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Abstract

Lead-based ferro/piezoelectric materials, such as P&{ds 4903, are widely
used because of their excellent ferroelectric and piezoelectric properties near the
morphotropic phase boundary. However, due to the environmental concerns associated
with lead, alternative lead-free ferro/piezoelectric systems are highly demanded.
Extensive research has been conducted in this direction and several promising
candidates have been identified. This dissertation details our efforts in this area.

The primary work described herein are the synthesis and characterizations, in
thin film form, of two promising candidates, [{¥N&y5)0.07-10.03(Nbo.gTa.2)O3 (KNN-
KNT-Lo.osl) and BjixLakFeQ; (x=0, 0.05, 0.10, 0.15 and 0.20). The textured
polycrystalline KNN-KNT-LposI ceramic at morphotropic phase boundary
composition exhibits piezoelectric coefficient larger than that of Blg{lp 4903
ceramic. However, from application point of view, it is desirable to study its properties
in thin film form. Epitaxial films of KNN-KNT-Ly o3l are fabricated on (001), (110)
and (111)-cut single crystal SrT{@Qubstrates by pulsed laser deposition, which allow
us to study the intrinsic properties along different crystallographic directions. The
crystal structure and electrical properties are investigated and the structure-property
relationship is established. BiFe@ another promising candidate as it possesses the
largest switchable polarization observed so far in any perovskite ferroelectric material.
It is also the only known single-phase multiferroic that simultaneously show both
antiferromagnetic and ferroelectric orders at room temperature. BiRelds great
promise for novel non-volatile memories, spintronic devices and as a lead-free
ferro/piezoelectric material. However, despite all the attractive properties, the large
coercive field and high leakage current have limited its application, which we try to

address in this work. More importantly, we hope to create a morphotropic phase
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boundary and improve the piezoelectric coefficient and dielectric constant of BiFeO
through substitution. Based on literature research, we choose 4 abdfe other end
member of the solution. To investigate the effects of A-site La substitution on the
crystal structure, electrical and optical properties of Bif&;.,LaFeO; (x=0, 0.05,

0.10, 0.15 and 0.20) epitaxial thin films are deposited on (001)-cut single crystal
SrTiO; by pulsed laser deposition. The out-of-plane lattice parameter, rhombohedral
angle, coercive field, remanant polarization, piezoelectric coefficient, dielectric
constant and optical bandgap of Bikefde studied as functions of La concentration.
Ab initio calculations, conducted in collaboration with Dr. Zhang Zhen, are used to
explain our results and direct future investigation. A model is proposed to understand

the structure-property relationship ofBiLaFeQ; epitaxial thin films.
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CHAPTER 1

| ntroduction

This chapter gives a brief introduction to the theories of piezoelectric and
ferroelectric properties. The morphotropic phase boundary in solid solution
Pb(Zr,Ti)G;s is presented as a model system to established a basic understanding about
the topic. Promising candidates of lead-free ferro/piezoelectric systems are reviewed.
The issues associated with each of the candidates are discussed, which leads to the
purpose of this research. Finally, this chapter ends with a brief summary of the

organization of the dissertation.

1.1 Piezoelectricity and Ferrodectricity

Crystals can be classified into 32 point groups based on the symmetry elements
they possess. Among these point groups, 11 of them are centrosymmetric (existence of
a center of symmetry), thus do not possess any polar properties. Crystals that belong to
the remaining 21 point groups do not have centers of symmetry, so all but one (group
432, which has other symmetry operations that prohibit the polarity) exhibit electrical
polarity when subjected to a stress. They are said to be piezoelectric.

Piezoelectric response describes the coupling between electrical and
mechanical forces. Mechanical energy can be converted into electricity and vice versa
by using piezoelectric materials. The development of an electrical polarization under
applied mechanical stress is called the direct piezoelectric effect, whereas the
development of a geometric strain under applied electric field is called the converse

piezoelectric effect.
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Out of the 20 piezoelectric point groups, 10 possess a unique polar axis.
Crystals that belong to these classes are called polar because they are spontaneously
polarized below certain temperatures. The amplitude of the spontaneous polarization is
temperature dependent. When temperature changes, a change in the polarization can be
observed, this is called the pyroelectric effect and the crystals are said to be
pyroelectric.

A crystal is called ferroelectric when it possesses at least two equivalent
orientations of the spontaneous polarization vector in the absence of an external
electric field, and the spontaneous polarization can be switched between those
orientations by an electric field. The polar states should be absolutely stable in null
field. Any two of the orientation states are identical in crystal structure and differ only
in electric polarization at zero applied field. Ferroelectric crystals belong to the
pyroelectric and piezoelectric family, they are those pyroelectric materials that the
direction of the spontaneous polarization can be switched by external electric field
before the crystals break down. Ferroelectric materials exhibit spontaneous
polarization only below a characteristic temperature called the Curie temperature.
Above Curie temperature, the materials become paraelectric.

Ferroelectric crystals usually possess regions with uniform polarization called
domains. Within a domain, all the electric dipoles are aligned in the same direction.
There may be many domains in a crystal separated by interfaces called domain walls.
A single domain can be obtained by domain wall motion under the application of an
external electric field. The reversal of polarization in the domain is known as domain
switching. This process can be characterized by the polarization-electric field (P-E)
hysteresis loop as shown in Figure 1.1. Important parameters, such as coercive field

(Ec), remanant polarization (Pand saturation polarizationdRare indicated.
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Figure 1.1. Ferroelectric hysteresis loop illustrating the polarization switching. Figure adapted from B.

Reutteet al. [1]

Starting at the origin (zero polarization in a polydomain state), the electric field
is increased, leading to domain wall motion. This will increase the size of the domains
that are in the same direction as the domains can nucleate and grow. When all the
domains are aligned along the field (point A), the ferroelectric loop is saturated and the
polarization variation corresponds only to the linear dielectric response (non-
ferroelectric). Upon decreasing of the external field, the domains remain in the same
direction and the polarization decreases but remains nonzero at zero applied field. This
polarization value is called the remanant polarization (Pr). Increasing towards negative
field, there is a switching of the polarization direction at the coercive field of —Ec.
Upon further increasing of the electric field, all the domains will be aligned in the
opposite direction. Further increase in the field leads to the same linear dielectric
response (non-ferroelectric). The full P-E hysteresis loop is obtained upon sweeping
the external field back to the maximum value across the positive coercive field, +Ec.
The spontaneous polarization +Ps is usually obtained through extrapolation to zero

field of the polarization at high field. Ps is often higher larger than Pr in polycrystalline
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samples but can be very close in single crystals and epitaxial thin films. The difference

can be due to domain back switching after poling or the non-linear dielectric constant.

©
A Q/
2NN

Figure 1.2. Schematic illustrating the unit cell of perovskite ferroelectric materials. Figure adapted from

H. Li. [2]

Up to date, the most extensively studied and used ferro/piezoelectric materials
all belong to the perovskite family. Materials in this group have the same general
formula of ABG;, where A represents a monovalent, divalent or trivalent cation, and B
is typically a pentavalent, tetravalent or trivalent cation. Depending on the elements
that are sitting on the A and B sites, the material can be an insulator, a conductor
and/or a superconductor. Perovskite ferroelectrics usually have a cubic structure in the
high symmetry paraelectric phase at high temperatures above Curie point. They
undergo phase transitions, leading to a lower symmetry phases with ferroelectric
characteristics. The unit cell of a well-known perovskite ferroelectric, Bagi€hown
in Figure 1.2. The B cations are located at the corners of the unit cell. A dipole
moment occurs due to the relative displacements of tHieahid G ions from their
symmetrical positions. Any lattice of oppositely signed point charges is unstable and

relies on short-range interactions between adjacent electron clouds to stabilize the
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structure. The hybridization of Ti 3d — O 2p orbitals in Bali€one of the examples
in stabilizing the ferroelectric distortion. Most perovskite ferroeletrics have B-site ions
with d® in nature. As the lowest unoccupied energy levels are the d states, they tend to

hybridize with the O 2p orbitals resulting in the double well potential.
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1.2 Morphotropic Phase Boundary
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Figure 1.3. Phase diagrams illustrating (a) conventional and (b) new discovery of monoclinic phase of

Pb(Zr,Ti)O;system. Figures adapted from B. Jadfal. and B. Nohedat al. [3, 4]

Pb-based ferroelectrics, such as Pb(Zr,{i)ave been extensively studied

and widely used because of their excellent properties at compositions near the

morphotropic phase boundary (MPB). Pb(Zr,H)® a solid solution of PbTi9and

PbzrQ; with a perovskite structure. The properties of Pb(Zr, i composition

dependent, going from the ferroelectric property of PRTi®the antiferroelectric

property of PbZr@ The temperature-composition phase diagram of Pb(ZrTigO

shown in Figure 1.3. Except for the narrow region close to PHZhe ferroelectric

phase diagram is divided into two regions of different symmetry, rhombohedral (space

group R3m) for Zr-rich compositions and tetragonal (space group P4mm) for Ti-rich

compositions. The highest piezoelectric and dielectric responses are found at the

boundary between these two phases with the composition ofRfi8ngOs. This

boundary was proposed as MPB by Jakfal, in which “morphotropic” means the

boundary between two forms. The phase boundary is almost a vertical straight line,

which means the transition is nearly temperature independent.
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Figure 1.4 Schematics illustrating the (a) c/a, (b) remanant polarization and coercive field, (c) dielectric
constants, and (d) piezoelectric coefficient,af Pb(Zr,Ti)Q; system. Figrures adapted from B. Jadfe

al., P. Gebeetal. and X. Duet al. [5-7]

When Zr is substituted into PbTiOthe c/a, coercive field and remanant

polarization are reduced, indicating the softening of the unit cell. The excellent
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properties of Pb(Zr,Ti)@at the MPB (Figure 1.4) are believed to be associated with

the softening of the unit cell and the coexistence of rhombohedral and tetragonal
phases. In the tetragonal phase, there are six equivalent (100) polarization directions;
whereas in the rhombohedral phase, there are eight equivalent (111) variants. At the
MPB composition, the transition between the two phases implies that all these 14
directions have the same energy level. Under application of an external electric field,
the large number of thermodynamically equivalent states allows a high degree of
alignment of ferroelectric dipoles. The higher polarizability and the transition between

the two phases induced by the external field result in enhancement of dielectric and

piezoelectric responses.

R

A P (111}
3‘2

(1000 {(101)

Figure 1.5. Perovskite unit cell with the polarization vector (solid arrow) in the monoclinic phase (MA)
rotating between the rhombohedral (R) and the tetragonal (T) phases in the shaded region. Figure

adapted from B. Noheda al. [8]

Recently, the discovery of a monoclinic phase near the morphotropic phase
boundary is also reported (Figure 1.3 (b)). The monoclinic region forms a narrow
triangle in between the tetragonal and rhombohedral phases, with a vertical
rhombohedral-monoclinic boundary and a slightly slanted tetragonal-monoclinic
boundary, which agrees well with the previous phase diagram. The advantage of this

structure is that the polarization vector is no longer constrained to lie along a symmetry



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technologica

University Library

axis, as in the rhombohedral or tetragonal structure, but instead can rotate within the
monoclinic plane (Figure 1.5). This easy rotation is believed to be responsible for the
high values of the piezoelectric coefficients. Note that for Pb(ZrgTijltns, the
monoclinic phase is not confined to the composition of bulk MPB. It exists within a

range, depends on the misfit strain.
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1.3 Alternative L ead-free Ferro/piezoelectric Systems

For several decades, the field of ferro/piezoelectric materials has been
dominated by lead-based perovskites, such as Pb(Zg,Th€rause of their high
dielectric constant, large remanent polarizations and high piezoelectric coefficients.
They are widely used in electromechanical devices (actuators, sensors and transducers)
and extensively investigated for nonvolatile memory. [9, 10] The market for sensors
alone is estimated to be tens of billions of dollars worldwide. [11, 12] Unfortunately,
there are two serious environmental problems arising from lead-containing materials:
atmospheric pollution caused by PbO vapor during fabrication, and the difficulty in
removing lead during component recycling. Tremendous efforts have been devoted to
the development of lead-free systems.

As discussed above, the physics behind the superior property of Pb(Z1sli)O
relatively well understood. The stereochemical activity of tfdds®e pair of the lead
ion causes large structural distortion from the prototypical cubic phase, thus a strong
coupling between the electrical and structural parameters. At the same time, high
sensitivity (to both electric field and stress) is caused by the competition between the
different structures of the end components PR B PbZrQ@ at the MPB in the solid
solutions. [13, 14] Recently, two lead-free systems have emerged as promising
candidates. They are both designed according to the knowledge we have learned from

Pb(Zr,Ti)Gs. One of them is based on (K,Na)N§@he other based on BiFgO

10
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1.3.1 (K,Na)NbOs-based Ferrol/piezoelectric System

KNbOQO;s is a high Curie temperature (Tc~418°C) ferroelectric with
orthorhombic structure (a=5.6950A, b=5.7213A and ¢=3.9739A). In contrast, NaNbO
is a room temperature antiferroelectric, which transforms to a metastable ferroelectric
phase upon application of an electric field. NaNB@o has orthorhombic structure
with a=5.506A, b=5.566A and c=15.52A.

Solid solution of KNb@ and NaNbQ@, KyNa.xNbOs;, shows ferroelectricity
when x<0.97 but its piezoelectric properties are not satisfactory in comparison with
that of Pb(Zr,Ti)Q. MPB was found at around x=0.50 separating two orthorhombic
phases with different lattice parameters. N®NbGQ; ceramics sintered by
conventional methodhow relatively low piezoelectric coefficientz¢etl80 pm/V) due
to the difficulty in obtaining dense ceramics. [15, 16] The reasons for the poor
sinterability are the low melting point of KNR@nd the fact that alkaline metal
elements are easily evaporated at high temperatures. However, denNsBINHO;
ceramics (~99% of the theoretical density) sintered by using hot press technique show
higher piezoelectric coefficient{g-160 pm/V). But it is still not comparable to that of
soft Pb(Zr, Ti)Q, which has piezoelectric coefficient of over 200 pm/V. [15, 16] Such
technique is also not appropriate for industrial use. In addition, it is not clear whether
an MPB separating two orthorhombic phases can lead to a large piezoresponse. Thus,
other perovskite compounds are added to form solid solutions withaKMbGs.
Dense (KNa)NbG:-SrTiO; and (KNa)NbG-BaTiO; ceramics (~98% of the
theoretical density) have been studied. They exhibit a crossover from typical
ferroelectric to ferroelectric relaxor behavior at certain concentration of substitution.

Unfortunately, the piezoresponse was decreased. [17, 18]

11
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LiNbO3 is another component that has been studied. Although both
(K Na)NbG; and LiNbQ have octahedral Nkybasic structure units, (Ka)NbQ; has
the perovskite structure with space group Amm2 wdmreiNbG has the heavily
distorted perovskite structure with space group R3c. At low LiNtidcentrations, Li
replaces Na and K on the A sites of thBO3; perovskite structure and forms solid
solution, leading to a linear shift of. To higher temperature. The structure of solid
solution transforms from orthorhombic to tetragonal symmetry due to the large
distortion caused by Li An MPB between orthorhombic and tetragonal phases has
been found at around 6% LiNBQAt high concentration of LiNbg) the incorporation
of Li into A sites of (KNa)NbQ; becomes difficult. The piezoelectric coefficient is
200-235 pm/V at this composition, which is partially attributed to the increased density
due to the LINb@ content. However, the density decreases at high LiNbO
concentration due to the formation ofs3lKoNbsO;5 which has lower density
(theoretical density: 4.376 g/én[19]

Similarly, tantalum modified ceramics of compositionNK)(NbTa)O; have
also been shown to exhibit improved properties compared to that N&)(fbG;. A
piezoelectric coefficient 70 pm/V has been reported. [20] However, Ta substitution
causes a decrease in the Curie temperature NajKbG:s.

By incorporation both LiNb@ and LiTaQ in the (K,Na)NbQ@ system, it is
expected that the piezoelectric response can be improved even mayeNd{Ki-
xLix}(Nb1yTa)Os; (KNN-KNT-LT) displaces an MPB between (¥a)NbQ; and
hexagonal pseudo-ilmenite-type LiTaQIc = 615 °C) at (x, y)=(0.03, 0.80) (KNN-
KNT-Lo.03T, denoted as LF3 in Figure 1.6). The Curie temperature is tunable between
170 and 500 °C where additions of Li and Ta elements shift the Curie temperature

higher and lower, respectively. The piezoelectric coefficient of KNN-KN§sL was

12
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found to be 230 pm/V which is comparable to that of RR{Lio 4903 (200 pm/V).

The textured KNN-KNT-kosT ceramic (denoted as LF3T in Figure 1.6) shows
piezoelectric coefficient up to 373 pm/V. However, a complicated topochemical
microcrystal conversion (TMC) process is needed to create the template for the

reactive-templated grain growth. [21, 22]
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Figure 1.6. Comparison of piezoelectric coefficieptainong developed lead-free (LF) ceramics and
conventional Pb(Zr, Ti)@ceramics as a function of Curie temperature. LF1, LF2 and LF3 are (x,y) =
(0.06,0), (x,y) = (0.04,0.10) and (x,y) = (0.03,0.20), respectively. LF4:

(Ko.4dNag 52 0,09 (Nbg 6T 80,1065k0.09 0. LF3T and LFAT: textured ceramics with the same compositions

as LF3 and LF4, respectively. PZT1: P& i 490s. PZT2: PlgogdZro 48T 10.520.97d\N00.02403. PZT3:
commercially available PZT. PZT4: {(RkBay.15)0.9924-80.005(Zr 0.52Ti0.49 O3 Figure adapted from Y.

Saitoet al.[21, 22]

The (K,Na)NbQ-based ferro/piezoelectric system has been studied extensively
in ceramic form. Thin film studies, which are very important from application point of

view, are scarce.

13
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1.3.2 BiFeOs-based Ferro/piezoelectric System

|) BiFeOs-based Ferrol/piezoelectric System and the Challenges

Figure 1.7. Schematic illustrating different types of coupling. (E is electric field, H is magnetiefield,
is mechanical stress, P is polarization, M is magnetizatior anstrain.) Figure adapted from N. A.
Spaldinet al.[23]

Multiferroic materials possess at least two of the ferroic properties, i.e.
ferroelectric, ferromagnetic and ferroelastic, simultaneously. In a broader context, it
also includes the antiferroic orders. Interests in multiferroic materials arise because of
the possible coupling effects (Figure 1.7) among the ferroic order parameters i.e.
magnetoelectricity, piezoelectricity and piezomagnetism (magnetostriction). In a
multiferroic materials that possesses both ferroelectricity and magnetism, besides the
normal functionalities where the electric field reorients polarization or magnetic field
reorients magnetization, there is also the possibility of controlling magnetization using
electric field and vice versa. This additional functionality opens up tremendous
possibilities for future electronic and spintronic devices. One example is the state-of-
the-art magnetic storage system (magnetic random access memory, MRAM) in which
an antiferromagnet is used to pin a preferred magnetization direction in the
ferromagnetic layer. Although MRAM is under intensive development, a critical issue

is related to the fact that these are, in principle, current driven devices and therefore

14
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pose a concern for power consumption. If magnetization can be controlled by electric
field, power consumption will be dramatically decreased. Similarly, the coupling
between magnetic and elastic orders is known as piezomagnetism (magnetostriction),
which describes the phenomena that a change of strain can be induced by a magnetic
field and vice versa. For the piezoelectricity coupling between the electric and elastic

orders, strain can be change by an applied electric field and vice versa.

(@) (b)

Figure 1.8. Schematic structure of (a) Bige@d (b) atomic configuration of rhombohedral crystal

system. Figures adapted from T. Zlghal. and H. Uchidat al. [24, 25]

BiFeO; is the only known single phase multiferroic materials at room
temperature. It has a high Curie temperature of °@5@&nd shows G-type
antiferromagnetism with Néel temperature of 80 The structure is characterized by
two distorted perovskite unit cell&8.96 A, ¢,=0.6°) connected along body diagonal
(Figure 1.8 (a)), denoted as pseudocubic <111>, to build the rhombohedral unit cell
with space group R3c. [26] The hexagonal [@O#jrection is equivalent to the
pseudocubic [11Z%]direction (Figure 1.8 (b)), about which there is a threefold rotation
symmetry, and along which the *Bications are displaced relative to the EeO

octahedra. [27] The large displacement is due to the stereochemically active lone-pair

15
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orbital of B#* (65°). Therefore, the ferroelectric polarization in Bike€an have
directions along four cube diagonals <111>. The magnetic ordering in Bise&her
complicated. Basically, BiFeOhas G-type antiferromagnetic configuration, where
each F& is surrounded by six antiparallel nearest neighbors. [28] Within the
pseudocubic (111)c surface, the magnetic moments of Fe ions are aligned in the same
direction. Between the neighboring planes, they point in opposite directions. A small
canting of the magnetic moments exists, which is expected to lead to weak
ferromagnetic response of BiFe@ut this is usually not observed due to a cycloidal
modulation with a long period of 620+20 A. The spiral direction g lies in the

hexagonal base plane and can vary its direction within the base plane. [29]

16
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Figure 1.9. P-E hystresis loops of BiRd@) single crystal in the early of 1960s, Teagua. [30] (b)
epitaxial thin film, Wanget al. [31], (c) polycrystalline film, Kwiet al.[32], (d) ceramic[33],

Shvartsmaret al. and (e) single crystal (polarization along (012) direction), Lebeatigle[34]
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In the early 1960s, an unsaturated small polarization of Bisa@le crystal
was reported (Figure 1.9 (a)). The measured spontaneous polarization at liquid
nitrogen temperature is just 3.5 uCfcatong [100] direction and corresponds to 6.1
uClent along [111] direction. The polarization is much smaller than expected as
BiFeO; has high Curie temperature and large distortion. [30] In 2003, \&aah
fabricated epitaxial BiFef films (Figure 1.9 (b)) and demonstrated remanant
polarization of an order magnitude higher than the previously reported value, which is
55 puC/cm, 80 pCl/cm and 100 pClcmalong (001), (110) and (111) directions,
respectively. The values measured along (001)c and (110)c directions correspond well
to the projections from (111)c and indicate that the spontaneous polarization lies close
to (111). Initially, the large polarization in epitaxial thin films grown on single crystal
substrate was thought to be due to strain enhancement. [31] However, later remanat
polarization of 90 pCl/cmat 80 K was obtained for BiFgQpolycrystalline film
prepared on Pt/Ti/Si&6i substrate via a chemical solution method. [35] éual.
reported well-saturated hysteresis loop and large remanant polarization (16¢ pC/cm
90 K; 110 pC/crhat room temperature) in polycrystalline tetragonal Bif#n film
grown on PUTIQ/SIO,/Si substrate by pulsed laser deposition. These observations
suggest that heteroepitaxial strain may not be the origin of the observed large
polarization. [32] Then, in 2007 Lebeugle et al reported large polarization of 60
uClent along (001)c direction in a single crystal sample, indicating the polarization of
bulk BiFeQ is intrinsically high. The representative P-E hysteresis loops of BiFeO
single crystal, polycrystalline film, epitaxial film and ceramic are shown in Figure 1.9.

Significant progress has been made recently in the research of ;BiFe©
coupling between the antiferromagnetic and ferroelectic order parameters has been

demonstrated in epitaxial BiFg@ilms. [24] Moreover, direct evidence for a strong
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exchange interaction between the ferromagnetic CoFe and the magnetoelectric/
multiferroic BiFeQ grown on SrRu@SrTiO; (001) substrate has been achieved. [36]
All these results clearly demonstrate the possibility of controlling magnetization with
electric field. However, research on BiFgased lead-free ferro/piezoelectric systems
has only begun recently. Generally, the goals in this aspect are to decrease the
coercive field of BiFe@ to increase its resistivity, and to improve its dielectric and
piezoelectric responses. In this project, we will only focus on tunning the
ferro/piezoelectric properties of BiFe@rough chemical substitution. There are three
main goals: (1) to increase the resistivity of Bige@) to decrease the coercive field
of BiFeGs. and (3) to create an MPB with improved dielectric and piezoelectric
responses. High leakage current has always been a serious problem for the study and
applications of BiFe@ It has been attributed to the presence &f Bmd oxygen
vacancies. The evaporation of relatively volatile bismuth during the growth process
and possible valence fluctuations of Fe ions’ {ff@ F€") will create oxygen vacancy
for charge compensation. [37, 38] The dominating defect chemistry in BiEeill
under debate. Depending on the relative vacancy concentrations,;Ri&e®e either
p- or n-type. For example, oxygen vacancies are known to contribute electrons to the
conduction band. Other contributors to leakage current are impurity phase, porosity,
surface roughness, domain structure and interface effect. Such high leakage current
would cause failure or reliability problem of the devices. It also has been shown that
the magnetoelectric measurements are easily corrupted in the presence of large leakage
current. [39] Therefore, it is necessary to search for a promising substitution that is
capable in suppressing the charge defects.

The extremely large distortion in BiFg@ads to large polarization, but rather

small susceptibilities as compared with the widely used Pb(ZiTij@e remanant
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out-of-plane piezoelectric coefficient for a (001) oriented epitaxial Blp£¥ip 4g)O3
thin film with the thickness of 200 nm is 100 pm/V. [40] Thus, we aim to soften the
BiFeO; unit cell by chemical substitution and hope to create an MPB with larger

dielectric constant and piezoelectric coefficient.

20



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

[1) Morphotropic Phase Boundary in BiFeOs-based Ferroelectric
System

The large spontaneous polarization of Bigdfas triggered intensive research
activities on using it as an end-member to create a lead-free high performance
ferro/piezoelectric system. Several groups have attempted different methods to
improve the ferroelectric properties of BiFgOrhese methods include adopting
double-layered structure [41, 42], forming solid solution with other perovskite
ferroelectrics (PbTig BaTiO;, Pb(Zr,Ti)Q) [43-45], doping isovalent ions at A or B
sites (La [46-61], Yb [62], Nd [25, 46, 50, 63, 64h [65], Sm [66] at Bi sites and
Mn [67], Cr [68-70] at Fe sites), doping diamagnetic elements on A site [71] (Ca, Sr,
Pb, Ba), substituting higher valence ions (Ti [49, 72], Ni [72], Nb, Pr [73]) at Fe sites,
co-doping (Ni and La [47]; Ti and La [49b and La [74]; Nd and Mo [64]),
controlling annealing conditions [59] and depositing Bigeih different types of
substrates and/or electrodes [58, 74-76]. Replacing Bi or Fe in Bifeeins to be

the most effective method of tuning its properties.

3? A0F 'Y N i —h—1z"
LY [ —=m=8m
—a— La £ - J._‘.* ] ] oA ]
= [ \ (=
E 29 il: | [ ] —a—[y
. Sm [ b u \. s—Lu ] Narrow E_ or
vl L |
= 20 b | | | 4 Double hystarysis
—+ Gd = L 1 +— loop obsarved
ﬁ L
~— O 5§ .
Lu 5 ructural transition
v c : (Starting of cell doubling extra
= spots)
decreasing i
radius =

Figure 1.10. Out-of-plane lattice constant of rare earth-substituted BiRi@dilms mapped by

scanning X-ray microdiffraction. Figure adapted from S. Fugiral. [77]
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Shigehiro Fujincet al. have also studied the effect of rare earth dopants on the
structure and electrical properties of Bike@he elements that have been tested are
La, Sm, Gd, Dy and Lu with ionic radius decreasing from 1.36 A ot toa1.14 A for
Lu®*. It is observed that the lattice constants decrease as the dopant concentration
increases in every system as shown in Figure 1.10. For element with smaller ionic

radius, it was found that a lower concentration was needed to induce phase transition.
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Figure 1.11. Schematics illustrating (a) P-E hysteresis loops, (b) dielectric constant and (c)

piezoelectric coefficient,d of (Bi,Sm)FeQthin films. Figures adapted from S. Fujieioal. [66]

Out of the systems that Fujireb al. have investigated, Sm-substituted BigeO
was the first reported BiFefased system that possesses an MPB. The MPB
composition was identified by using combinatorial thin film technique, where one
single sample contains regions that have compositions ranging from one end member
to the other. It is a fast way to test the composition dependent properties. [78] The
(Bi,Sm)FeQ system exhibits dielectric constant and piezoelectric coefficient

comparable to that of the (001) oriented PB§ZFio 49O; epitaxial thin film at around
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(Bip.geSMy.19FeGs. (Figure 1.11) This composition is reported to be a boundary where
rhombohedral (ferroelectric) transforms into pseudo-orthorhombic (antiferroelectric)
structure. Note that the coercive field is reduced with Sm doping. The triclinic phase
close to the MPB is believed to be responsible for the enhanced properties as the
polarization vector is no longer constrained to a symmetry axis but instead can rotate
within a plane. [8] Goldschmidt factor for Sm-doped Bigé®©less than one as $m

(1.24 A) has smaller ionic size than®B(1.38 A). Thus, a lower symmetry phase than
both the end members (orthorhombic Sm{a rhombohedral BiFe{i.e. triclinic

is likely to form at the boundary. [66]

Motivated by this report, we have chosen to investigate the effect of La
substitution on the properties of BiFeOn fact, L&" is probably the most studied
isovalent substitute in BFO for Bi This is because the La doping was found
effective in enhancing the ferroelectric properties of bismuth-based ferroelectrics, such
as SrBiTi4O1s5 [79], BisTizO12 [80] and SrBiTaOs [81]. The oxygen vacancy is
reduced by the stabilized oxygen octahedron. Most La-doped Bithe@Ofilms have
been grown by pulsed laser deposition (PLD) [51, 54-56, 74], rf-magnetron sputtering
[52, 53, 61] and chemical solution deposition methods [47-50, 57-60, 75, 82].
However, a wide range of structure and electrical properties of La-substituted;BiFeO
films has been reported. Literatures on ceramics, epitaxial thin films and

polycrystalline films are reviewed and summarized in the following paragraphs.
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Figure 1.12 Phase diagram of BiFgahd LaFe@solid solution and its properties obtained from

ceramic samples based on XRD analysis. Figure adapted from Poletsah &3]

The first phase diagram of BijLasFeQ; system was reported by Polomska
al, as shown in Figure 1.12. They studied the changes in dielectric constant and unit
cell volume as a function of La concentration. The first phase transition with a sharp
volume contraction was found at x=0.20, accompanied by a sudden drop in the
spontaneous polarization and an increase in dielectric constant. Another phase
transition leading to the orthorhombic Pnma (centric) phase of pure bavesfound

at x=0.75. [83] Of course, the quality of the ceramic samples may have limited the
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accuracy of these observations. Later on, well-saturated P-E loops have been achieved
in BigxLaxFeQ; ceramics, but the crystal structures and phase transition points still
vary from report to report. [84-86] Shan-Tao Zhaa@l. observed phase transition
from rhombohedral to orthorhombic at composition near to x=0.30, where the remnant
polarization value was maximized. [84, 85] However, A.V.Zslesskil observed a
transition point near to x=0.20 whereas Yuan-Hua dtiral. [87, 88] observed the
transition point at x=0.15. [89]According to Z. X. Cheng et al., the rhombohedral
structure is maintained at x<0.10, but changes to orthorhombic at x=0.2 and tetragonal
at x=0.3. These investigations have all been conducted using ceramic samples.

The effect of La doping on the structure and propemf BiFeQ thin films are
even more complicated due to the effects of substrates. It is reported thaffor Bi
wLaxFeQ; (x=0, 0.08 and 0.15) epitaxial thin films grown by pulsed laser deposition
on SrTiQy substrates, the films undergo a transition from monoclinic to tetragonal
owing to the presence of compressive strain. Better resistance to fatigue resistance is
observed. [51] Using the same deposition method, Y. H. &€hal. integrated La-
doped Bj.yLaFeQ; (x=0, 10, 15 and 0.20) on Si substrate using Sy Téplate
layer with SrRu@ bottom electrode. Consistent with the bulk data from A.V. Zslesskii
et al., Chu et al. reported that the La-substituted BiFe&l x<0.15 is rhombohedral
with changes in tilting angles but no structure distortions; and it transforms to
orthorhombic structure at x=0.20. A significant reduction of the coercive field from
200 kV/cm for the pure BiFe{)ilm to 90 kV/cm is observed for the 15% La-doped
BiFeQ; film and this is attributed to the tuning of rhombohedral angles. They also
pointed out that the lower coercive field is the result of smaller domain size, which will
give rise to higher domain wall density. This result is consistent with that reported by

Kalinin et al., where the domain wall is responsible for low nucleation voltage. [90]
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The large mismatch between the thermal expansion coefficient of Bé&eDSi may

be a reason behind the different domain structuxes.ferroelectric behavior was
observed at x=0.20 as a consequence of the structural change to the nonferroelectric,
orthorhombic phase. The dielectric response increases with the La content and is in
agreement with the bulk data from V. L. Matiel. However, no study is carried out

to investigate the influence of La on piezoresponse. [56]

S. R. Dastt al. deposited 400 nm BiylLaFeG; (x=0, 0.05, 0.10, 0.15, 0.20)
polycrystalline thin films on Pt/Ti&SiO,/Si substrates by pulsed laser deposition.
They reported that secondary phases are eliminated, leakage currents were reduced and
dielectric response was increased with substitution of La. However, they did not
manage to get well-saturated hysteresis loops. [54] F.eGab prepared 20% La-
doped BiFe@ thin film using the same type of substrate and deposition technique.
However, they introduced Feinto the films to enhance the magnetization. Although
higher leakage is observed in their La-doped B films with bismuth oxide and
Fe?*, they are still able to get decent hysteresis loops, in drastic contrast to other
reports. With La-doping, the coercive field, 2Ec, and remanent polarization, 2Pr, are
increased from 440 kV/icm to 610 kV/cm and 1Qu€/cnf to 49.6 uClent,
respectively. It is reported that La doping has helped to improve the ferroelectric
polarization through a structure transition from rhombohedral to monoclinic. The
enhanced ferroelectric property was also claimed to be due to méfeioRs
introduced in La-doped BiFeCand it was stated that the origin of*Fevas the
presence of oxygen vacancy. [55]

Yi-Hsien Leeet al. reported enhancements of remnant polarizationu@ent
to 80 uC/cnt) and electric response as well as a smaller coercive field (450 kV/cm to

256 kV/icm) in 5% La-doped BiFeO polycrystalline thin film on
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BaPbQ/Pt/TiO/SiO./Si substrate by rf-magnetron sputtering. No phase transition is
reported and the enhancements are attributed to the increase of crystallinity and lattice
volume. [52] They have also deposited epitaxial La-doped BiRb@d film on
LaFeQ-buffered MgO (001) substrates with LaNi@s the bottom electrode. The
improved properties with La doping are not convincing as their Bjifsposition is

not optimized. [53] Using the same deposition method, Y. Wahrad, deposited La-

doped BiFe@ polycrystalline thin films on platinized Si substrates with SrRa®©the

buffer layer. The lattice parameters and orientations are modified by doping La.
Relatively small change in the remanant polarization at 20% La (Pr~128 to 111
uClenf) is attributed to the preferred orientation along (111) direction. There is a
remarkable decreased in 2Ec from 1080 kV/cm to 620 kV/cm. However, the reported
coercive field of pure BiFefis very large in comparison with other reported value.
The large Ec may be due to a higher concentration of charged defects, which serve as
pinning centers that makes domain wall motion difficult. Dielectric response and

fatigue resistance are also improved with La-doping. [61]
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Figure 1.13. (a) P-E hysteresis loops and (b) dielectric constants as a function of frequency of La-
substituted BiFe@polycrystalline thin films using chemical solution deposition method. Figures

adapted from A. Z. Simoes al. [91]
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Sushil K. Singhet al. have deposited 0%-20% La-doped Bigekn films on
Pt substrate and show continuously reduced remanant polarization and increased
dielectric constants with increasing La content. No structural distortions or preferred
orientations are observed though. [48] They also proposed that La might have no
intrinsic effect on leakage based on the observation that the leakage current density of
5% La-doped thin film is higher in the low-electric field region than that of the pure
BiFeQ;. But they showed reduced leakage current in higher La content of Bik@O
films. [48, 75] However, they managed to reduce the overall leakage current by co-
doping La and Ni in BiFegthin film [47] Chia-Ching Leeet al. havereported that the
leakage mechanism in La-doped Bike@in film (Poole-Frenkel) deposited by
chemical solution is different from that of pure Bike@space-charge-limited
conduction with deep traps) and La-doped Big-&tn film displayed smaller leakage
current. Note that different thin film deposition methods may lead to different leakage
mechanisms. [49] Similar to S. K. Singhal., A. Z. Simoe<t al. fabricated ~350nm
BiixLaxFeQ; (x=0.00, 0.08 and 0.15) polycrystalline thin films on Pt substrate by
chemical solution deposition. Although they claimed no structural distortion and
preferred orientation in their films, dramatic reduction in coercive field (from 550
kV/cm to 51 kV/cm) and remanent polarization (32.7 to 18X%cnf) are observed
upon La doping as shown in Figure 1.13 (a). Note that the remanant polarization of
BiFeO; with rhombohedral structure reported here was much smaller than the widely
accepted intrinsic value. The dielectric constant (Figure 1.13 (b)) and fatigue resistance
improve with increasing La concentration. No effect on piezoelectric response is
discussed. [57] In their earlier report on the influence of La doping in Bif®film,

they could achievesd of 80 pm/V. But the doping concentration is not stated. [58] On

28



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

the contrary, V. R. Singlet al. prepared 0-30% of La-doped BiFg®y the same
deposition method on ITO coated glass substrate, and observed structural changes
from rhombohedral to pseudocubic at 15% of La-substituted BiRd@wever, they

couldn’t obtain well-saturated P-E hysteresis loops. [82]
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1.4 Purpose of Research

Lead-based ferro/piezoelectric materials, such as Pb(Zg, T&y® widely used
because of their excellent ferroelectric and piezoelectric properties at composition near
the MPB. However, environmental concerns due to the toxicity associated with Pb and
PbO have triggered intensive research activities looking for alternative lead-free
ferro/piezoelectric systems. To obtain properties comparable to that of Pb(ZramO
MPB between different structures is necessary. Furthermore, applications in nanoscale
devices require the materials to be in the form of films, which introduces mechanical
constraint from substrates. It is desirable to study the process and properties of such
material systems in thin films. In this project, we performed such investigations on two

promising candidates: one is based on (K,Na)j i@ other based on BiFeO

1.4.1 (K,Na)NbOs-based Ferro/piezoelectric System

Solid solution of (K,Na)Nbg@ (K,Na)TaQ and LiTaQ is one of the leading
candidates, in which an MPB is found at the composition of
[(Ko.sNao.5)0.97-10.0d(NbogTap )O3 (KNN-KNT-Lgo3l). The non-textured ceramic of
this system exhibits a piezoelectric coefficiends df 230 pm/V, and texturing the
material leads to asg of 373 pm/V, which is comparable to that of the standard
Pb(Zr,Ti)Gs. However, processing route leading to highly <001> textured polycrystal
is complicated.

Ferroelectric films, like bulk materials, possess a set of properties that are
attributed to their composition and microstructure. But, unlike the bulk, they also
possess another set of properties derived from their proximity and interaction with the
supporting substrate. Therefore, the physical properties of single crystals and

polycrystalline ceramics can only be reproduced partially in thin films. The defects in
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polycrystalline structure will lead to a degradation of ferroelectric properties, such as
remanent polarization, piezoelectric coefficient, charge retention and time-dependent
fatigue. Hence, epitaxial films usually possess superior properties over polycrystalline
films.

For a complex system like the KNN-KNTzbsT where no single crystal is
available, epitaxial thin films also offers the opportunity to investigate its intrinsic
properties along different crystallographic directions, which has not been studied.
Thus, epitaxial thin films will be fabricated on single crystal SgT&dbstrates by
using pulsed laser deposition. (001), (110) and (111)-cut substrates will be used to
control the film orientation. Note that although the epitaxial thin films may have nearly
single crystal quality, substrate clamping and film/substrate interface would affect their
properties significantly. In summary, the purpose of this sub-project is to unravel the
intrinsic properties of the (K,Na)Nk&based ferro/piezoelectric system and investigate
its applicability in thin film applications. Investigation on the structure and electrical

properties along different crystallographic directions will be carried out.
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1.4.2 BiFeOs-based Ferro/piezoelectric System

In many ways, BiFe®is very similar to another prototypical ferroelectric
material, PbTiQ. They both possess large spontaneous polarizations induced by the
stereochemical activity of the Bbne pair of the Bi and Pb ions. So it is natural to
think of using BiFe@as a starting point to build a lead-free ferro/piezoelectric system
with an MPB, just like the development of Pb(Zr,T{)€ystem. However, there are
major differences between the two. Bild@as a rhombohedral structure and PRTIO
is tetragonal. In BiFe§) the large displacement of Biions plays a major role in
generating the structural distortion and spontaneous polarization. While in #£bTiO
Ti** contributes significantly, more than #hin fact. These differences lead to the
hypothesis that A-site doping in BiFg@ay be more effective in generating an MPB.

Other issues associated with Bikei@clude relatively high coercive field,
leakage current, small dielectric constant and piezoelectric coefficient, all of which
could be tuned by chemical substitution, theoretically. We follow the example of
Pb(Zr,Ti)Gs, where Zr-substitution into B-site results in the formation of an MPB
with superior properties. The reduction in coercive field, enhancement in
susceptibilities and a decrease in remanant polarization are believed to be due to the
softening of the unit cell and the multiple degenerated polar states at the MPB. Rare-
earth substitutions at the Bisite have been used to improve the properties of BiFeO
La**, which has almost the same ionic radius a3 BL.16 and 1.17 A [92],
respectively), is chosen as the substitute in this project. Lafk@Oan orthorhombic
structure with lattice constants listed in Table 1.1. It is expected that La substitution at
the A-site of BiFe@will reduce the lattice distortion leading to a phase transition, and
decrease the Curie temperature. Accompanying the changes in crystal structure, the

electrical properties of BiFe{rould be manipulated too. Despite the large amount of
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reports on this system, the results varied significantly from group to group. Indeed, the
structural transition upon La substitution in BiRe® still an open question. We will
conduct a systematic investigation and analyze the results using first principle
calculations (in collaboration with Dr. Zhang Zhen, NTU).

In summary, we propose to investigate the effects of La substitution on the A-
site of BiFeQ on its structure and electrical properties. The goal is to induce a phase
transition, which may lead to decreased coercive field and improved dielectric constant

and piezoelectric coefficient.

Table 1.1. Structure and properties of Big@@d LaFe@in bulk form.

BiFeG; LaFeQ
Rhombehedral Orthorhombic
a=5.556 A, c=13.867 A a=5.556 A, b=5.565 A, c=7.863 A
Distorted Perovskite Perovskite
Ferroelectric, Tc=850 °C Not ferroelectric
Antiferromagnetic, TN=465 °C
Antiferromagnetic, TN=370 °C
(weak G-type ferromagnetic)
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1.4.3 Pulsed L aser Deposition
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Figure 1.14. Schematic illustration of a Pulsed Laser Deposition system. Figure adapted froeh Wang

al. [93]

A schematic diagram of a basic pulsed laser deposition (PLD) system is shown
in Figure 1.14. Both the target and substrate are placed in a vacuum chamber. A high
energy pulsed laser beam (typically 25ns pulses with energy in the range of 0.1-1 J and
frequency of 1-30Hz) is focused onto the target. Lasers that are commonly used
include ArF, KrF excimer lasers, and Nd:YAG laser. [94] Because of the high laser
energy, the target (bulk ceramic or crystal) material is evaporated instantaneously,
forming a plasma plume. The plume is normal to the target surface and collected on a
substrate that is heated to certain temperature. Important parameters that affect the
quality of the films include substrate temperature, laser energy density and frequency,
target-to-substrate distance, and deposition gas pressure, etc. During oxide deposition,
oxygen must be introduced into the chamber to assist the formation of the desired

phase and film composition.
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Compared with other thin film deposition techniques, PLD has a number of
advantages:

0] Versatility. Almost any materials, including metals, oxides, semiconductors
and even polymers, can be deposited by PLD. All that is required is a target of the
desired composition. It is unlike Molecular Beam Epitaxy (MBE) and Chemical Vapor
Deposition (CVD), where different sources of precursors are required for each
e(@menRelatively easy control of the film composition. Because of the very high
energy of the laser pulse, all the elements in the target are evaporated instantly and fly
towards the substrate. This makes optimization of the deposition process much easier.
(i) The energy associated with the high ionic content in the plumes produced by
laser ablation (typically of the order of 10% and rising with increasing laser power
density) and the high particle velocities (of the order dof df.s') appear to aid
crystal growth and lower the substrate temperature required for epitaxy.

(iv)  The process is clean, low cost, and is capable of producing heterostructures
simply by switching between different targets.

The disadvantages of PLD technique is related to the small cross sectional area
and forward directing of the plume, which lead to the limited sample size and poor
conformal step coverage. There is also an intrinsic “splashing” associated with laser
ablation itself, which produces droplets or big particles of the target material on the
substrate surface. From an industrial perspective, this is particularly serious as it will

result in device failure.
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1.5 Organization of Dissertation

The remainder of this dissertation consists of 3 chapters followed by list of
references.

Chapter 2 focuses on the deposition and characterization of (K,Nghits@d
films by pulsed laser deposition. The structural and electrical properties of
(K,Na)NbGs-based films grown on different crystallographic directions are
investigated. The chapter is ended with a summary of the challenges encountered and
suggestions for future investigations.

Chapter 3 covers our study on the effect of La substitution in BiEpitaxial
thin films. The films are deposited by pulsed laser deposition. Detailed optimization of
the deposition conditions has been conducted to control the second phases and growth
mode of the films. Results of structural, electrical and optical characterizations and our
attempt to explain the structure-property relation are then reported. This chapter also
details the first principles calculation work conducted by our collaborator, Dr. Zhang
Zheng, to explain the experiment observations.

Chapter 4 summarizes the important findings of this project and suggests

possible directions for future investigation.
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CHAPTER 2
Deposition and Characterization of
(K,Na)NbOs-based Ferro/piezoelectric

System

To investigate the intrinsic properties of (K,Na)NHéased lead-free
ferro/piezoelectric system at the MPB composition, epitaxial KNN-KN{zL films
are deposited on (001), (110) and (111)-cut single crystal $sliiktrates by pulsed
laser deposition. The crystal structure is characterized using X-ray diffractometer
(XRD). The dielectric, piezoelectric and ferroelectric properties are studied and

correlated with the structure of the samples.

2.1 Pulsed Laser Deposition of KNN-KNT-LoosT Films

The KNN-KNT-Lg 03T films are prepared by PLD according to the following
steps:

(i) Substrate cleaning and target preparation

The epitaxial films are deposited on one side polished (100), (110) and (111)-
cut SrTiQy substrates. Toemove the organic and inorganic residuals on thace
left from the polishing process, the substrate is cleaned thoroughly with acetone and
ethanol in ultrasonic bath for 15 minutes each. The commercially available 99.9%

SrRuQ target is used to prepare the bottom electrode whereas the dense KNN-KNT-
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Lo.osl ceramic target is synthesized using conventional solid state reaction. The targets
are 0.25 inch in thickness and 1 inch in diameter.

(i) Setting up and pre-pump the chamber

Once the substrate and the target are ready, they are put into the deposition
chamber, which will then be pumped to a base pressure of about 5:Pal10

(iif) Deposition conditions

The oxygen flow rate is adjusted to maintain a dynamic oxygen partial
pressure. The substrate is heated to a desired temperature at 20 °C/min. KrF excimer
laser with 248nm wavelength and pulsed duration of 25ns is used. The laser energy
and repetition rate are adjusted to the desired values. Details of the deposition
parameters are listed in Table 1.

(iv) Post-deposition conditions

After the deposition, oxygen is introduced into the chamber until near ambient
pressure (7.0 x f0Pa) while the substrate is kept at the deposition temperature. It is
then cooled down slowly to room temperature at 5 °C/min to prevent cracking, which
could be produced due to the different thermal expansion coefficients of the film and

the substrate.

Table 2.2. Optimized deposition parameters.

Film Substrate O; partial | Energy Laser

temperature | pressure | density | repetition rate

SrRuQy 750 °C 100 mTorr 1 J/cm 3 Hz

KNN-KNT-L g.03T 725°C 20 mTorr 1 J/ém 10 Hz
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2.2 Properties of the KNN-KNT-LoosT Films

The thickness of the KNN-KNTosT and SRO layers are 1.5 pm and 20 nm,
respectively. The phase purity and structures of the (Q0@)10). and (111)
oriented films are characterized by x-ray diffraction (PANalytical X’pert PRO MRD).
The dielectric, piezoelectric and ferroelectric properties are studied using LCR meter
(Agilent, E4980A), piezoelectric force microscopy (Asylum Research, MFP-3D-SA)
and ferroelectric tester (Radiant Technologies, Precision LC), respectively after the
deposition of Pt top electrodes. The Pt is sputtered following standard
photolithography process and has an area of 2660 For the local piezoelectric
hysteresis studies, Pt-coated Si tip with force constant of ~42 N/m and resonance

frequency of ~320 kHz is used.

2.2.1 Structural Analysis
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Figure 2.1. XRD9-26 scans of (001), (110),c and (111), oriented(K,Na)NbQ;s-based films.

Typical X-ray diffraction (XRD)6-26 scans of the KNN-KNT-§03T films are

shown in Figure 2.1. Only (0Gt)and (111). type diffraction peaks are observed for
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films grown on (001). and (111). oriented SrTi@ substrates, respectively, in addition

to the peaks from the substrate. The SrRp€aks overlap with that of the KNN-KNT-
Lo.osT films. No second phase is observed. However, smal),(Qi#aks are observed

for the films grown on (110) oriented substrates. The MPB is reported to occur
between orthorhombic and tetragonal phases in bulk system. The as-deposited films
with cubic structure could transform into orthorhombic and/or tetragonal phases at the
Curie temperature of 323°C when cooling down from the deposition temperature of
725°C. However, no domain structures are observed in the films by using piezoforce

microscopy.
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2.2.2 Electrical Properties of the KNN-KNT-L T Films
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Figure 2.2. (a) P-E hysteresis loops,dHE hysteresis loops, (ck€E hysteresis loops, and (d) current

density of KNN-KNT-Lg 3T films grown on (110), (001) and (111) oriented STO substrates.

The P-E hysteresis loops along the three orientations are determined using a
ferroelectric tester (Radiant Technology precision) at 1kHz. The results are shown in
Figure 2.2 (a) for all three samples. The coercive fieldsde 30 kV/cm, 18 kV/cm
and 8 kV/cm and the remanent polarizations)(Bre 4, 1 and 0.38C/cnt for (001)y,

(110)c and (111 films, respectively. Comparing with the synthesized ceramic target,
whose Pand E are ~18.C/cnf and 8.60kV/cm, the thin films show much smaller P
and larger E Furthermore, the Palong (110). and (111). directions do not

correspond to the projections from polarization along (Q@lijection, suggesting that
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the films grown on different substrates may have different structures. Thus the
spontaneous polarizations lie along different crystallographic directions.

To gain more insight into the properties of the KNN-KNJudI' films, we
have also performed small signal dielectric and piezoelectric coefficient
measurements. The variation of dielectric constafitas a function of DC bias is
measured by applying a small AC voltage of 200 mV (peak to peak) at 100 kHz. The
very small AC voltage is used for the measurements so that the AC field does not alter
the polarization state and minimizes the domain wall contribution. This could allow the
comparison of the film with the bulk material. Figure 2.2 (b) shows the butterfly-type
e-E hysteresis loops with two maxima due to the ferroelectric polarization reversal.
However, the peaks merge together for the (kldrented film, consistent with the
slim P-E hysteresis loop. The zero-fieldire 540, 390 and 300 for the (OQ1J110).
and (111 oriented films, respectively. These values are smaller than that of the bulk
ceramic (~1256).

The out-of-plane piezoelectric hysteresis loopg-E) of KNN-KNT-Lg 3T
films are shown in Figure 2.2 (c). The quantitative results is obtained by calibrating the
PFM response using a sample with knowg (K-cut quartz in this case,;&#2.3
pm/V). The dz of films are then calculated usings@n= (A/Ag)di1quarta Where A is the
lock-in amplifier reading divided by the AC voltage used to excite sample vibration
and A is the corresponding value for quartz. This method has been used by other
research groups and proven to be reliable. For details of the technique, please refer to
appendix A. The &-E loops are consistent with the P-E hysteresis loops, where no
distinct remanent 4 is observed for the (11Q)and (111). -oriented films. In
perovskite ferroelectric systems, susceptibilities are usually larger along directions

different from the spontaneous polarization direction. However, in this casegboth
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and dsz are the largest along (0@d)oriented film, which shows the largest
The observed values are much smaller than that of the ceramics.

In ferroelectric ceramic, the dielectric and piezoelectric responses consist of
intrinsic (averaged crystallographic response of the single domains) and extrinsic
(motion of the domain walls and phase boundaries) components. The domain walls can
be moved by electric field, stress, or combination of the two. The extrinsic
contributions can be up to ~75% of the dielectric and piezoelectric responses
observed.[95] However, due to the clamping effect of substrate and residual stresses in
thin films, the mobility of domain wall and phase boundary would be different from
that in bulk form. Relatively low leakage current is observed in our samples as shown
in Figure 2.2 (d). Hence, the defect contributions to the polarization and dielectric
constant should be small. The rather small susceptibilities of the epitaxial films suggest
that the large piezoelectric response observed in bulk is likely due to the polymorphic
phase transition, which consists of substantial extrinsic contribution from the 18-fold
domain variants (12 variants from orthorhombic and 6 from tetragonal phases). In
epitaxial thin films with less domain variants and the effect of substrate constraint, the
extrinsic contribution will be less. Of course, effect of variation in the thin film

composition cannot be excluded at the moment.
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Figure 2.3. (a) Temperature dependence of dielectric constant, (b) Frequency dependence of dielectric

constant and loss tangent for the KNN-KN{ kT films grown on (110), (001) and (111) oriented

SrTiO; substrates.

We have also studied the dielectric constants of the epitaxial films (measured
with AC voltage of 100mV at 100 kHz) at temperatures ranging from 25°C to 360°C.
The results are shown in Figure 2.3 (a). From the literature, two dielectric anomalies
were observed in the KNN-KNTlg3T ceramics. The Curie temperature, at which the
dielectric constant attains its maximum value, occurs at 323°C, while the other at
~70°C, corresponding to the phase transition of orthorhombic-tetragonal. The
orthorhombic-tetragonal transition is a good indicator for the presence of MPB.
However, for the KNN-KNT-k 03T films, only the paraelectric-ferroelectric transition
temperatures are observed and the peaks are broadened. The Curie temperatures are
~260°C, 220°C and 270°C for (0Q4,)(110),c and (111 -oriented films, respectively.
These values are lower than that of the bulk. The difference could be due to
composition variation of the films or the effect of the substrate. The fact that we did
not observe the orthorhombic-tetragonal transition is consistent with the small

susceptibilities of the films.
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Figure 2.3 (b) shows the frequency dependence of dielectric constant and
dielectric loss of the KNN-KNT-.03T films along different crystallographic directions
at room temperature. The relative values of the dielectric constant along.(001)
(110} and (111). -oriented films is consistent with thg-E hysteresis loops.
Frequency dispersion in dielectric constant increases fromyQQ1)0) to (111). -
oriented films. However, it is believed that space charge contribution is insignificant.
The dielectric loss is quite constant up to 1MHz in all directions. At lower frequency,

the dielectric loss of (11g)-oriented film was higher than (0@d)oriented film.
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2.3 Summary

The epitaxial flms of KNN-KNT-lg 03T are deposited by PLD using single
crystal SrTiQ as substrate. We are able to study the intrinsic properties of this system
along different crystallographic directions. It is suggested that the superior properties
of textured bulk ceramics are mainly due to extrinsic contributions.

The challenge of fabricating KNN-KNTlgsT films is associated with the fact
that alkaline elements are volatile. It is very difficult to control the film composition
precisely. Furthermore, it is not possible to confirm the film composition accurately
with current technologies. For a complex system such as KNN-KNIFL its
properties would certainly be affected by variation in composition resulting from the
high temperature growth process. Therefore, the structure of KNN-KNJ-Lis not
further investigated and it's desirable to have a simpler lead-free system which is
easier to process and study. This has brought us to investigate thes;-Bdss@

system.
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CHAPTER 3
Deposition and Characterization of (Bi,La)FeO;

Thin Films

The second system that we have investigated is the solid solution of ;BiFeO
and LaFe@ BiuxlLasFeG. We moved onto this system because it is much less
complicated than KNN-KNT-g03T in both the structure evolution and composition.
Because of the large polarization of Bike@ is natural to think of creating a high
performance lead-free ferro/piezoelectric system using it as one end member.
However, to our knowledge, (Bi, Sm)Fe® the first and the only found system that
posses an MPB.[96] Incorporation of La at the A-site has been proven to be effective
in improving properties of BiFef However, literature reports vary from group to
group and a systematic investigation of the structure, electrical and optical properties
of BiFeQ; as a function of La concentration is necessary. We thus fabricate epitaxial
La-substituted BiFegxthin films on (001)-cut single crystal SrTiGubstrates by PLD.
Deposition conditions are first optimized to control the impurity phases and domain
structures of BiFe®thin films. BiixlLaxFeG; thin films are then deposited under
optimized condition. The electrical and optical properties @f. fbia,FeQ; epitaxial
thin films with x ranging from 0 to 0.20 are characterized and correlated with their
structures. First principles calculations are performed, in collaboration with Dr. Zhang
Zhen, to understand the experimental observations. This chapter ends with a model

that we propose to explain the observations.
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3.1 Optimization of Thin Film Deposition Conditions

To conduct a meaningful study on the properties gf.fBia,FeQ; as a function
of La concentration, it is important to firstly obtain the optimal deposition conditions
of pure BiFeQ. Second phases and/or structural imperfections may lead to
misjudgment in the analysis. Despite the intensive research conducted or; BiFeO
during the last decade, it is widely recognized that the deposition window of phase
pure BiFeQ is small and it is challenging to control the film structure and

composition. The difficulty is likely due to the volatility of Bi.

3.1.1 Controlling the Thin Film Growth Mode

To obtain high quality defect free epitaxial thin films, it is necessary to control
the growth mode. Island growth leads to rough surface and more defects. Layer by
layer growth is preferred. During the first stage of the project, epitaxial Biffe®
films are grown on (001)-cut single crystal Srfi€ubstrate by PLD. Stoichiometric
BiFeG; target is ablated by using KrF excimer laser248nm) with an energy density
of 1 Jlcnf and a repetition rate of 5 Hz. The BiRetarget is pre-ablated prior the
deposition to remove any surface contaminations. The dynamic oxygen partial pressure
is fixed at 100 mTorr during the deposition, while the deposition temperature is varied
between 600 and 750 °C. After deposition, oxygen is introduced into the chamber until
near ambient pressure (7.0x*1Pa) while the substrate remains at its deposition
temperature. The substrate is then cooled down slowly to room temperature at 5
°C/min. To achieve a uniform temperature distribution across the substrate and a better
thermal conductivity between the heater and the substrate, silver paste is used to fix the
substrate on the holder. All films have a thickness of around 50nm (1 hour deposition)

as determined using a step profiler.
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Figure 3.1. The morpwhology, in-plane amplitude and in-plane phase imalgdsafd; epitaxial thin

films grown at 100 mTorr with different deposition temperatures.
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The morphology and ferroelectric domain images of Bi-#ih films grown
at different temperatures (Figure 3.1) are investigated using atomic force microscopy
(AFM, Asylum Research MFP-3D). By using an external lock-in amplifier, we can
study the in-plane (IP) and out-of-plane (OP) domain structures of the as grown films.
We use highly doped Si tips with Pt/Ir-coated (spring constant of 42 N/m, resonance
frequency of 320 kHz and tip radius of 25 nm) for such measurements. The domain
images were obtained at ambient condition by applying 10 kHz, 2V AC (peak-to-peak)
voltage applied to the sample. For details of the technique, please refer to Appendix
A. Looking at Figure 3.1, the most striking feature is the dramatic differences in
the IP domain structures of the films grown at different temperatures. Most of the
samples show random IP domain structures, while regular domain pattern was
observed for film deposited at 700 °C. The IP PFM images were taken with the
cantilever scanning along the <110>c direction of the film. Two orthogonal sets of
domains were observed. The three contrasts (purple, orange and yellow) seen in the IP
amplitude PFM image indicates that the domains contain four polarization variants,
this is schematically demonstrated in Figure 3.2. [97] The result indicates that the

deposition temperature is important in controlling the domain structure of BiFeO

Figure 3.2. Schematics of polarization directions in (001)-oriented BitF@®film. Figure adapted

from Chu Y. Hetal. [97]
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Figure 3.3. Surface roughness (RMS in nm) of Bifeftaxial thin films as a function of deposition

temperatures measured using atomic force microscopy. (All basedom¥%5 1 m scan size except

the film grown at 60%C with scan size of 8m x 1.5 1 m)

Comparing the morphology images of BiRe@Ims grown at different
temperatures, it is interesting to note that the domain patterns are related to the surface
morphology and roughness. The surface roughness (obtained frogum & 5um area
for all samples except;@n x 1.5 ym for 600°C sample) decreases from 10.954 nm for
sample grown at 60%C to 1.067 nm for that grown at 726, as shown in Figure 3.3.

It is suggested that at low temperature, island growth is dominating due to the
relatively low thermal energy of adatoms on the substrate. Island growth mode leads to
relatively rough surface and more defects at the substrate/film interface. As
temperature increases, higher thermal energy leads to longer diffusion length of the
adatoms and layer by layer growth of the film. A more coherent interface can be
achieved. The crisscross pattern is believed to be due to the small miscut angle of the
substrate. Step flow growth of the film has been reported on single unit cell step TiO

terminated STO substrate.[98] Furthermore, cubes with diameters of 20-60 nm
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protruding out of the film surface are observed for samples grown at 625 °C or lower.
Similar features have been reported previously and are attributed to the nucleation of
square-shaped bismuth oxide that outgrowths on the film surface. [99] At low
temperature, excess bismuth cannot be re-evaporated when it reaches the substrate
because of insufficient thermal energy, and thus, form bismuth oxide. For films grown

at 750C, very rough surface is observed. It should be due to Bi-deficient in the film.

The above analysis is confirmed by XRD characterizations, as shown in Figure
3.4. The growth window of phase pure Bike@in film is relatively small. Typical
impurities i.e. B}Os, bismuth-rich oxide or RL©3 are easily formed. BD3 or bismuth-
rich oxide, which results in higher leakage in Bikdiln are commonly observed in
films deposited at higher oxygen pressure and lower temperature when excessive
bismuth re-evaporation is limited. On the other handQké&s usually seen in films
deposited under the opposite conditions.[99, 100]

To correlate the surface morphology and domain structure with the phase purity
and crystallinity of BiFe®@ deposited at various temperatures, XRD patterns are
obtained and the out-of-plane lattice parameters are calculated. Figure 3.4 shiws the
20 scans obtained by using two systems, (a) the mtgnsity Shimadzu system and
the high resolution PANalytical X'pert PRO MRD system. The high intensity of the
Shimadzu system leads to a better capability in impurities detection. Second phase that
can be attributed to BDsare observed for all BiFeJilms except the one grown at
750 °C. However, the large surface roughness of this sample is undesirable. The out-
of-plane lattice parameter increases from 4.05 A to 4.07 A when the deposition
temperature increases from 600 °C to 650 °C (Figure 3.2 (c)), and remains unchanged
up to 725 °C. This is consistent with the previous analysis that higher temperature

enables layer by layer growth and a more coherent substrate/film interface. Since
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SrTiO; has a smaller lattice constant than Bigefherent interface leads to larger
out-of-plane lattice constant. FWHM values obtained from rocking curves using high
resolution XRD system shows consistent trend, which decreases from ~0.13 to about
0.10 as deposition temperatures increases. Small FWHM value indicates better
crystallinity. The out-of-plane lattice parameter drops suddenly to 4.02 A for films
grown at 7568C even though no impurity phases are observed. This could be due to a
change in composition. The evaporation of Bi from the perovskite unit cell may lead to

a decrease in the cell volume.
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Figure 3.4 (a) XRD (Shimadzu), (b) high resolution XRD (PANalytical X’pert PRO MiIRBY scans

and (c) the corresponding FWHM and out-of-plane lattice parametBi§ef; thin films grown at

100 mTorr with different deposition temperatures.
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It is concluded that for an oxygen partial pressure of 100mTorr, the optimal
deposition temperature is within the range of 650 °C to 725 °C. From controlling the
ferroelectric domain point of view, the best deposition temperature is 700 °C.
However, these films still contain #); and/or Bi-rich second phases. Further
optimization of the deposition condition is necessary. It has been reported that a phase
pure BiFeQ could be achieved through controlling the deposition temperature. [101]
We have observed similar trend in our experiment.eiaess Bi still exist even at the
highest desirable deposition temperature. We thus set off to tune other parameters,

including oxygen partial pressure and deposition rate, to achieve the best thin film.

3.1.2 Controlling the Second Phase

Oxygen patrtial pressure is another factor that will affect the bismuth content in
BiFeG; thin films deposited by PLD. Lower pressure leads to less bismuth in the film
due to the easiness of the excessive bismuth evaporating from the heated substrate.
Thus, we maintain the deposition temperature to be atC7@ad lower the partial
oxygen pressures to 80 and 50 mTorr. The laser repetition rate was kept unchanged.

The XRD patterns of BiFefyrown on (001)-oriented STO substrate at 80 and
50 mTorr are shown in Figure 3.5. The results indicate that the films consist of
epitaxial perovskite phase with no impurities. This is consistent with our expectation.
Comparing the morphology of BiFg@ims grown at 80 and 50 mTorr with the one at
100 mTorr, the growth mode is changed, likely due to the increased growth rate at
lower partial oxygen pressure. Note that even though impurities-free BtRedilms
can be obtained within certain oxygen pressure range, the properties may be affected
significantly when the oxygen pressure is too low. Yabual. discovered that the

dielectric constantef), remanant polarization (Pand piezoelectric coefficient {)
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were reduced upon decreasing oxygen pressure and attributed that to the decreasing
Bi:Fe ratio. [100] This is consistent with the fact that displacement®fi8the main
contribution to the ferroelectric response of BigeDower oxygen pressure leads to

more Bi vacancies and deteriorated properties. Thus, 80 mTorr was determined to be
the optimal value without generating second phases. Note that the regular domain
structure could not be retained under this deposition condition due to the change in

growth mode at higher growth rate.
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Figure 3.5 (a) XRD (Shimadz#)20 scans oBiFeQ; thin films grown at 700 °C under repetition of 5
Hz with different oxygen pressures of 50, 80 and 100 mTorr and (b) the corresponding morphology

images.
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20 Hz under different oxygen pressures and the corresponding morphology images.
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To complete the deposition condition optimization, we have also studied the
effect of growth rate by varying laser repetition frequency. Figure 3.6 (a) shows the
XRD (Shimadzu)f-26 scans of BiFe@thin films grown at 700 °C under different
oxygen pressures of 20, 50 and 80 mTorr with a laser repetition rate of 10Hz. Films
deposited under 80mTorr oxygen pressure display relatively smoother morphology
with the least big particles. Films grown under 20mTorr oxygen pressure show trace
of FeOs impurity. For laser repetition rate of 20Hz, impurity was observed for the
samples deposited at 80mTorr oxygen pressure. Although no impurities were observed
for films grown under 50 mTorr pressure, the growth mode has clearly become island
growth.

The effects of different deposition parameters are summarized in Figure 3.7 (a)
and (b). Deposition window of phase pure Bikékn film is identified. However, we
notice that it is not possible to achieve films with regular ferroelectric domain and
single phase at the same time. We can choose a specific set of parameters for different
experimental purpose. For example, relative thick samples (usually 200nm or above)
are needed to conduct electrical characterization, we choo8€, 780 mTorr and 5
Hz. To investigate effects of substrate and/or substitute on the ferroelectric domain
structures, we can choose 7, 100 mTorr and 5 Hz if regular domain structure is

desired. Small amount of second phase does not affect domain analysis.
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3.2 Growth and Structure of Bis.xLasFeO; Thin Films

BigyLaxFeQ; (x=0, 0.05, 0.10, 0.15 and 0.20) films are grown epitaxially on
(001)-cut SrTiQ single crystal substrates using the optimal deposition condition as
described in the previous section. For electrical characterizations, $iikd€posited
in-situ before the deposition of BilLaFeCGs. To track the changes of crystal
structures as a function of La contents more accuratefy,BiFeQ; epitaxial thin
films are also grown on bare (001)-cut Srfi€ngle substrates concurrently. Details
of the deposition parameters are summarized in Table 3.1. The Pt top electrodes for
electrical measurement are prepared following the standard photolithography
technique and have areas of ~1600°. The phase purity, crystallanity and distorted
rhombohedral angle of the BjLaFeQ; epitaxial thin films are characterized by

using high resolution X-ray diffraction (PANalytical X’pert PRO MRD).

Table 3.1. Deposition parameters.

Films
SrRuQG BigylLaxFeGs

Conditions
Substrate Temperature (°C) 750 700
O, partial Pressure (mTorr) 100 80
Laser repetition rate (Hz) 3 5
Energy Density (J/ch) 1 1
Film thickness (nm) 50 110-130
Deposition Rate (nm/min) 0.80 1.80-2.20

61



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

(a) ™ ™ G
8 2 —PureBiFeo, 9
@ O — 5%LaBiFeO, @ |#
- o9 . N
- S8 10% La BiFeO, g3
< =~ 15% La BiFeO, =
~ 20% La BiFeO3
>
= |
[ y
bt
=
15 20 25 30 35 40 45 50 55
20 (degrees)
(b) —— Pure BFO 'e)
—— 5%LaBFO b
——10% La BFO |\ <
~ | —15%LaBFO 8
-) ——20% La BFO
<
>
=
@ "ulv'.f‘
2 #“l'
= W'
f :Jm\ﬁw '
44 45 46 47
20 (degrees)
(C) 0.8
4.04}
:% =4.02 19°
7] E . B —~
X 05
o oA4.00f 1=
O c =
£ < i
8= {0.2
5 3.98}
—-—F%ﬂﬁf—plane lattice parameter
3.96 =5 : . 10,0
0 5 10 15 20
La (%)
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substrates.
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Typical 6-20 scans of Bi.yLaFeQ; epitaxial thin films grown on (001)-cut
SrRuQy/SrTiO; single crystal substrates are shown in Figure 3.8 (a). Only (00I) type
diffraction peaks were observed with no sign of second phase. Figure 3.8 (b) displays
the enlarged scans around (002) peaks. It appears thatth@5thin film shows the
largest out-of-plane lattice constant, which decreases with increasing La concentration.
The results are summarized in Figure 3.8 (c). A jump in the out-of-plane is clearly
evident for x=0.05. The FWHM value decreases as x increases, indicating better
crystallinity. However, the situation is complicated by the fact that the underlying
SrRuQ layers relax to different stages, as indicated by the shift of the 2r{R00Q)
peaks. For example, the SrRufayers, on with the x=0 and 0.5 films are grown,
shows larger out-of-plane lattice parameters due to larger in-plane compressive strain.
Even though this does not affect the above analysis qualitatively, a smaller in-plane
strain of SrRu®@ will lead to smaller out-of-plane constants for both the x=0, 0.05
samples. We still would like to eliminate this effect. Thus, a set@@fBaFeQ; films
are grown directly on SrTi9Qsubstrate and characterized. This way, effect due to
variations in the SrRuglayer is eliminated.

Although absolute values of the out-of-plane lattice parameters fer Bi
wLaxFeQ; grown on bare SrTigsubstrate might be different from the ones grown on
SrRuQ@, the trend should be the same and can be used to study the structure evolution.
For the films grown directly on SrTg3ubstrate (Figure 3.9 (a), (b)), again, no second
phase was observed. The out-of-plane lattice constants are calculated and summarized
in Figure 3.8 (c). It shows quite similar trend with that ofi-BLa.FeQ; films grown
on SrRu@/SrTiO; substrates. However, instead of x=0.05, the sample with x=0.10
shows the largest lattice distortion. This could be due to the different lattice constant of

SrTiO; and SrRu@ leading to variations in the mismatch strain of;-BLaFeQ;
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films. The FWHM of the (002) peaks for all samples are plotted in Figure 3.9 (c). The
film with x=0.10 shows the best crystallinity among all the samples. It has been
reported that the critical thickness for BiFgépitaxial thin film grown on SrTi@is
20-40 nm, above which the strain relaxes progressively.[102] Overall, the FWHM
values of films grown under this condition (780, 80 mTorr, 5 Hz) are larger than
that of the films grown at 70%C, 100 mTorr and 5 Hz. Clearly, the growth rate affects
the interface coherency significantly. This is consistent with the changes in the

morphology of the films.
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3.3 Electrical Properties of Bi.xLaFeO; Thin Films

3.3.1 Leakage Current Control

Figure 3.10 (a) and (b) show the leakage current density-electric field (J-E)
curves and the polarization-electric field (P-E) hysteresis loops of BiEp{@axial
thin film measured at both room temperature and 200 K, respectively. To exclude the
switching current during the J-E measurement, a pulsed DC voltage was first applied
to pole the polarization into one direction. An opposite poling was applied when
sweeping the electric field in the opposite direction. During the J-E measurement, the
applied field was kept smaller than the coercive fielg (& the BiFeQ too. For the

electrical measurements, the bottom electrode was always connected to ground.
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Figure 3.10. (a) I-E curves, (b) P-E hysteresis loops angtEchysteresis loops of BiFg@hin films

measured at room temperature and 200K.
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As shown in Figure 3.10 (a), the leakage current density of Bif@® film
decreases as the temperature drops to 200K. At room temperature, the
Pt/BiFeQ/SrRuQ structure shows asymmetric conduction behavior. The leakage
current density is one order of magnitude higher under negative bias when the field
exceeds 150 kV/cm. This is likely due to the imperfect interface between BérelD
Pt. The large leakage current under negative bias induces asymmetric P-E hysteresis
loop measured with 2.5 kHz triangular waveform, as shown in Figure 3.10 (b). The
large leakage contribution makes it difficult to assess the polarization value accurately,
especially under negative bias. On the other hand, symmetric J-E curves are observed
at 200 K, indicating that the interface-related leakage current is greatly suppressed.
Well-saturated P-E hysteresis loop can be obtained using 1 (or 2.5) kHz triangular
waveform. Both spontaneous polarization and coercive field can be obtained.

The leakage mechanism of BiFg@in films have been discussed intensively
in the literatures. Different models have been proposed, including the bulk limited
Poole-Frenkel model [103], the interface limited Space-Charge-Limited-Current model
[49, 104], Schottky interface model [105] and FN model [106]. The higher leakage
current observed in both the P-E and J-E measurements under negative bias is likely
due to the interface between the top electrode, Pt and the Bill@OOne possible
reason is that the higher concentration of oxygen vacancies next to the top surface of
BiFeQ; leads to a lower Schottky barrier. Further investigation is necessary to clarify
this issue.

The 2R and E of the BiFeQ thin film are 110uC/cnf and 390 kV/cm at room
temperature, respectively. These values are measured using the PUND technique (data
not shown), which eliminates the contribution from leakage current. Decreasing the

temperature down to 200K allows us to obtain the symmetric P-E hysteresis loop of
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BiFeG; thin film directly. The remanant polarization is close to that measured at room
temperature using PUND. However, the iE about 550 kV/cm, larger than that
measured at room temperature. This is expected as the low temperature would decrease
domain wall mobility and increase domain nucleation energy. The remanant
polarization of BiFe@ thin films is Bi/Fe ratio dependent, which is significantly
affected by the deposition temperature and oxygen partial pressure. The measured Pr is
very close to the intrinsic value reported in the literatures, indicating that the
deposition conditions are fully optimized.

We have also examined the effect of measurement temperature on the dielectric
behavior of BiFe@using an LCR meter (Agilent, E4980A). For the relative dielectric
constant §) measurement, a small AC signal of 100 mV (peak to peak) at 100 kHz is
applied and the dc field is swept between positive bias and negative bias. Typical
butterfly-type relative hysteresis loops,-E) were observed at both temperatures
(Figure 3.10 (c)), where the two maximum points are due to the ferroelectric
polarization reversal. The remanant dielectric constants are 87, 65 for the measurement

done at room temperature and 200 K, respectively.

3.3.2 Electrical Properties

Due to the asymmetric conduction behavior of-BliaFeQ; (x=0.00, 0.05,
0.10 and 0.20) epitaxial thin films measured at room temperature (with Pt andsSrRuO
as top and bottom electrodes, respectively), we conducted electrical characterizations
at 200 K except the local piezoelectric hysteresis loops. This way, the extrinsic

contribution from interfaces can be eliminated.
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Figure 3.11. (a) P-E hysteresis loops, (b) I-E curves ang-Echysteresis loops and (djsE hysteresis

loops of La-substituteBiFeQO;s thin films measured at room temperature and 200K.

The ferroelectric hysteresis loops of P{BjLa,FeOy/SrRuQ/SrTiOs structure
measured with 2.5 kHz triangular wave at 200K are shown in Figure 3.11 (a).
Surprisingly, the remanant polarization increases first at x=0.05, then starts to drop as
X continues to increase. A large 2Rilue of about 14QC/cnt was observed for
x=0.05 film. This is opposite to the results reported by Sushil K. Sahgi. and
Hiroshida Uchidaet al. They have measured remanant polarizations qf. Bi
wLaxFeQspolycrystalline thin film grown on PU/Ti/SiBi(100) substrate by chemical

solution deposition at 80 K and 10K, respectively. Decrease of the polarization is
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observed for La concentration of 5%. [46, 50] More recently, Y. H. €ral. also
have studied properties of BjLaFeGthin films and reported little change in the
polarization at x=0.05. However, the films are deposited on Si substrate using SrTiO
as a buffer layer. The large mismatch between the thermal expansion coefficients of Si
and perovskite oxides may be the reason for the different results. For our samples, as
the La concentration increases to above 5%, the coercive field continues to increase
while the remanant polarization continues to decrease. The hysteresis loop at x=0.05 is
the most square and the loops become more canting as the La content increases.
Surprisingly, ferroelectric property still exists in samples with x=0.20. The change in
polarization of the BiLasFeG; thin films as a function of x is consistent with the
change in the lattice parameters. However, we observe increase in the coercive field.
This is different from literature reports and the reason is not clear. Y. H. Chu et al
reported smaller coercive field for BjLaxFeQthin films grown on Si substrate and
proposed that the reduction is due to the change in the rhombohedral angle and
increment in domain wall density.[107] Y. Warg al. also observed similar
phenomena in BiylLaFeQpolycrystalline thin films and attributed it to the
reduction in charged defects concentration. Such defects may serve as pinning centers
that impede the domain wall motions. [108]

Figure 3.11 (b) compares the J-E characteristics gafyBaFeQ; samples.
Much smaller leakage current density at low field region is observed as compared with
that of the pure BiFe§) especially for x=0.15, 0.20 samples. This could be due to the
fact that Bi is very volatile and easily evaporates during thin film deposition, leading to
Bi vacancies, ¥,". When some of the Bi is replaced with La, less cation vacancies are
generated. This is supported by the fact that the chemical bond strength of La-O bond

(799+4 kJ/mol) is much larger than Bi-O bond (~337x16 kJ/mol). [109]
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Typical butterfly-shapes-E hysteresis loops are observed for all samples,
where the two maximum points are due to the ferroelectric polarization reversal. This
confirms the existence of ferroelectricity in films with 20% La content. The results
were plotted in Figure 3.11 (c), showing opposite trend to the Pr as La content
increases. Again, such transition suggests the possibility of a phase transition at x=0.5.

The piezoelectric responses of:RjLasFeQ; films are obtained by using PFM
technique equipted with an external lock-in amplifier and DC voltage source. Pt/Ir-
coated heavily doped Si tips with a force constant of ~42 N/m and resonance
frequency of ~320 kHz are used in the piezoelectric hysteresis loop measurements. The
tips are placed on the surface of the sample while the bottom Sr&e@rode is
grounded. The quantitative result is obtained by calibrating the PFM output using a
sample with known g value (X-cut quartz in this caseyd2.3 pm/V). The g of the
films are then calculated usingsfin= (A/Ao)di1quartz Where A is the lock-in amplifier
reading divided by the AC peak-to-peak voltage used to excite sample vibratiog and A
is the corresponding value for quartz. TheH hysteresis loops of BiyLaFeG; thin
films are shown in Figure 3.11 (d). Note that the measured out-of-plane piezoelectric
coefficients are effective values owing to the elastic constraint imposed by the
substrate. The results show different trend frometkie hysteresis loops. Across the
dss-E hysteresis loops with increasing La contents, no abrupt increment was observed.
The remanant out-of-plane piezoelectric coeffcient drops from 40.29 pm/V for pure
BiFeQ; to 2.44 pm/V for x=0.20. The dependence gfah the applied electric field
due to intrinsic lattice contribution, with no contributions from ferroelastic domain

motion or field-induced phase transition, along [001] is given by,

d33(E) =26,E (E)Qeff P(E)7
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wheregg is the free space permittivity; is the intrinsic relative permittivity, Qis the
effective electrostrictive coefficient that accounts for the clamping effect of the
substrate and P is the polarization. Apparently, the field dependenggofdverned

by the field dependence of both polarization and dielectric susceptibility. Since the
trends of remanant polarization and relative dielectric constant curves as function of La
concentration are opposite, the occurrence of phase transition cannot be concluded
from the continuous decreasing trend of remangniGbmpared with Y. H. Chet al.

results, they measured a higher remanant piezoelectric coefficient of 45 pm/V for the
10% La-doped BFO thin film. No systematic study as a function of La concentration

was reported though. [107]
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Figure 3.12. (a) Plot of remanant polarization, 2Pr and coercive field, Ec and (b) Plot of remanant out-
of-plane dielectric constant and remanant out-of-plane piezoelectric coeffigigas, alfunction of
increasing La content in BiFg@pitaxial thin films. (All measurements were done at 200K except

piezoelectric coefficient,sd at room temperature.)
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The changes in electrical properties as functions of La content are summarized
in Figure 3.12. When analyzed together with the lattice constant evolution (Figure 3.8),
the observations are rather consistent. There are two possible explanations, i) a phase
transition from distorted rhombohedral to orthorhombic/tetragonal at around x=0.05-
0.10 or ii) a larger rhombohedral angle as the result of La-substitution. In these two
hypothesis, the spontaneous polarization rotates towards the (001)c direction, leading
to the initial increase in the observed Pr for x=0.05. Further increase in the La content
should decrease the spontaneous lattice distortion and polarization, due to the lack of s
lone pair electrons.

In order to demonstrate the above phenomenon, we have conducted detailed
crystal structure analysis using reciprocal space mapping (X'Pert PRO MPD). Figure
3.13 and 3.14 shows the reciprocal space mappings;QE&FeQGy/SrTiO; and Bi.
xLaxFeQy/ SrRuQ/SrTiO; epitaxial thin films, respectively, around (002) and (103)
peaks. To analyse the film structure accurately, it is important to first check if the (002)
plane of BixLaxFeG; films are parallel to the substrate. In the (002) mapping of Bi
«LaxFeQy/SrTiO; films, the strong reflection is identified as the (002) peak of the
SrTiO; substrate whereas the second spot is the (002) peak ofitiieaBie; film.

For BipxLaxFeQy SrRuQ/SrTiOs films, a third spot between the Srki@nd Bi-
xLaxFeQ; reflections is identified as from SrRyOw measures the relative angle
between the (002) planes of the substrate and thgd &iFeQ; film. The centers of
both spots are at the sameindicating that the (002) planes ofiRBiLasFeQ; films are

parallel to the substrate.
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Figure 3.15. Schematics illustrating two structure variants with similar (103) d-spacing but different
(013) d-spacings.

To further analyse the crystal structure, the.BasFeQ; flms are mapped
around the (103) peak. The strongest spot is the (103) diffraction of Swhi€eas
the second and third spots are from SrRafd Bi.xLasFeQ; films, respectively. No
peak splitting is observed in the (103),RiaFeQ; peaks. For the rhombohedral
structure of BiFe@with four structural variants, two spots corresponding to 108
and (103) peaks will appear at different anglgo the (103) peak of the SrT4O
substrate. However, only one spot is observed. Similar results are observed for the rest
of the films. This could be due to the existence of two structure variants with 71°
domains and the scanning is along the direction with no difference in d-spacing as

shown in Figure 3.15. This observation could be supported by the PFM images.
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Figure 3.16. The change of rhombohedral arytef, La-substituted BiFefepitaxial thin films grown

with/without SrRuQ on SrTiQ substrate.
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Figure 3.17. Schematics illustrating the change of rhombohedral angle due to the rotation of the

spontaneous polarization as a function of La content.
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To correlate the change of electrical properties with different La concentration
with films structure, further analysis on the rhombohedral angle is conducted as shown
in Figure 3.16. The rhombohedral anglencreases continuously from pure BiFRg®
20% La-substituted BiFeO No clear phase transition is observed though. The
spontaneous polarization rotates towards the (001)c direction, leading to the initial
increase in the observed lattice distortion and remanant polarization. Upon further
increase of La concentration, the spontaneous polarization decreases due to the lack of
s lone pair electrons in La. This new model is shown in Figure 3.17. However, it is
apparent that the larger tilting of rhrombohedral angle alone is not enough to generate
large dielectric and piezoelectric responses. Both end members have to be piezoelectric
active, meaning they have to posses either ferroelectric or antiferroelectric orders.

LaFeQ, however, does not have ferroelectric order.
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3.3.3 Ferrodectric Domain Structures

We have investigated the ferroelectric domain structures of thglBiFeG;
thin films as a function of La concentration. In ferroelectric films, elastic domains will
form to release the substrate constrain. Thus it is expected that the domain size
(domain density) will be affected by the coherency of the film/substrate interface.

Films deposited directly on (001) SrTiGubstrates with and without the
SrRuQ layer are tested. For this study, two deposition conditions are used. One set of
samples are deposited at 70Q 5 Hz, 100 mTorr and the other set at 7005 Hz and
80 mTorr. As we have discussed previously, a small amount of second phase does not
affect film domain structure significantly. Since BiFefidms deposited at 100mTorr
shows regular IP domain structures, it is interesting to see how this is affected by the
La substitution.

Typical 626 scans for the films grown under 100mTorr oxygeniglapressure
are shown in Figure 3.18 (a) and (b). The out-of-plane lattice constants and FWHM
values of the (002) peaks are calculated and shown in Figure 3.14 (c). Unlike samples
grown under 80 mTorr, a monotonic decrease of the out-of-plane lattice parameter is
observed with no sign of phase transition. Note that the lattice parameters of these
films are all larger than their counterpart grown under 80 mTorr. For example,
¢c=0.4068nm here for BiFeQas compared to 0.4023nm for films grown under 80
mTorr. So it is possible that the films grown under 100 mTorr are all fully strained. If
this is the case, then any lattice change due to phase transition may be overwhelmed by
the large lattice mismatch strain between the S Bl the BixLaxFeG; films. One
evidence for this hypothesis is the FWHM values. The FWHM of the (002) peaks are
very small, in the range of 0.09-0.11, for all samples. Compared with the films grown

under 80mTorr oxygen pressure, these values are considerably smaller, indicating
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much better crystallinity. Lower growth rate at high pressure, leading to coherent
film/substrate interface, is believed to be the reason. So the observations here do not
preclude the possibility of a phase transition upon La substitution. It also suggests that
strain affects the structure of BjLaFeQ; significantly and offers a possible
explanation for the difference between our results and that ofeChl For Biji-
wLaxFeQ; films deposited on SIRuBrTiOz(001)/Si(001) substrate, they reported no
lattice change up to 15% La, except at 20% when a phase transition from
rhombohedral to orthorhombic occurs. It is possible that the much smaller thermal
expansion coefficient of Si leads to a tensile stress in the film, pushing the phase

transition point from La content of ~5%-10% to 20%.
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Figure 3.18. (a) XRDM-26 scans, (b) detailed XR®26 scans around (002) peaks and (c) change of c-

lattice and FWHM with respect to La content (%) of 0%-20% La-substituted epiikialO; thin

films on (001) cut SrTiQat700°C, 5 Hz, 100 mTotr
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Figure 3.19. (a)-(e) The topography and domain structure images of 50nm 0%-20% La-substituted

BiFeO; film grown on (001) SrTi@substrate af00°C, 5 Hz, 100 mTorr
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As reported previously, BiFedilms grown under 100 mTorr (70, 5 Hz)
shows regular IP domains. We have studied the influence of La on the domain
structure of BiFe®@thin films grown under the same condition. Figure 3.19 (a)-(e)
shows the topography, in-plane (phase and in-phase) and out-of-plane (phase) PFM
images of Bi.yLaxFeG; thin films grown on bare (001)-cut SrTi@Qingle crystal
substrates. The in-phase images contain all the information from both the in-plane

amplitude and phase images. Regular IP domains are observed up to x=0.15.
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Figure 3.20 (a)-(e) Topography, in-plane phase and out-of-plane phase PFM images of 0%-20% La-

substituted BiFe@deposited directly on (001)-cut SrTj€ubstrate af00°C, 5 Hz, 80 mTorr
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Figure 3.21. (a)-(e) Topography, in-plane phase and out-of-plane phase PFM images of 0%-20% La-

substituted BiFe@deposited on (001)-cut SrRySrTiO; substrate af00°C, 5 Hz, 80 mTorr

It is interesting to note that when the films are deposited under 80 mTorr

oxygen partial pressure, the results are very different. The domain structure as a
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function of La content for thin films deposited on (001)-cut SgE@strate and (001)
SrRuQ/SrTiO; substrate are shown in Figure 3.20 (a)-(e) and Figure 3.21 (a)-(e),
respectively. Under this deposition, BiFe@ms don’t show regular IP domain
structures. But regular domains are observed for x=0.05 and 0.10 or Stb€rates
and for x=0.05 on SrRu{BrTiO; substrates. The IP domain structures of these three
samples are similar to the stripe domains of pure BiEposited on SrTigsubstrate
under 100 mTorr oxygen pressure. But the average domain size is much larger. The
origin of such domain patterns is not clear. But note that the morphologies are rather
different for films grown under 80 mTorr oxygen pressure, likely due to the higher
growth rate. Previous analysis also shows less in-plane compressive strains in these
samples, which means less domains are needed to release the elastic energy, thus the
larger domain size. Comparing the samples with/without SgRil@s clear that the
SrRuQ played a role in this case, consistent with the hypothesis that strain is a main
factor in determining the domain structures.

Another possible cause is the variation of Curie temperature of Bikjsih La
substitution. At certain concentration of La, the deposition temperature may be above
the Curie temperature of the film. The stripe domains may be formed during the

cooling from paraelectric phase.
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3.3.4 Optical Properties of BixLaFeOs

I) Tuning the Bandgap of BiFeO;

Optical properties of BiFefhave been investigated both experimentally and
theoretically. Results from polycrystalline films, nanowires, bulk single crystals and
epitaxial films lead to bandgap values ranging from 2.3 to 2.8 eV. [110-114] Some
researchers report that the bandgap is direct. [110, 111] Others believe it is indirect.
[115, 116] Several theoretical calculations have also been conducted and predicted that
the bandgap of BiFefs within or near the visible range. Neatral. using LSDA +
U method to study the spontaneous polarization in BiFa@l obtained a bandgap
value of about 1.9 eV. [117] According to S. J. Cletrkl., BiFeG; is a semiconductor
with a room temperature bandgap of 2.8 eV. This value is obtained using screened-
exchange density functional theory approximation. [118] Both calculations yielded a
slightly indirect bandgap.

Tuning the bandgap of BiFeQs of practical interest for both the leakage
current control and electro-optical device applications. Experimental investigation of
the electronic structure, especially the bandgap of BiF&@, is of particular
importance for both scientific understanding and potential technological applications.
In this section, we report the characterization of bandgap of epitaxialLBiFeQ;
thin films. UV-visible absorption spectroscopy is used to probe the electronic structure
of BiuxlLaxFeQ; (x=0, 0.05, 0.10, 0.15 and 0.20) epitaxial thin films deposited on

(001)-cut single crystal STO.
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Figure 3.22. (a) Absorbance of UV-visible spectrums, (b) correlations between direct and indirect
bandgaps and (c) plots of optical bandgap from direct bandgaps aspect for 0- 20% La-substituted

epitaxialBiFeO; thin films on (001) oriented SrTiD

The UV-visible absorption spectrums of BiFg@t room temperature with
different La concentration are shown in Figure 3.22(a). The absorption edge is shifted
towards shorter wavelengths upon increase of La content. Simple linear extrapolation
of thea-E plots is not the accurate way to determine band@ane nature of bandgap

i.e. direct or indirect has to be determined first.
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The absorption coefficient;, in solids that may have contributions from both

the direct and indirect bandgap transitions, is given by [119, 120]

hv-E . +E.)? hy—-E. . . —E. )2
0’=AA*(hV—Egydir)0.5+B( génd p) +B( g.ind = o) |
exp(>)-1 1-exp—>
PCr) PE )

where Egqr and Ejng are the direct and indirect bandgaps, respectivelyit&Ehg
emitted (absorbed) phonon energy that assists in the transition, A and B are constants,
A* is a frequency-independent constant, k is Boltzmann's constant and T is
temperature. Hence, it can be inferred that a direct bandgap would lead to a straight
line when ploto® as a function of photon energy and it can be calculated by
extrapolating the straight line to tkeO point. For an indirect bandgap, a straight line
would be observed when plotting-® versus photon energy. Both plots are shown in
Figure 3.22 (b) for the BiyLaxFeG; films and it is clear that the curves fit direct-
bandgap relationship better . By extrapolating the lines tatBepoints, it is obtained

that the bandgap of BiyLaFeQ; increases from 2.63eV for pure BiFg 2.73eV

for x=0.20. The measured bandgaps are within the range of reported values. It is not
clear whether the increase in bandgap value is intrinsic or due to elimination of
shallow traps next to the band edges. Theoretical investigation has been carried out to
clarify this issue (section 3.4). Either way, it is believed that the increase in bandgap
leads to improvement in resistivity of theBijLaxFeQ thin films at higher La

content, as reported in section 3.3.3
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I) Photovoltaic Effect in Bi.«L aFeO; Thin Films

Because of the relative small bandgap of Bif;etds interesting to investigate
its photovoltaic response. In fact, photovoltaic effect has been observed in
ferroelectrics since 1970s. Different ferroelectric perovskite oxides has been studied,
including Pb(Zr,Ti)Q, BaTiO; and LiINbQ. [121-126] Large open circuit voltage,
much larger than the bandgap value, has been reported. [127] In some cases, the
photovoltaic responses can be manipulated by the spontaneous polarization. [128, 129]
These observations open the door to the application of ferroelectric semiconductors in
microelectronic or photoelectric devices. However, the mechanism is not well
understood. In the early years, it was suggested that photocurrent in ferroelectrics is
due to delocalized band-to-band optical transition in polar crystals due to Franl-
Condon relaxation of the excited state. [126] Asymmetric momentum distribution of
photo-excited carriers in non-centrosymmetric crystals was also suggested as one of
the mechanisms. [130] Another proposed mechanism was the nonlinear property of the
dielectrics under UV radiation. [131]

The photovoltaic efficiency of above mentioned ferroelectrics are limited by
large bandgap (~3.5 eV) and small current densities. BiRe@uld be a good
candidate in ferroelectric photovoltaic study as it has the largest ferroelectric
polarization among the perovksite ferroelectrics. In addition, from the previous
bandgap measurement, BiFglas a much smaller bandgap (~2.6 eV). Photovoltaic
effects in BiFe@single crystal and epitaxial thin flms have been reported. [128, 129]

S. R. Basuet al. reported enhancement of photoresponse of BiA®Otuning the
oxidation state of Fe ion with oxygen vacancy concentration. [111] Both contributions

from the interface depletion layer and polarization have been observed.
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Figure 3.23 (a)-(c) Current density-voltage curves and current density-time of 0%, 5% and 10% La-

substituted BiFe@samples tested under dark and illuminated conditions.
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To examine the photovoltaic effect inBiLasFeQ;thin films, transparent top
electrode, Sb-doped J0; is prepared using pulsed laser deposition and asheal
under oxygen flow at 600 °C. A vertical Sb-doped ,OuiBi-
wLaxFeQ/SrRuQ/SrTiO; structure is used for the tests. J-V curves are obtained in
dark and under illumination from a Halogen light source (21V, 150 W). We have also
tested the change in short-circuit photocurrent densities upon turning on and off the
light. Both are shown in Figure 3.23 (a)-(c). The fresh capacitor without poling is first
tested and then the polarization is poled up and down followed by J-V measurements
(in dark and under illumination). It is observed that polarizing the film leads to some
changes in the photovoltaic effect, but subsequent switching of the polarization
direction does not generate significant effects.

It has been reported that there are many factors can lead to depletions regions
in a ferroelectric semiconductor, such as (i) depolarization field due to incomplete
screening of the polarization charge; (ii) Schottky barriers at the electrode/ferroelectric
interface due to different work functions; (iii) surface states of the semiconductor or
other special factors.[123, 132-134] All of three factors give rise to photovoltaic
response. Note that the response generated by depletion regions as the consequence of
incomplete screening of the polarization charge can be reversed upon polarization
switching. Hence, we can only observe spontaneous polarization dependent
photovoltaic responses if the depolarization field is the dominator. The spontaneous
polarization, band gap and doping concentration of the ferroelectric semiconductor can
affect the width of such depletion regions. In Big.yLaFeQ; thin films that we have
studied, it is suggested that the asymmetrical top and bottom interface dominates the
photovoltaic response, thus no significant dependence on the polarization direction is

observed.
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3.4 Theoretical Calculations

First principles calculations are conducted in order to provide theoretical
explanation to the experiment observations. This part of the work is done by Dr. Zhang
Zhen in collaboration and below details his contribution.

It has been demonstrated that the electrical properties of Bike®
significantly affect by La substitution at the A-sites. Despite many experimental
studies including ours, it is striking that no theoretical study has been conducted. In
this work, the effects of La substitution on the structure and electronic properties of
BiFeO; are investigated using first-principle density functional theory (DFT)
calculations with local spin density approximation (LSDA+U). The structure
distortion, chemical bonding and energy bandgap ¢f.Ba.FeQ; are investigated
and compared with pure BiFgO

The DFT calculations within the projector augmented wave (PAW) method are
implemented in the Vienna Ab initio Simulation Package (VASP). The pseudo-
potential approach is adopted, where 15 valence electrons for B6€6q°), 14 for
Fe (30345, and 6 for O (Z2p* are treated in the basis. All calculations are
performed with an energy cutoff of 500 eV for the plane wave expansion of the PAW,
a 3x3x3 Monkhorst Pack grid of k points centred’ gtoint, and the Fermi-smearing
for the Brillouin zone integrations. To take exchange and correlation effects into
consideration, we use the semi-empirical LSDA+U method, where the strong Coulomb
repulsion between localizadl states is treated by adding a Hubbard-like term to the
effective potential, leading to a better description of the correlation effect in transition-
metal oxide. An effective Hubbard parametef 8 3 eV has been determined to be

the lower limit of what is required to ensure the insulating character of BFO. In this
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study, we use a larger value of{+ 6 eV (U =6 eV and J = 0 eV) in the framework
of Dudarev’s approach.

The 2x2x2 supercell is adopted for all the theoretical calculations in this study,
where the unit cell consists of two formula units. The 10-atom unit cell data are taken
from X-ray and neutron diffraction structural study B&c BiFeG; (a = 5.630,0 =
59.3°). Rock-salt (G-type) antiferromagetic order is assumed for all supercells. The
Fe’* magnetic moments are ferromagnetically coupled within the (111) planes and
antiferromagnetically coupled between adjacent planes. The canting of
antiferromagnetic sublattices due to the effects of nonlinearity and spin-orbit coupling,
and the spiral spin structures with a incommensurate long wavelength of about 600 A
are not discussed in this study, but will be investigated in further research. All
structures are relaxed while keeping the lattice parameters fixed until the Hellman-
Feynman forces are less than@V/A. This value has been found to give good
convergence of all quantities under consideration.

The electronic structures are also analyzed using electron localization function
(ELF), which helps to visualize the bonding and th& Bs lone pairs in real space.
The ELF is defined as:

ELF=[1+(D/D,)?]™,
where

D——Z|D |? 1|Dp| D :i(3n2)5/3p5/3
p and n 10 ,

wherep is the electron density, anfl are the Kohn-Sham wave functions. The ELF
provides a measure of the local influence of Pauli repulsion on the behavior of
electrons and permits the mapping in real space of core, bonding, and nonbonding

regions in a crystal.
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A close examination of the calculated local structures indicates tiaddes
not stabilize the ferroelectric distortion. Our calculations show that the Bi site is
strongly distorted such that only 6 of the 12 oxygen ions surroundifig&i still be
considered nearest neighbors in pRBe BiFeG;, similar to previous studies on pure
BiFeOs. Three coplanar oxygen ions lie above Bi along [111] at 2.29 A, and three sit
below at 2.50 A. Two different cation-iron (Bi-Fe) distances (3.05 and 3.88 A) are
observed along the threefold axis, which are the origin of the ferroelectricity in
BiFeOs. Contrary to the Bf ions, the L& ion shows a resistance to displacement
from its centrosysmetric position along the [111] direction, resulting in a smaller A-Fe
distance difference (3.23 A, and 3.65 A respectively,). Collectively, La-O bond is
lengthened to 2.52 A, compared to the Bi-O bond of 2.29 A in pure Bifé@eover,
the difference in bond length between the three short (1.96 A) and the three long (2.10
A) Fe-O bonds in BiFe®is reduced by La substitution (2.00 A and 2.05 A

respectively). Therefore, La ion induces only a rather small distortion and the local

lattice is moreR3c-like. Correspondingly, the ferroelectricity of BiFg®hould be

weakened by the La doping due to its resistance to off-centre distortions.
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Figure 3.24 Calculated orbital resolved densities of states (DOSs) and partial densities of states (PDOSSs)
for both spin channels &3c (a) BiFeQ and (b) La-substituted BiFgQusing a W;= 6 eV, where is

Fermi level is set to zero.

To understand the resistance to off-center displacement®6idm the orbital
resolved densities of states (DOSs) and partial densities of states (PDOSs) are
calculated and shown in Figure 3.24. Firstly, covalent Fe-O bonds are identified in
both BiFeQand La-doped BiFef)as our DOS results indicate hybridizations between
the Fe3d and O2p electrons in the whole valence band and conduction band in these
compounds. Compared with ¥estate ions, the Bip and La5d/65/4f states contribute
mainly to the conduction band, as Bi and La are in +3 states, implying the highly ionic
nature of Bi and La ions. However, occupied Bi 6s states are present at 10 eV below
the Fermi level, which are in the same energy range of O 2p states, indicating Bi-O
hybridizations. In comparison, no occupied®Lstates are found near the Fermi level,

which means that the covalency of La-O bond is weaker than Bi-O bond in bismuth
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ferrite. This observation could also be supported if the relative electro-negativities of
Bi/La to O are considered. Tiagy between O and Bi bond is 1.42, while that between
O and La bond is 2.34, therefore La-O bond is more ionic than Bi-O bond.

The resistance of Bions to off-centre distortion could also be understood by
analysis of the ELF plots for BiFgCand La-substituted BiFeO(Figure 3.25).
Consistent with previous calculations on Bike@he ELFs projected on the (111)
plane shows maximum value at the oxygen sites and minimum at the Fe and Bi sites.
The Bi 6 lone pair forms a space-filling localized lobe, typical when cation s lone
pair electrons overlap with the anion s/p states. The anisotropic nature of the lone pair
lobe results in a repulsive interaction with the nearby ions, and cause a movement of
Bi®* and F&" ions in the [111] direction, which eventually stabilize the ferroelectric
distortion in BiFeQ. In contrast, L& is not ferroelectrically active as it does not have
lone-pair lobes. ELF plot indicates that the electrons around theidra are nearly
spherically distributed, which are mainly p electrons localized at -13.5 eV below Fermi
level (not shown in Fig.1). Based on our DOS and ELF studies, it is concluded that the
distortion of lattice along (111) direction could not happen t8 lans due to the lack
of strong covalency bonding between La and O or lobe-like lone pairs localizet! at La

ions.
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Figure 3.25 Valence ELF plots projected along the (111) direction in pure E; and La-substituted
BiFeQ;. The blue end of the scale indicates no localization, and the recorresponds to comple

localization.

Like for any insulatinctransition metal oxidehe relation between the mininr
energies of @ and d charge-transfer (CTiransitions is of great importance
BiFeQs. In this study,BiFeG; is calculated to be an CT insulatwith a bandgap of
2.52 eV between occupied (2p states at the valence band maximum (VBM)
unoccupied F&d statesat the conduction band minimum (CBM)his observation is
well supported by the recent experimental and theoretical st La substitution
narrows the bandgap by 0.03 eV in this calcula (different from experimental
observation)t has been understood that the variation of the transfer interaction
3d electron depends on th-O-B tilting angle in most perovskitides, and a tilting
angle closer to 180° will lead to broader band dispersion and a narrow: gap. La
substitution slightly relieves the buckling of -O-Fe bond angle from 155.1°

therefore a slightly narrower bandgap is identif
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Table 3.2. Calculated LSDA+U structural parameters (O-Fe-O bond angle, Fe-O-Fe bond angle, Fe-O
bond length, and A-Fe distance), energetic gap, local magnetic moment of Fe, and the energy difference

between AFM and FM ordering.

A-site Cation BiFeO; (Bi, La)FeQ
Energy Bandgap (eV) 2.45 2.42
Oo-re-0(deQ) 166.4 171.1
OFe.0-re(deg) 155.1 155.8

dre-o(A) 1.96 (2.10) 2.00 (2.05)

dei.re (A) 3.05 (3.88) 3.23 (3.65)

In summary, we have studied the effect of La substitution on the structural and
electronic properties of BiFe@sing DFT calculations. It is found that¥dons have
strong resistance to the off-centre displacement, contrary tooBs whose distortions
along (111) direction result in the ferroelectricity of Bike®his behavior could be
understood by density of state and electron localization function studies. It is observed
that both the weak covalent bond betweefilamd G and the absence of lobe-like
lone pairs around *Aions contribute to the absence of displacement 3fibas.

Therefore, it is theoretically concluded that ferroelectricity is weakened by the
La substitution, which is supported by many previous experiments and our own results.
Furthermore, our calculations indicate that La substitution decreases the energetic gap
in BiFeG;, which is opposite to the experimental observations. There are two reasons
that may have caused this discrepancy; (1) the unit cell structure and size are both
fixed in the calculation; and (2) the experimentally observed increase in bandgap may
be due to elimination of shallow trap states next to the band edges. Further study
taking into consideration of the structural change upon La substitution is necessary to

clarify this issue and is currently underway.
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3.5 Summary
To summarize, we have depositedBLaFeQ; thin films using the
optimization conditions and studied their structure, electrical and optical properties

systematically. We had found that
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Figure 3.26. Changes of c-lattice as a function of La-substituted BiRafilms grown on different
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substrates with different deposition conditions. Data for the La-substituted Rifie@Ims grown on

30nm SrRu@SrTiOy/Si at 100 mTorr is adapted from Céial. [107]

(1) La-substitution induces a structure change in By-edd the substrate
constrain plays a significant role in this process. In Figure 3.26, we summarize
the out-of-plane lattice constant ofiBiLaFeG; thin films grown on different
substrates as function of La concentration. For films grown directly on $rTiO
substrates at 100mTorr, the out-of-plane lattices are the largest indicating better
coherency at the film/substrate interface. No clear phase transition is observed,
likely due to the overwhelming compressive constrain from the substrate. For
films grown at 80 mTorr oxygen pressure with/without SrRe@ctrodes, we
observed an increase in the out-of-plane lattice constants at x=0.05 to x=0.10.

This observation is repeatable and the error bars, based on measurements from
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multiple samples, are shown in Figure 3.26. Then for films grown on
SrRuQy/SrTiOs/Si at 100mTorr, the substrate compressive strain is the smallest
because of the much smaller thermal coefficient of Si. A phase transition was
reported to happen at x=0.20. [107] The concentration of La needed to induce
the structure change is affected by the constrain from the substrate.

(2) The remanant polarization along (001)c is the largest at x=0.05, which then
continuously decreases as x increases. Dielectric constant shows the opposite
trend as remanant polarization. The coercive field of.JfbiaFeC; is
successfully reduced at x=0.05 and the leakage current is decreased with La
substitution. A structure change model as shown in Figure 3.17 is proposed to
explain the observations. When La is introduced into Bi-et@ phase
transition is observed but the rhombohedral angle is increased, which leads to
the increase of remanant polarization and c-lattice. However, as La
concentration increases, the polarization and lattice distortion decreases since
La does not possess the stereochemically activeldbe pair electrons.
However, the piezoelectric coefficient is not improved.

(3) The optical bandgap of BiklLaFeQ; increases with La concentration,
consistent with the increase in the resistivity of the films. The switching of
ferroelectric polarization does not reverse the photovoltaic response, suggesting
depolarization field induced depletion layer is not the main contributor.

(4) First principles calculations also conclude that ferroelectricity is weakened by
the La substitution, consistent with our experimental observations. However,
smaller bandgap is predicted upon La substitution, which is opposite to the
experimental observations. Two possible reasons are suggested, (i) the unit cell

structure and size are both fixed in the calculation, which is not the case in
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experiments; and (ii) the experimentally observed increase in bandgap may be

due to elimination of shallow trap states next to the band edges.
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CHAPTER 4

Conclusions and Suggestions

In the course of this study, two promising lead-free ferro/piezoelectric systems,
KNN-KNT-Lgosl and BiyLaFeO; are studied in thin film form. High quality
epitaxial films were deposited on SrEi®Gubstrates using PLD. Structure and electric

properties of the films were investigated.
The main conclusions can be summarized as follows:

(1) Epitaxial films of KNN-KNT-Lg o3 are deposited by PLD using single crystal
SrTiO; as substrate. We were able to study the intrinsic properties of this
system along different crystallographic directions. It is suggested that the
superior properties of textured bulk ceramics are mainly due to extrinsic
contributions.

(2) The challenge of fabricating KNN-KNTlgsT films is associated with the fact
that alkaline elements are volatile. It is very difficult to control the film
composition precisely. Furthermore, it is not possible to confirm the film
composition accurately with current technologies. For a complex system such
as KNN-KNT-Lg ozT, its properties would certainly be affected by variation in
composition resulting from the high temperature growth process. Thus, it is
desirable to have a simpler lead-free system which is easier process and study.
Therefore, a simpler lead-free ferro/piezoelectric, Bif-d@@sed system is
suggested.

(3) La-substitution induces a structure change in B@-edd the substrate

constrain plays a significant role in this process. In Figure 3.22, we summarize
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the out-of-plane lattice constant of BijLa.FeG; thin films grown on different
substrates as function of La concentration. For films grown directly on $rTiO
substrates at 100mTorr, the out-of-plane lattices are the largest indicating
better coherency at the film/substrate interface. No clear phase transition is
observed, likely due to the overwhelming compressive constrain from the
substrate. For films grown at 80 mTorr oxygen pressure with/without SrRuO
electrodes, we observed an increase in the out-of-plane lattice constants at
x=0.05 to x=0.10. This observation is repeatable and the error bars, based on
measurements from multiple samples, are shown in Figure 3.26. Then for films
grown on SrRu@SrTiOs/Si at 100mTorr, the substrate compressive strain is
the smallest because of the much smaller thermal coefficient of Si. A phase
transition was reported to happen at x=0.20. [107] The concentration of La
needed to induce the phase transition is affected by the constrain from the
Substrate.

(4) The remanant polarization along (001)c is the largest at x=0.05, which then
continuously decreases as x increases. Dielectric constant shows the opposite
trend as remanant polarization. The coercive field ofi.fbiaFeQ; is
successfully reduced at x=0.05 and the leakage current is decreased with La
substitution. A structure transition model as shown in Figure 3.17 is proposed
to explain the observations. When La is introduced into BiFeibe
rhombohedral angle is increased, which leads to the increase of remanant
polarization and c-lattice. However, as La concentration increases, the
polarization and lattice distortion decreases since La does not possess the
stereochemically active Bdone pair electrons. However, the piezoelectric

coefficient is not improved.
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(5) The optical bandgap of BilLaFeQ; increases with La concentration,
consistent with the increase in the resistivity of the films. The switching of
ferroelectric polarization does not reverse the photovoltaic response, suggesting
depolarization field induced depletion layer is not the main contributor.

(6) First principles calculations also conclude that ferroelectricity is weakened by
the La substitution, consistent with our experimental observations. However,
smaller bandgap is predicted upon La substitution, which is opposite to the
experimental observations. Two possible reasons are suggested, (i) the unit cell
structure and size are both fixed in the calculation, which is not the case in
experiments; and (ii) the experimentally observed increase in bandgap may be

due to elimination of shallow trap states next to the band edges
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For the future work, we suggest the following direct

(©) (d) (€)

Figure 4.1. Valence ELF plots projected along the polar [111] axis-2) plane) in (a) pure BiFes,

(b) Sb, (c) Sc, (d) Y, and (e) -substituted BiFe@ The verticalmiddle axis indicates the order of-
Fe-Bi-Fe-Sb(Bi)-Fe-Bi-Féi. The blue end of the scale indicates no localization, and the re

corresponds to complete localizatiFigures adapted from Zhaegal. [135]

In order to obtair enhanced dielectric and piezoelectric responses ir
BiFeOs-based systemit is important to choose an end member that is (i) eleci
active (antiferroelectric or ferroelectric) and (can inducea phase transition in tt
solid solution system. According to Zhaet al., the Sc and Y elements, which h:
similar atomic configuration with La, could lead to more significant ferroele
distortion than Labased orfirst principles calculations. This offentre displacemel

is attributable to the fact that ** and Y¥** have smaller ionic size and larger ele-
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negativity than L&', leading to stronger Sd-O 2p and Y 4d-O 2p hybridization. He

also found that the A-site substitute *Sshows off-centre distortion and stabilized by

s electron lone pair. It is also calculated that the strong Sb-O hybridizations leads to a
greater stereochemical activity of the Sb lone pair than that of Bi lone pair, giving rise
to a larger ferroelectric distortion of Sb along the [111] direction. Therefore, such

elements could be explored in the future.
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Appendix A

Principles of Piezoelectric Force

M icroscopy
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Figure A.1. Schematic illustration of the PFM setup. Figure adapted from Chandran S. G.[136]

Piezoelectric property characterizations, thgrdeasurement and ferroelectric
domain imaging are performed using atomic force microscope (AFM). This technique
has been used to characterize ferroelectric thin films by many groups.[40, 137-139]
The system uses an AFM tip to detect the vibration of a ferroelectric sample, which is
induced by an ac voltage. Figure A.1 describes schematically the typical system set up.
A voltage at frequencyo is applied through the conducting tip, which causes the

sample area under the electric field to vibrate at the same frequency due to the
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converse piezoelectric effect. This vibration then forces the AFM tip to oscillate, and
the modulated deflection signal is detected using the lock-in amplifier. The outputs
from the lock-in amplifier (internal or external) can be displayed quantitative)ydqd
gualitatively (domain imaging).

In the imaging mode, the conducting tip is placed directly on the sample
surface. An electric field is generated underneath the tip and excites local response.
The response reveals local domain orientation information. By scanning the tip along
the sample surface, domain configurations of the sample can be mapped out. The
resolution of the domain features depends on the sharpness of the tip.

In the quantitative (or#) mode, the voltage is usually applied through the tip
to a Pt top electrode prepared by normal photolithography method. This is to ensure a
homogenous electric field under the electrode. It also prevents the buildup of charges
underneath the tip and minimizes the electrostatic interaction between the cantilever
and the sample. Usually, the frequency of the AC field applied through the tip is lower
than the resonant frequency for quantitativg theasurement. This is to avoid
mechanical resonance of the cantilever, which may leads to exaggeration ef the d
value. We use heavily doped silicon tips, which were coated with a layer of Pt/Ir alloy

for the measurements. The measurement frequency used is 10 kHz.

8000 — y=396.01x - 44.63
6000
40007

20007

Quartz Displacement
(Lock-in reading, Computer Units)

o
1

0 5 10 15 20
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Figure A.2. Calibration of piezoelectric response using a quartz sample. Figure adapted from Chandran
S. G.

To calibrate the output signal from the photodiode, we used x-cut quartz crystal
coated Au electrodes on both sides. The crystal is driven from 0 to 20 V (peak-to-peak)
and the displacement of the tip is recorded. The result is shown in Figure A.2. The
slope of the linear displacement vs. voltage plot is equal tosthef duartz, i.e., 2.3
pm/V.[140] This approach has been used by many groups, and the results are

consistenf136jand reliable.
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