film from ALD. The HRTEM cross-sectional view
shows a conformal and uniform deposition on the top of LNO buffer layer. The
leakage current density of BFO grown with ALD showed a correct performance

as epitaxial films compared with previous reports, which is due to the conformal
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growth properties of ALD and free of pinholes. The excellent leakage also
yielded a credible remanent polarization, approximately 2P, = 2.0 uC cm
obtained from BFO thin film at 500 °C. This remanent polarization shows a
strong correlation with the growth rate; the greatest crystalline quality appeared
for a growth rate near the theoretical value at an appropriate temperature. The
complete mixed ternary BFO growth with ALD at an appropriate rate showed a
layer-by-layer growth of O-Fe-Bi atoms reflecting a satisfactory stoichiometry
and valence bonding. This advantage benefits the IC fabrication using an in-situ

monitor of film thickness such as a quartz-crystal microbalance sensor.
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