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Abstract

Lead zirconate titanate (PbZrxTi;.xO3, PZT) has attracted immense attentions
over the past few decades. In recent years, researches have shown that the properties of
PZT are dramatically improved in the epitaxial films at the nano scale. In particular, the
functional properties of PZT such as polarization switching and imprint can be greatly
modulated by the interfacial conditions. In this dissertation, we investigated interfacial
effects on the ulra-thin PZT films (thickness< 10 nm) which were prepared via laser
pulsed deposition (PLD). The structural and ferroelectric properties characterizations
were carried out via transmission electronic microscopes (TEM), X-ray diffraction
(XRD) and piezo-response force microscopes (PFM). In order to present systemic
studies on engineered ferroelectric properties, the PZT thin films with different
interfacial modifications were studied. The key objectives of this dissertation can be

divided into three parts.

In the first part of this thesis, we focused on the engineering of polarization
rotation in ultra-thin bilayered epitaxial (001) PZT film (tetragonal PbZry 3Tig ;03 (PZT-
T)/ rhombohedral PbZrgssTip4503 PZT-R). Robust and reversible in-plane and out-of-
plane polarization can be observed at nano scale. The top PZT-T layer is decoupled
from the clamping effect of substrate due to the inserted 20 nm thick PZT-R layer.
Moreover, the PZT-R layer reduces the symmetry of PZT-T layer by introducing an in-
plane tensile strain. These facilitate large-scale reversible polarization rotation and great
dielectric and electromechanical responses of PZT bilayer. This study has published in

Advanced Material Interface ™.

The effect of an intentional a large depolarization field on PZT (PbZro2TigsO3)
is investigated in the second part of this thesis. The depolarization field is achieved by

3



introducing SrTiO3 (STO) in two 3 nm thick PZT ultra-thin film epitaxially grown on
(001)-oriented STO substrate. By varying the inserted STO spacer between 3 to 10 unit
cells between two 3 nm thick PZT films, the d-spacing and as-grown domain state are
significantly affected. A 6 nm thick single PZT film was also deposited as reference.
This ‘reference’ sample shows elongated PZT c lattice parameter (0.416 nm) and major
monodomain with polarization downward and certain imprint in the switching loops
under external bias. By contrast, STO spacer changes the domain state from
monodomain to 180° polydomain in virgin state from the PFM results and hence
reducing the imprint by 80%. In addition, the time duration of external electric field to
cause domain switching is decreased by two orders of magnitude regarding the

‘reference’ sample. This work has published in Advanced Material Electronic .

In the third part, we provide further investigation on ultra-thin PZT films with
inserted STO spacer. Specifically, the 2 nm bottom electrode (LSMO) is replaced by 15
nm LSMO which is metal-like in all epitaxial PZT films. The PFM results indicate that
the 180° polydomain transfers from stripe-like to bubble-like configuration. According
to PFM and TEM, the nano bubble domains are induced by the net effect of polarization
field and appreciated screening in ultra-thin ferroelectric film. Moreover, the bubble-

like domains turn into strip-like domains during relaxation by the scanning process.

In summary, this thesis shows that it is possible to engineer novel domains in
ultra-thin ferroelectric films and hence functional performances via interfacial

engineering of mechanical and electrical boundary conditions.



Thesis Outline

The objective of this dissertation is a systemic investigation of ferroelectric
properties of the ultra-thin ferroelectric (PbZrxTil-xO3) films. The thesis outline is as
follows: In the chapter one, the research background as well as the experimental details
are introduced comprehensively. Following a brief discussion on ferroelectricity, the
next part of chapter one explores unique properties for ferroelectric films in nanoscale.
Subsequently, the principles of thin film deposition processes and the characterization

methods to fulfil these projects are discussed.

Chapter two reviews the engineering of polarization rotation in bilayered epitaxial
ferroelectric film. In this study, 20 nm thick PbZryssTig4503 (PZT-R) was employed to be a
buffer layer between top PbZry,TiggOs (PZT-T) and bottom Lage,SressMnQOs electrodes on
(001)-oriented SrTiO3 (STO) substrate. The introduced PZT-R layer reduced the symmetry of
thin PZT-T top layer and caused reversible in- to out-of-plane polarization rotation in the film.
This demonstrates that the clamping effect is prohibited and large-scale polarization switching

as well as great effective dg; is achieved. -

Chapter three demonstrates the positive effects of depolarization field on ferroelectric
heterostructure via the purposeful insertion of STO paraelectric spacer. By tuning the thickness
of STO spacer from 1 unit ccell (u.c.) to 10 u.c, the total electrical behaviour si drastically
modified. Specifically, the polarization imprint reduces by approximately 80% for the design of
PZT/3u.c. STO/PZT on 2 nm thick LSMO bottom electrode. The speed for external-induced
domain switching increases 2 orders of magnitude in comparison to single PZT layer film
sample. Additionally, the homogeneous polarization domain of reference sample (single PZT
layer film) is broken into 180° polydomain in the as-grown state by inserting STO spacer (i.e. 3

u.c. STO sample). The inserted STO layer also suppresses the c-lattice of PZT layer efficiently.



Chapter four continues this investigation on the effects of depolarization field in ultra-
thin films. The PZT/STO/PZT heterostructures were deposited on 15 nm thick LSMO bottom
electrode which shows metal-like conductivity (carriers density is ~10%%cm?®). The
monodomain for a single PZT layer is broken into 180° polydomain (as presented in the chapter
four), and the proportion of antiparallel polar domains increases with STO spacer thickness. In
addition, the 180° polydomain forms bubble-like pattern rather than stripe-like pattern at the top
PZT layer. The radius of the bubble domains is approximately 10 nm some of the smallest in the
ferroelectric films. More importantly, it is noticed that tiny bubble domains are in metastable
state. Under the scanning of piezo response scanning microscope (PFM), the bubble domain

eventually promotes into strip 180° stripe domain configuration.

Chapter five gives the conclusion of this thesis and presents the future work for

ultra-thin ferroelectric films.



Chapter 1 Literature Review

1.1 Ferroelectricity

1.1.1 Introduction

Ferroelectricity is a property by which certain materials have spontaneous
polarization and this polarization can be reversed by external electric field ™! In some
materials, the polarization is almost a linear function when they are polarized by
external electric field, and this property is defined as dielectric polarization. When the
polarization demonstrates nonlinear enhancement with external electric field, such a
material is called paraelectric. Unlike the paraelectric and dielectric materials,
polarization-applied electric field dependence produces hysteresis loops (typical
ferroelectric hysteresis loop is shown in Fig. 1.1) in ferroelectric materials. From the
prospective of crystal structure, there are 10 classes of crystal structures among 32
crystal families show polar axis where spontaneous polarization exists. Within these
crystal classes, ferroelectricity is present when two or more spontaneous polar states can
be stabilized in the absence of external electric field and the polar states can be switched
from one polar orientation to another within the existence of sufficient external electric
field. Additionally, the ferroelectricity only shows up below a certain temperature
called Curie temperature, T.. Ferroelectric materials experience thermal phase transition
from non-ferroelectric phase, i.e. paraelectric phase, to ferroelectric phase when

temperature decreases below T.. The paraelectric phase always has a higher structural

symmetry than its ferroelectric phase.
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Fig. 1.1. 1 Typical ferroelectric hysteresis loop® Ec is coercive electric field, Ps is
the spontaneous polarization and Pr is permanent polarization

1.1.2 Ferroelectric domains and domain walls

Ferroelectric domains are the regions with identical spontaneous polar state in
ferroelectrics. In general, the spontaneous polarization cannot be entirely uniform even
in the defect-free ferroelectric single crystal because it is energetically costly.
Ferroelectric domains form to minimize the overall free energy. This can be realised by
180° domain formation (electric energy minimization) and 90° domain formation
(electric and elastic energy minimization) in tetragonal ferroelectrics. The boundary
which separates domains is called domain-wall. In this case, boundary between two

antiparallel domains is defined as 180° domain walls as described in Fig. 1.2 (a). The



boundary between two regions where the polarization rotates 90° is defined as 90°

domain wall as shown in Fig 1.2 (b).

domain
...ps___—lf—— +Ps  wal 7
region
domain wall region

Fig. 1.1. 2 Schematic of 180° domain wall (a) and 90° domain wall (b) in
ferroelectrics &

1.1.3 Depolarization field and strain coupling effects in ferroelectrics

At ferroelectric surface, surface charges are formed due to the discontinuity of
polarization. Those charges associated with polarization discontinuity produce electric
field to the sample externally and internally. The internal field is defined as
depolarization field because of its opposite direction to the spontaneous polarization.
Through introduction of 180° domains, electrostatic energy generated from
depolarization field is minimized in ferroelectric materials. To be specific, the
depolarization field can be decreased by splitting domains with opposite polar
orientations in ferroelectrics to reduce the magnitude of polarization at ferroelectric
surface. Another dramatic feature of ferroelectric materials is the coupling effect to

strain. [® For example, when a cubic crystal transfers to uniform ferroelectric tetragonal,



the coupling effect can be described in this case is uP2 [V where p is tetragonal strain
field and P depolarization. Depending on the symmetry, the relationship can be varied
as linear pP oru?P. However, the strain-polarization is far more complicated in real
cases as the presence of domain walls brings other types of energy involved. Especially
for the 90° domain walls (indicated by Fig. 1.2 (b)), the 90° domains disturb the strain-
field and bring non-uniform strain in the ferroelectric. Thus, domain-wall displacement
has significant external effect on the piezo-electric. ', dielectric ! and elastic

properties ™ in ferroelectric materials as extrinsic contribution.

1.1.4 Ferroelectric metal oxides thin films features and applications

The ferroelectric properties can be either improved or custom-engineered in thin
films. Hence, making these ferroelectric materials thin film is attractive from
applications’ perspective and hence has attracted tremendous great attention for the past
few decades. The typical applications include ferroelectric memory device and

ferroelectric field effect transistors:

(1) Ferroelectric memories device: Unlike dielectric materials, polarization
states are stable in ferroelectrics and also are switchable by sufficient external field.
Ferroelectrics can be designed as storable devices by recording information with
purposely switching the polarizations under external electric field. Ferroelectric access
memories (FRAMSs) were regarded as an alternative for Silicon based dynamic random
access memories (DRAMSs)! because their high dielectric constants. The challenge is
to produce ferroelectric film in the extremely thin region to meet the coercive voltage
requirement (<5V) of the semiconductor roadmap ™2, With advanced film deposition
techniques such as pulsed laser deposition (PLD) in this thesis, ultra-thin film

ferroelectrics are achievable but the reliability issues and theoretical understanding are
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still not fully resolved. The main ferroelectric material for this thesis, Lead zirconate
titanate (PZT), has been the most promising candidate for ferroelectric memories

devices 3.

(2) Ferroelectric field-effect transistors (FE-FET): In a FE-FET, the insulating
layer of a standard transistor is replaced by ferroelectric layer. Through the switching
polarization direction of the inserted ferroelectric layer, the conductivity can be
modulated in the FE-FET. The main drawback of a ferroelectric FET is long-term data
retention failure **. So far, FE-FET retention has been improved by using thicker
ferroelectric films and making better contact with Si [*®1. An alternate approach,
properties of correlated oxide systems are adjusted through the modulation by a

ferroelectric field 191,

Since most of ferroelectric films display unusual behaviours when the thickness
is decreased to nanoscales ', investigations based on thin-film ferroelectrics is not only
attraction from a device perspective but is also a rich and fertile playground to

understand for low dimensional behaviour in strongly coupled materials.

e Inultrathin ferroelectric film, the scaling effect (E, = d_2/3) fails to predict the
relationship of coercive field and film thickness in nano-scale as the
depolarization field is limited by incomplete screening in electrodes 7).

e The polarization switching (hysteresis behaviour) is quite different from thin
film to bulk in identical ferroelectric material . The remanent polarization of
film is lower than the counterpart in material in general.

e Another feature is the tilted hysteresis loops in ferroelectric films. This feature
can be explained that a dielectric layer is formed on top of thin films. The

dielectric layer (passive layer) is divided into two parts generally. One is
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generated during the deposition of top electrodes and the other is originated
during repeated cycling (e.g. fatigue testing) ™. The passive layer (dielectric
layer) can be detected between the top electrode and ferroelectric layer.

e Apart from the above, the remanent polarization and switching behaviours
heavily depended on the processes of sample fabrication. Hence the lower
thickness can play a crucial role to improve performance of ferroelectric films

depending on the techniques of thin film synthesis.

1.2 PbZr,,Ti,O3 (PZT) introduction

Among all ferroelectric materials, the PZT family is most popular class due to
their outstanding ferroelectric, electromechanical and dielectric properties. In this thesis,
thin films of the PZT family are extensively studied. PZT has a typical perovskite ABO3
crystal structure as shown in Fig 2.1. In this structure, the A-sites are occupied by large
cations (Pb in this case) and B-site is occupied by the other cations (Zr/Ti). O atoms are
at the face centre forming octahedral structure. Today, many perovskite single crystal
substrates are available for strain engineering of PZT such as LaAlO; % YAIO5Y,
LaSrAIO, 2 and NdAIO3?¥. In this thesis, we focus on SrTiOs substrate as they are
known to impose a compressive strain on PZT ferroelectric films and have <3%

mismatch with PZT to promote high quality epitaxial growth.
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Fig. 1.2. 1 ABOs cubic Perovskite structure 24

As shown in Fig. 2.2, the PZT structure changes from tetragonal structure
(x<0.52) to rhombohedral structure (x>0.52) as a function of Zr proportion below Curie
temperature in ferroelectric state 2> ?®1. The body-centre ion (Ti*" or Zr*") of unit cell
can be polarised by external electric field in [111] (rhombohedral structure) or [100]
(tetragonal structure) direction. In addition, a morphotropic phase boundary (MPB) is
found in phase transition diagram. The electromechanical and dielectric properties of
PZT are greatly improved at the MPB. The reasons for these are varied and the origin is

still under some debates.
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Fig. 1.2. 2 Phase diagram of PZT: C is the paraelectric cubic phase Pm3m above
Curie temperature, O is the antiferroelectric orthorhombic Pbam. All other phases
belong to ferroelectric phases: T region is tetragonal PAmm, T is tilted tetragonal
l4cm, R+M presents the mixed titled rhombohedral R3m and monoclinic Cm,
(R+M), is mixed titled rhombohedral R3c and monoclinic Cm, (R+M), is mixed
rhombohedral and monoclinic with tilted intermediate ).

1.3. Experimental introduction

1.3.1 Ferroelectric thin films synthesis- pulsed laser deposition (PLD)

1.3.1.1 Pulsed laser deposition introduction

Among all techniques in deposition community, PLD has become one of the
most popular methods due to its capability for producing the high quality and uniform
films and heterostructures with a relatively high efficiency. Target materials are ablated
into substrates with stoichiometry composition and desirable uniformity under

optimized conditions. Another advantage of PLD is that it is easily to grow
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heterostructure. During the deposition, heterostructures or superlattices with careful
designs are achievable under program of rotating targets within interval of pulse laser
multiple targets can be loaded on a rotating holder to grow samples with different

materials.

During the deposition process, a high energy pulsed laser is fired into the target
surface to excite the superficial materials. The activated atoms or molecules are
combined as thin film on the substrate in the form of plasma plumes. The deposition can
be conducted either in ultrahigh vacuum or in specific gas atmosphere. This is the
reason that PLD usually is employed to deposit oxides film with oxygen in the

deposition chamber (%7

. Fig. 3.1 shows the common PLD configuration during
deposition processes. The laser beam with desired energy and frequency goes through
the focussing lens and chamber window firstly to concentrate on the target in a smaller
area through a focusing lens to reach high energy density. When the laser beam reach

and activate the surficial atoms of target, these excited particles are evaporated to the

substrate as plasma plume.
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Fig. 1.3. 1 Diagram of Neocera PLD system for samples synthesis in this project

1.3.1.2 PLD for PZT growth:

Knowledge of PZT ferroelectric film growth focuses on Pb loss minimization,
pyrochlore phase elimination, surface particles reduction and large-area uniformity.
Firstly, laser ablation brings significant changes on surface of targets. The ablation leads
to topographical changes which in turn changes the deposition. Thus eventually the
deposition rate is altered. The measured deposition rate as a function of the ablation
time for PZT targets as shown in Fig 3.2/®!. As we can see, the growth rate of PZT is

not linear, can be expressed as

Ry = (Ro — Roo)exp(_ t/‘[) + Ry 1)
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from Eq. (1) where R, is the rate at starting, R, is the rate at infinite time, and t is the
delay time constant. R, and R valve relate to laser power density, repetition rate,
properties of target (themal conductivity, absorption and melting point) and processing

conditions (gas pressure and target-substrate distance).
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Fig. 1.3. 2 Deposition rate as function of time for PZT, MgO and LSCO targets.
The fitting is carried out by equation

(1) Energy dependence of ablation rate for PZT growth:

The laser beam energy is a key factor in optimizing thin films. Laser bean
energy can define the initial amount of material to be ablated from targets. There are
two general regimes about deposition rates as function of laser energy. One is
evaporation regime using lower energy and the other is ablation regime with high
energy. In evaporation regime, the relationship of deposition rate and laser energy is
nonlinear but appears to be linear in ablation regime *°!. However, for PZT growth, the
deposition rates are almost proportional to input energy. This evidently explains that

PZT evaporation rate is comparable with ablation rate so the threshold is covered
17



between two regimes. Film quality is highly connected with rate regimes as the ablated

species distribution can be very diverse from different regimes.

(2) Pressure effects on angular distribution of ablated materials:

Aside the laser energy, the composition stoichiometry and thickness uniformity
of deposited film is strongly determined by ablated flux distribution. Background gas
plays an important role in shaping angular spread. The ablated flux is clearly visible as
plume during PZT deposition. The PZT plume is narrow when the oxygen pressure
increases with and the colour changing from white-blue (vacuum) to yellow-orange
with white-blue at centre of plume. It is note that the colour transformation of PZT is
due to reactions between ablated species and oxygen. In spite of this, the angular
distribution of ablated PZT is significantly affected by the working pressure. As studies
shown % the increased oxygen pressure makes ablated distribution more focused. The
ablated distribution becomes boarding when oxygen gas is too high because gas
scattering effect under high gas pressure. In conclusion, the laser plume narrowing is
actually determined by both the working gas pressure and the laser energy. Within in
low laser energy regime during ablation, the increased pressure reduces the deposition
rate due to scattering effect. In high energy regime, the deposition rate increases initially
according to plume focusing effect from high gas pressure. But the deposition rate starts
decreasing because too much working gas (for example, the ablation rate of PZT
decreases when gas pressure is above 300 mTorr). For non-react working gas, no
focusing effect can be observed but scattering effect is still active to decrease deposition

rate.
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(3) Other factors also influence deposition rates and films qualities:

e Deposition rate changes with time duration. This is because targets’ surfaces
qualities’ variation in the deposition. For instance, during long time growth, the
ablation distribution changes dramatically from a fresh polished surface.

e The distance between target and substrate is also important. The ablated plume
divides into two parts: front plume has highest flux density and the centre of
plume has less working gas according to colour indication. Mor importantly, the
two region of plume have their own effects on the ablated species energy, the
chemical state and ratio of oxygen/ablated species. In boarder plume region, gas
scattering effect greatly decreases the energy of ablated species. However, the
reactions of oxygen and ablated species are enhanced at this regionduring
deposition. In the plume focusing region, the ablated species are less affected

because ablated materials travel through less oxygen area,

1.3.1.3 Synthesis of electrode films
The electrode-ferroelectric interface is very crucial to the realization of

391 For example, fatigue can be overcome by

commercial ferroelectric devices
replacing the metal bottom electrodes to lanthanum strontium manganite (LSMO)®?Y or
strontium ruthenate (SRO)?. The conventional bottom electrodes Pt, normally noble
metals, cause large grain boundaries to ferroelectric films even in a nanoscale due to
lattice and thermal mismatch. This enhances the degradation of device performances
because of charge segregation and decay between ferroelectric layer and electrodes. By
applying perovskite bottom electrodes with analogous lattice parameters or pseudo
lattice constants (pseudo cubic lattice parameter of is LSMO 3.876A and the SRO is

3.93A) to PZT, epitaxy of ferroelectric layer on electrodes is successfully fabricated

which results in superior reliability.
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1.3.2 Nanoscale imaging of domain dynamics in ferroelectric thin film

1.3.2.1 Piezo response force microscope

Characterizations of piezo response and domain structure are carried out using
piezoresponse force microscope techniques **!. These approaches provide advanced and
fast ways to visualise domain structure and related functions at the nanoscale without
damage and easy specimen preparation. As an extension of AFM in contact mode,
Piezoresponse Force Microscope (PFM) processing is based on detection of local
piezoelectric vibration of the ferroelectric sample by applied reference AC signal. Due
to piezoelectric response, the AC bias which feed on sample surface would result
sample local displacement to cantilever. Subsequently the vibrated deflection is
recorded in response to AC signal on photodiode and picked up by internal amplifier.
There are two possibilities of piezo response can be detected from tip-sample
interactions. One is vertical deflection which records out-of-plane piezo response

component while the other is torsional deflection records in-plane component.

PFM experimental setup is shown in Fig. 3.3, which includes two external lock -
in amplifiers are used to tracks in-plane and out-of-plane piezo responses and a
conductive tip holder. Due to AC voltage need to apply through tip, conductive tip
(Cr/Pt coated silicon tips used in this study, Multi75-G, Budgetsensor) is employed as

conductive electrode to determine ferroelectric information of sample.
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Fig. 1.3. 3 schematic PFM setup for imaging ferroelectric domains

1.3.2.2 Vertical PFM

As Fig. 3.4 (a) indicates, AC voltage places on sample
Ve = sin(wt) (2)

Surface displacement information of sample depending on external bias are collected
from out-of- plane deflection. The relationship between deformation and electric field in

vertical direction is defined as
z = d33Vy + d33Vyesin(wt + @) 3)

where z is small tip movement induced by external electric field and d55 is piezoelectric
rand-3 tensor component which links to vertical movement B4, The phase ¢ gives
information for different polarization regions in ferroelectric films, i.e. ¢ = 0° means
positive voltage causes out-of-plane enlargement when applying to region with

downward polarization. On the contrast, in downward polarization areas, the movement
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is opposite and ¢ = 180° in eq. (3). Thus, during the PFM scan, three outcomes are
obtained including surface topography, PFM amplitude images derived from deflection
vibrations of piezo effect and PFM phase images which indicate areas with antiparallel

polarization.

Dual AC Resonance Tracking (DART) Mode: To produce measurable feedbacks
to single lock-in amplifier, the driving voltage could be as high as several volts in
certain materials. However, the ferroelectric polarizations could be reversed or broken
down under such high external voltages, especially for ultra-thin films (PZT) in this
study, and the detected PFM outcomes are not trust worthy. In addition, many studies
have shown that PFM feedback signals are enhanced when tips drive at resonance P so
it is promising for nanoscale ferroelectric characterization. However, resonance driving
frequency on cantilever also brings significant crosstalk to phase and amplitude
measurements %31 Thus, we employ DART-PFM in this thesis as it yields accurate
PFM measuring at or near resonance without crosstalk issue. As shown in Fig. 3.4 (a),
DART mode requires two referenced signal from two separated lock-in amplifier.
Conductive cantilevers are continuously driven by two sets of oscillation voltage at
resonance frequency during imaging. The sum of deflection is then collected and sent
back to two lock-in amplifier with respect to each resource signal. Throughout the
scanning, DART mode differs two sets of driving frequency (f; is below resonance and
f> is above) but the difference (Af) is retained constantly. As shown in Fig. 3.4 (b), the
arising amplitudes (A, and A, ) are equivalent to each other. Accordingly, PFM
crosstalk or other artificial signals are recognised when unequal amplitudes (4, # A4,)
appear and eliminated eventually by input frequency adjustment™®. All of vertical

images in the thesis were achieved using DART mode in Asylum PFM.
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Fig. 1.3. 4 schematic of DART mode PFM setup and (b) In DART mode, the
driving frequencies (fq,f2) are set near resonance and the piezo amplitudes
(A4, A,) are monitored to be constant during scanning.

1.3.2.3 Lateral PFM

Lateral PFM refers to the technique which is capable to acquire lateral piezo
information from in-plane surface vibrations. Fig 3.5 (b) explains that shear deformation
occurs when tip scans across in-plane domains (a domains) ®°. The shear deformation
is observed through deflection lateral torsion on photodiode. Similar as out-of-plane
phase, in-plane PFM phase images are used to determine polar directions as antiparallel
polarization is differed during the measurement %!, Combining with vertical PFM, it is
possible to draw ferroelectric polarizations in 3-dimensional scales due to the successful
description of in-plane and out-of-plane domains!*as illustrated in Fig 3.5 (c). Similar

as out-of-plane equation, the d,s (rand-3 tensor component) is used to describe AC
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voltage-induced surface shearing deformation in polarization x (B ). Accordingly,

laertal deflection is defined as

Ax = tdsV,.sin(wt + @) 4

The phase ¢ contrast also can identify antiparallel domains in x direction. In-plane

domains at y direction is achievable by scan same areas after sample 90° rotation.

Fig. 1.3. 5 schematic of (a) vertical and (b) lateral vibration during piezo-response
force microscope scanning. (c) illustrates 3-dimensional polarization imaging by
LPFM and VPFM combination*?

1.3.2.4 Lateral PFM flexure or buckling
As explained above, the principle of PFM measurement is determined movement

of conductive-AFM probes in response to applied AC voltage. Specifically, vertical
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polarization induces out-of-plane electromechanical reaction to cantilever and lateral
polarization result in torsional reaction to cantilever which is known as VPFM and
LPFM. However, lateral information can be mistaken as vertical deflection in some
cases. As shown in Fig 3.6, when in-plane polarization vector or component of in-plane
polarization vector aligns with cantilever parallelly, the piezo-response produces

longitudinal flexure instead of lateral torsion or vertical movement [*3],

@ HH S

1
(& e
N
© =
/

Fig. 1.3. 6 schematic of different cantilever movements includes (a) vertical
deflection in response to out-of-plane polarization; (b) lateral deflection in
response to in-plane polarization which is perpendicular to cantilever axis; (c)
vertical deflection is caused by longitudinal flexure!**!

1.3.2.5 Spectroscopy modes

Through spectroscopy mode in Asylum PFM, local ferroelectric properties such
as local hysteresis loop, imprint and coercive voltage are easily attainable. The ability of
ferroelectric detection using a conductive cantilever realizes characterizations in
nanoscale, for example on gain boundaries of domain or films’ defects. However, the
accuracy for cantilever on desirable locations is hard to achieve due to drifting of
macroscopic. Switching spectroscopy PFM (SS-PFM) is a new approach to validate
spectroscopy mapping in real space. Combining with scanned topography and PFM
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images in the identical areas, the local ferroelectric performances can be related with
positions within ferroelectric materials or nanostructures. A sine wave is used in SS-
PFM which consists of square steps with constant time interval and the voltage is re-set
to zero between voltage steps. SS-PFM is capable to determine ferroelectric hysteresis
loops in a grid map on surface. In addition, input signal is programmable on users’

requirement.
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Chapter 2 Reversible polarization rotation in epitaxial

ferroelectric bilayers

Abstract

Polarization rotation engineering is a promising path to giant dielectric and
electromechanical responses in ferroelectric materials and devices. In this work, we
demonstrate robust and reversible in- to out-of-plane polarization rotation in ultra-thin
(nanoscale) epitaxial (001) tetragonal PbZro3Tig703 (PZT-T)/rhombohedral
PbZrys5Tip.4503 (PZT-R) ferroelectric bilayers. An underlying 20 nm thick PZT-R layer
reduces the symmetry in a 5nm-thick PZT-T layer by imposing an in-plane tensile strain
while simultaneously decoupling the PZT-T layer from the substrate. This prevents
clamping and facilitates large-scale polarization rotation switching (~60 pC/cm?) and an
effective ds3 response 500% (~250 pm/V) larger than the PZT-R layer alone.
Furthermore, this enhancement is stable for more than 10" electrical switching cycles.
These bilayers present a simple and highly controllable means to design and optimize
rotational polar systems as an alternate to traditional composition-based approaches.
The precise control of the subtle interface-driven interactions between the lattice and the
external factors that control polarization opens a new door to enhanced — or completely

new — functional properties.

2.1. Introduction

Ferroelectrics are an important class of ferroic materials in which the order
parameter - spontaneous polarization - is defined by the distribution of charge within the
crystalline structure!®. Under an external electric field, polarization couples to a strong,

anisotropic electromechanical response. The traditional approach to electromechanical
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enhancement is therefore to align the polarization vector parallel to the field direction.
However, a newer, and more effective approach, is polarization rotation engineering, in
which the polarization vector is canted away from its nominal direction such that it
rotates under off-axis applied fields (**. Such rotational polar domains can result in
giant piezoelectric and dielectric coefficients up to 3000 times larger than the intrinsic

lattice expansion[*®!.

Canting the polarization vector necessitates a phase transition from the higher-
symmetry structure (e.g. tetragonal), where the spontaneous polarization vector is
restricted by symmetry to specific crystallographic directions, to a lower-symmetry
structure (e.g. monoclinic) where it is confined to only a plane®”’. This has previously
been attempted through chemical modification (classically through a morphotropic
phase boundary) 8 or complex microstructural configurations™*’. In bulk single
crystals or ceramics this may be induced through large hydrostatic pressure (several

GPa) without mechanical failurel®®.

In epitaxial thin films, polarization rotation engineering is achieved by carefully
tuning the electrical and mechanical boundary conditions. In the simplest case,
symmetry can be lowered through epitaxial strain alone ®: low-symmetry phases with
rotational polar domains can be induced in a nominally tetragonal film with out-of-plane
spontaneous polarization (i.e. along the c-axis) by applying an in-plane tensile strain
(Fig. 2.1(a)). Catalan et al. P reported strain-induced rotational monoclinic ac and r
phases (nomenclature first suggested in ¥ and then expanded in Pertsev ) in 5nm-
thick lead titanate (PbTiO3) grown coherently on DyScO3 substrates. However whether
an applied electric field would re-cant the polarization or not was not discussed. The

most plausible outcome would be that the substrate induced constraint would have
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pinned the polarization moment. First-principles theoretical studies also suggest this can
be achieved through phase transitions that help polarization screening in order to
minimize the electrostatic energy related to a depolarization field®" That is, for ultra-
thin films the electrical boundary conditions are equally important. Indeed the
combination of both electrical- and strain-driven transitions has also been exploited in
PbTiOs-based bi- and trilayer ferroelectric superlattices to induce polarization rotation
and enhance electromechanical properties® %% Crucially, however, the best-performing
superlattices had tetragonality greater than one (based on average lattice parameter),
meaning that - although canted - the polarization vector was predominantly out-of-plane.
In other words, tuning the interface boundary conditions such that canting of the “as-
grown” polarization vector causes it predominantly lie along in-plane direction, and its
subsequent reorientation to an out-of-plane direction still remains elusive. Achieving
this is significant as such re-orientation would result in some of the highest
electromechanical strains, and hence piezoelectric coefficients possible. More recently,
Noheda et al. "showed that a monoclinic phase could be induced in tetragonal barium
titanate (BaTiO3) under appropriate mechanical and electrical boundary conditions. In
this case, piezoresponse force microscopy (PFM) demonstrated in-plane domain
switching and robust piezo-hysteresis loops, albeit without quantitative measurements
of the effect of polarization rotation. Whether it is ever possible to achieve reversible
rotation of an in-plane canted polarization to out-of-plane under an applied electric field

therefore remains an open question.

The key obstacle to realizing the full potential of rotational polar domains is that
the substrate-induced clamping is simply too strong — the very substrate that drives the

polarization rotation also inhibits switching. This necessitates not only an innovative

29



means of inducing the tensile strain-driven polarization rotation, but also a simultaneous

consequence of eliminating mechanical constraints to the polarization switching.

We show reversible polarization rotation can be achieved in ultra-thin
(nanoscale) epitaxial (001) tetragonal PbZro3Tig703 (PZT-T)/rhombohedral
PbZrossTio4503 (PZT-R) ferroelectric bilayers. We induce a rotational phase in the top
T-layer by growing it on an intermediate R-layer with entirely different symmetry from
the cubic SrTiO; substrate. The driving principle is schematically shown in Fig. 2.1(b).
The PZT-R layer reduces the symmetry in the PZT-T layer above by imposing an in-
plane tensile strain while, crucially, decoupling it from the underlying substrate. Thus it
behaves like an intermediary electroactive channel, as opposed to being just a passive
strain template. This prevents clamping from the substrate, facilitating uninhibited (i.e.
unpinned) in- to out-of-plane polarization switching (~60pC/cm?) and an effective dss
response 500% (~250 pm/V) larger than PZT-R layer alone. Furthermore, this rotation
mechanism is stable for more than 107 electrical switching cycles. Though inherently
simple in concept and execution, this approach breaks a fundamental impasse for thin
film ferroelectrics, defining a new and exciting opportunity for integrable nano-

materials with giant electromechanical properties.

As an alternate to traditional (and often laborious) approaches of property
enhancement through compositional modification, the demonstrated strain engineering
approach is simpler and more precise; it facilitates new materials with giant
electromechanical properties by exploiting the subtle interface-driven interactions

between the lattice and the external factors that control polarization direction. &,
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2.2 Results

The bilayer approach was carried out using 5 nm-thick PZT-T and 20 nm-thick
PZT-R layers on an underlying 15 nm-thick Lage7Sro.33sMnO3 buffer layer on a (001)-
oriented SrTiOg3 substrate (illustrated in Fig. 2.1c), with all layers grown by pulsed laser
deposition. The room-temperature bulk lattice parameters of the PZT-T layer are ~0.396
nm in-plane (a-axis) and ~0.411 nm an out-of-plane (c-axis) at room temperature,
compared to a=b=c ~0.410 nm (o =89.3°) for the PZT-R layer. Thus, neglecting the
effects of the substrate and the ferroelectric phase transitions, we can estimate that the
PZT-T layer will be subject to a 3.4% in-plane tensile strain within the bilayer - a
magnitude more than sufficient to cant the spontaneous polarization vector in the PZT-T
layer. Both films were deposited at a growth temperature of 700°C and have similar
coefficients of thermal expansion. The thickness, smoothness and interfacial quality (i.e.
distinctness) of the layers was confirmed by transmission electron microscopy (TEM)
(Fig. 2.1(d)). The arrows in the inset to Fig. 2.1(d) highlight fine domains, which we
will discuss later. Fig. 2.1(e) and 1(f) are vertical and lateral piezoresponse force
microscopy (PFM) images of the as-grown state. Utmost care was taken to reduce
artifacts including photodiode and cantilever induced cross-talk (detailed in the
appendix materials), and separating the contributions of the R- and T- layers in the
observed contrast was not trivial. However, these challenges do not undermine our key
observation: very strong in- and out-of-plane domain contrast. This is crucial, as it
implies that polarization vectors must have both in- and out-of-plane components — in

other words, they must be canted.
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Fig. 2. 1 (a) Schematic of strain tuning of ferroic phase transitions in epitaxial
perovskite thin films. (b) Concept of PbZrg3Tio703 (PZT-T)/rhombohedral
PbZros5Tig4503 (PZT-R) ferroelectric bilayers. A low-symmetry rotational phase is
induced in the top PZT-T layer by applying an in-plane tensile strain imposed by
the underlying PZT-R layer. (c) Pictorial depiction of the complete oxide
heterostructure investigated here (d) TEM cross-section of the sample. The arrows
indicate possible domain walls. (e) Vertical Piezoresponse Force Microscope
(VPFM) and lateral PFM (LPFM) Fig. 2.1(f) for the as grown bilayer structure.
Clear curved domain walls are seen in both, signifying that the polarization vector
for the bilayer has both components, and is therefore tilted.

As a first validation of our bilayer approach, we predicted the domain and
crystallographic state for the PZT-T layer using phenomenological phase field modeling
developed specifically for this bilayer configuration %(See Appendix A1.1. for details).
The model predicted a domain structure (see Fig. 2.2(a)) with fine 8-10nm domains in
the T-layer and coarse 20-40nm domains in the R-layer. Due to inter-layer and inter-
domain misfit strains, 7 these two microstructural types are intergrown, with an

adaptive structure across the interface and small R-type domains extending to the top
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surface of the bilayer. The R-type regions have an appreciable vertical polarization
component P, of ~0.4 C/m? (Fig. 2.2(b)) in comparison to the predominantly in-plane
polarization (i.e. P, of ~0 C/m?) in the T-layer. This variation in P is sufficient to cant
the spontaneous polarization vector by an average of 2° across the sampling surface and
up to 10° in the R-type regions, shown in Fig. 2.2(c). Such canting demands a transition
to monoclinic crystal symmetry, which in turn allows the formation of ultra-fine
domains with ri/r, walls. These localized regions of monoclinic nano-domains are
shown as an inset to Fig. 2.2(c), and provide a likely explanation for the similar

structures highlighted in Fig. 2.1(d).

Simulated ferroelectric switching measurements of the bilayer demonstrates
classic polarization-voltage (P-V) hysteresis with a saturation polarization of
~50uC/cm? and a coercive voltage of ~1V, shown in Fig. 2.2(d) for a bias range from -
4V to +4V. The evolution of the domain structure during the switching process
(Appendix Al) shows that the fine in-plane domains vanish at large electric field
magnitude in favour of large R-type domains with curved 71° walls. This results in

significant electric-field-induced polarization rotation, with a correspondingly large

value for the piezoresponse coefficient of ds33~120 pm/V (calculated by d;5 = % -

more than double the value typically observed for substrate-constrained single-layer

PZT-T films.
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Fig. 2. 2 Phase field simulations (a) Domain structure predicted for the bilayer
based on phase-field thermodynamic simulations. (b) Out-of-plane Polarization (P)
map which shows T-like domains (green) mixed with R-like domains (blue and

red.) (c) Map of the canting angle, defined as the angle between the spontaneous

polarization and in-plane component vectors, Sin@ = %. The T-like and R-like

domain are actually monoclinic structure with inset showing the canting angle
profile across the black line running along the centre. (d) Simulated P-V hysteresis
loop of bilayer with calculated ds3 (~119 pm/V) as inset.

Having established the thermodynamic feasibility of the bilayer approach, we
now provide evidence that the as-grown bilayers possess the structural conditions
necessary for rotational polar domains. For this, we utilize a range of X-ray diffraction
(XRD and transmission electron microscopy (TEM))-based instruments and techniques,
described in the Methods. Note that all Miller indices are given in the pseudo-cubic

notation.
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To first determine whether the T-layer is subject to an in-plane tensile strain

from the underlying R-layer, we measured the out-of-plane lattice parameters using

high-resolution XRD 0-26 measurements of the 001 and 002 Bragg reflections (Fig.

2.3(a)). The lattice parameters, detailed in Table 2.1, were extracted using a simulation

program that accounts for interface effects from the multilayer structure Y (fits given

in appendix Al.2.1.). The out-of-plane lattice parameter (~0.399 nm) for the PZT-T

phase is significantly less than the bulk value (~0.411 nm) and is concomitant to an

imposed in-plane tensile strain. The R-layer, on the other hand, is completely relaxed,

with a lattice parameter 0f~0.410 nm.

Table 2. 1 Comparison of the in-plane and out-of-plane lattice parameters
measured for the ultra-thin bilayer via different techniques.

R PZT out-of-
T PZT in-plane T PZT out-of-plane R PZT in-plane
plane
0.4110 + 0.0002
0.4060 + 0.0025 0.4060 +
TEM nm 0.3980+0.0011nm
nm 0.0025 nm
0.4091+0.0110 | 0.4091+0.0110
ARSM 103 0.4072+0.0005 nm 0.3990+0.0003 nm
nm nm
0.4090+0.0050 | 0.4090+0.0050
ARSM 113 0.4064+0.0004 nm 0.3983+0.0001 nm
nm nm
0.4096+0.0048 | 0.4096+0.0048
ARSM -103 0.4078+0.0006 nm 0.3991+0.0002 nm
nm nm
0.4096+0.0005
HR XRD 0.4001+0.0002 nm
nm
0.4091+ 0.002
Fitting 0.3991+0.005 nm
nm
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We can similarly conclude that the R-layer dictates this misfit strain on the T-
layer by assessing asymmetric reciprocal space maps (ARSMs) around the 103 and 113
reflections (Fig. 2.3(b-d)). No satellite reflections, indicative of periodic domain
modulation®”), are evident, and inspection of the crystal truncation rods (CTRs)
positions along the in-plane axis reveals that, whilst the PZT-T layer is
pseudomorphically constrained to the PZT-R layer, the PZT-R layer itself is not
constrained to the underlying LSMO/STO lattice. Electron energy loss spectra (EELS)
mapping using an aberration-corrected scanning transmission electron microscope
(STEM) of the Ti-L2,3 edges (Detailed in A1.2.2) was performed across the T/R layers
to accurately identify the interface. The EELS mapping confirmed an atomic level
sharpness of the T/R interface. (Fig Al.2). This means the structural details discussed
below are purely from an epitaxial strain engineering perspective as opposed to

chemical redistribution to relax the strain.

The ARSMs also shed light on the directionality of the T-layer polarization
component: the in-plane a-axis lattice parameter (0.4015 nm) is larger than the out-of-
plane c-axis lattice parameter (0.399 nm), implying that the T-layer possesses an
induced in-polarization component. This constitutes the first structural requirement to
cant the polarization moment. The symmetry reduction from tetragonal to monoclinic is
evidenced in the slight difference between the out-of-plane lattice parameters extracted
from the 103 ARSM, given in Table 1 (for tetragonal or cubic phases they should have
the same d-spacing). Note the marked asymmetry in the shape profile of the T-layer
peak in the 103 ARSM. The “comet” like profile hints at more than one peak in the in-
plane direction. This was previously shown to arise from a symmetry change to Ma type
monoclinic phase,®® ¢ however, the counts are insufficient to confidently fit the peak

profile in this instance. We thus performed selected area electron diffraction (SAED)
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analysis. Fig. 2.3(e) is the SAED pattern acquired for the bilayer along [310] zone. The
T-layer shows clear peak splitting in the 131 family of reflections along the in-plane
direction. The lattice parameter of the PZT (T) using SAED was calculated to be out-of-
plane 0.3979 + 0.0019 nm and 0.4107 + 0.0002 nm (detailed in A1.3). Based on the
XRD and the TEM SAED analysis we can conclude that the PZT-T layer is induced

into a monoclinic Ma phase.

While these results strongly suggest the successful creation of an in-plane tensile
strained PZT-T layer, one must be cautious. We have previously shown that, under
certain thickness conditions, bilayers demonstrate a highly-dense tetragonal ferroelastic
polydomain (either c/a/c/a.. or aj/ay) structure that can release the epitaxial constraint,
while being difficult to detect by diffraction techniques due to size and strain effects (¢,

In such cases, the XRD profiles show a single, broad peak (as opposed to e.g. 00I/100

splitting) similar to the domain-free state.

To ascertain the absence of any tetragonal ferroelastic domains in our bilayer,
we measured high-resolution reciprocal space maps of the 002 Bragg peak at beamline
IDO6 at the European Synchrotron (ESRF). The high brilliance and angular resolution in
comparison to lab-based instruments enable such nano-domain topologies to be
identified. The measurement sampled a 0.5 x 0.5 mm area of the sample. Fig. 2.3(f)
shows a close-up of the T-layer peak, which is obliquely elongated with a non-uniform
intensity distribution, characterized by two distinct sub-peaks. While this could be
misinterpreted as evidence of c/a tetragonal ferroelastic domains, it is unlikely. A
tetragonal structure described by these two peaks would have a tetragonality ratio of
1.00031, and thus a misorientation between neighbouring domains of 0.0176°, or

5.2x10°% Ain Q, or Q.. Yet, the measured broadness of the peak in is less than 1.5x10™
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A — thirty-five times smaller. We therefore conclude that the T-layer does not
outwardly exhibit any evidence of tetragonal symmetry from the 002 reciprocal space
map, implying that the non-uniformity of the local peak structure is due to strain
inhomogeneity across the relatively large sampling region. This strain is of the order of
0.1% and, although its inhomogeneity was not directly measured, we note that it is
consistent with in-plane strain gradients. A similar behaviour was reported for trilayer
superlattices where strain gradients were attributed to the 180° polydomain

configurations °°.
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Fig. 2. 3 Diffraction analyses- (a) Normal coupled 6-26 XRD with Bragg 001 and
002 peaks. (b-d) Asymmetric Reciprocal Space Maps (ARSM) round (103), (113)
and (103) reflections to investigate the in-plane and out-of-plane parameters of the
bilayers (e) selected-area electron diffraction pattern along the [310] zone. The
(131) family of reflections show peak splitting for the T-phase confirming Ma
symmetry. (f) is a close-up of the T-layer peak in (002) Bragg acquired by high-
resolution RSM at the European Synchrotron.
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The structural measurements therefore imply that the strained T-layer should
demonstrate both in- and out-of-plane polarization components. To confirm this,
vertical and lateral piezoresponse force microscopy (PFM) phase and amplitude images
were acquired (Fig. 2.4(a)). Although the individual domains are quite small (~30-50
nm), both the domain walls and any contrast within the domains are clearly resolvable.
However we cannot resolve the striations predicted by the phase field studies, probably

due to very fine domain periodicity.

The images acquired via PFM can be easily affected by cantilever-induced

e [4841 ‘photo-detector cross-talk *®) and the laser’s location on the

effects such as flexur
cantilever®®. Proving 3D polarization therefore requires: (i) rotating the samples so as
to separate true out-of-plane signals from flexure, (ii) correctly positioning the laser on
the tip to minimize cross-talk (which is dependent on both the type of tip and the beam
geometry) and (iii) understanding the phase image both off and at resonance. To satisfy
points (ii) and (iii), laser spot position dependent PFM images were acquired off and at
resonance (see appendix Al1.3.2), which allowed us to correct for any cross-talk or
phase-related artifacts. Using the optimized imaging conditions thus obtained, Angle-
resolved PFM images (shown in Fig. 2.4) were captured by rotating the samples to three
different directions (0°, 45° and 90°) in the same manner used to deterministically

identify variants of the monoclinic phase in bismuth ferrite (BiFeO3) "

To show that the contrast stems from ferroelectric polarization, we applied a DC
bias (x4 V) to write square domain patterns to the film and study its switching behavior.
Larger area scans of the full written areas are given in appendix A3.3. Clear phase
contrast for all three rotation directions in vertical (V-) and lateral (L-) PFM images

indicate the existence of a piezoresponse. The individual directions were identified
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using a protocol previously developed by for such bilayers. 8 The external bias is
expected to induce a change in the out-of-plane contrast due to domain switching along
the c-axis, visible in Fig.2.4(a) between the regions subject to +4 vs. -4V bias. However,
we also found some nanoscale regions that change phase contrast in the VPFM as
function of sample rotation angle (see the white boxed region in Fig. 2.4(a)). Previous
reports show that this originates from tip flexure induced by an in-plane component.[*!
On the other hand, we observe a change in the lateral PFM (LPFM) images depending
on the orientation of the written bias (positive vs. negative), which gives the
polarization information in the forwards and backwards in-plane directions. Based on
the XRD analysis, we can make a schematic for the possible polar orientations as
sketched in Fig. 2.4(b). The Mc or Ma phases should have a total of 16 variants. Of
these, 8 variants with downward (upward) out-of-plane polarizations will be stable
under a positive (negative) applied field. This then allows identification of the
individual polarization components for each nanodomain, exemplified in Fig. 2.4(d),
which is for the boxed regions in Fig. 2.4(a). Table 2.2 is a guide for interpreting the
resulting PFM contrast. Crucially, it provides unequivocal evidence that these domains

possess both, in-plane and out-of-plane polarization components.
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Table 2. 2 A guide to the PFM contrast observed in Fig. 2.4.

Polarizati 90° Scan
Position olarization 0° Scan 45° Scan Out-of-
Axi Out-of-Plane/In-Plane Out-of-Plane/In-Plane Plane/In-
is
Plane
Downwards
Downwards/Onwards Downwards/Onwards /Onwards
1 c’
(Bright/Dark) (Bright/Dark) (Bright/Dar
k)
Upwards/Ba
b Upwards/Backwards Upwards/Backwards ckwards
2 (Dark/Bright) . .
g (Dark/Bright) (Dark/Brigh
t)
Downwards
Downwards/Onwards Downwards/Onwards /Onwards
3 c’
(Bright/Dark) (Bright/Dark) (Bright/Dar
k)
Downwards
Downwards/Backwards Downwards/Onwards /Onwards
4 d’
(Bright/Bright) (Bright/Dark) (Bright/Dar
k)
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Fig. 2. 4: (a) Vertical and Lateral Piezoresponse Force Microscopy (VPFM, LPFM)
images) of the bilayer after application of local bias as a function of rotation angle.
The relationship between scanning direction and substrate is depicted on the left
hand side. The scans are ~800 x 800 nm in size. Full scans can be found in the
appendix. (b) Schematic of the polarization rotationfor a monoclinic cell. (c)
Relationship between in-plane polarization and tip scanning direction (d) Fully-
resolved vector polarization map for nanoscale region in the box of Fig. 2.4(a).
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Clearly in-plane and out-of-plane domains are observed confirming the presence
of a canted polarization state.

Finally, we demonstrate the effect of this induced symmetry lowering and
polarization rotation on the measured functional properties. Fig. 2.5(a) shows the P-V
hysteresis loops acquired for three samples: (i) the ultra-thin bilayer investigated here
(red) and two control samples comprised of (ii) an (001)-epitaxial 100 nm thick single
R-layer (blue) and (iii) a thick (001) epitaxial bilayer with the same PZT composition,
but 100 nm thick R- and T-layers (black). Details of the synthesis, structure and
behavior of the control samples can be found in °®. The voltage is applied along the
normal to film (i.e. along the c-axis). The ultra-thin bilayer has a robust P-V loop with
square shape and full saturation, and is able to sustain an applied bias of 10V without
breakdown. The remanent polarization is 35+5 pC/cm? - in very good agreement with
the theoretical predictions made in Fig. 2.2, but smaller than that of both control
samples. This is expected because the single R-layer (P, in of 50+5 pC/cm?) is fully c-
axis oriented, whereas the polarization response of the thick bilayer (Pr tick = 655
HC/cm?) originates from c/a domain switching [*®\. The coercive voltage for the ultra-
thin bilayer is also relatively high (~5V) compared to the control samples. Given the
predominantly in-plane polarization for the ultra-thin bilayer, the large coercive bias is a
reflection of the energy barrier that needs to be overcome to induce switching from in-
to out-of-plane polarization states. The large threshold bias relative to the
phenomenological calculations can be accounted for by pinning effects (substrate-
induced) that were not accounted for in the calculation. In order to avoid complications
from spurious contributions, such as leakage or space-charge driven effects, positive-up
negative-down (PUND) pulsed-polarization switching data (AP) was acquired as a
function of applied voltage with 1us pulse width (inset to Fig. 2.5(b)). The measured

(AP) reaches a maximum value of 60+5 pC/cm?.
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To test the long-term stability of the polarization rotation mechanism, we
subjected the ultra-thin bilayer to polarization fatigue testing using 100 ps pulse interval
via PUND (Fig. 2.5(b)). The bilayer demonstrates high fatigue resistance despite the
lack of a top oxide electrode. Robust switching behavior continued up to 108 cycles with
a ‘wakeup’ process around 107 cycles where AP starts to increase. We are presently
unable to explain this recovery process, and aim to address this in the near future. The
square hysteresis behavior and the PUND data confirm the ultra-thin bilayer is able to

achieve electric-field driven polarization rotation and in-plane to out-of-plane switching.

As a final comparison of the bilayer and control samples, we present the
effective out-of-plane piezo coefficient (dss) acquired via PFM (Fig. 2.5(c)). To ensure
uniform electric field dependence and reduce tip-induced local effects, the ds3 loops
were acquired on capacitors with top electrodes identical to those used for the P-E and
C-V tests. Although the use of PFM hysteresis to quantify the dssresponse is subject to
controversy % we can make qualitative comparison using calibrated samples such as
the single R-layer. We find that the ultra-thin bilayer demonstrates a piezoresponse
~500% of the single R-layer and comparable to the thick bilayer. The single R-layer is
clamped to the substrate and a number of reports estimate its value to be ~70£5 pm/V.
Thus, a direct simple extrapolation would estimate the piezoelectric coefficient of the
ultra-thin bilayer to be in ~200-300 pm/V regime -remarkable considering the 25 nm
total thickness. Despite its in-plane polarization vector, the strong out-of-plane dss
hysteresis response reinforces the observation of polarization rotation under an applied
electric field. Other methods of quantification such as in-situ electric-field dependent

XRD and interferometry are underway to complement the data presented here.
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Fig. 2. 5 functional properties measurements, i.e. (a) is comparison of P-V loops of
ultra-thin bilayer (red) with control samples of single R layer (blue) and thick
bilayer (black), (b) Fatigue testing for the ultra-thin bilayer. The inset is the
corresponding PUND measurement. (c) compares the ds; loops acquired via PFM
for all three samples. To ensure uniform field distribution and mitigate local
electromechanical effects the loops were acquired using a metallic top electrode.

2.3. Conclusion

In summary, we present theoretical, structural and electromechanical results that
strongly indicate the presence of symmetry lowering and reversible polarization rotation
domains in an ultra-thin epitaxial bilayer. We are aware that these three different

experimental datasets, namely structural diffraction analysis, vector PFM and electric-
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field driven switching hysteresis loops each have their own drawbacks and are often
subject to either over-interpretation or erroneous conclusions. However, here the three
techniques work in synergy to give complementary viewpoints- the general alignment

of all three in conjunction is compelling.

The outcome that one can achieve polarization rotation in bilayer systems has
several significant implications. Firstly, this approach is an elegant and simple way to
induce rotational polar domains without the need for exotic substrates or superlattices.
Second, the large electromechanical properties we observe are congruent with the
prevalent notion that ferroelectric multilayers with intentional composition gradients
can possess significantly enhanced susceptibility properties compared to a monolithic
counterpart’ Finally, the ability to switch the polarization from in- to out-of-plane
suggests the possibility of ferroelastic coupling - a key requirement for
electromechanical and magnetoelectric switching devices!™ Thus it further propels the
burgeoning possibilities offered by interface-controlled ferroelectricity in the

development of modern nanoelectronic materials.

2.4. Methods:

Thin film growth-The ultra-thin PbZrp30Tip7003 (PZT-T)/PbZross5Tio.4503
(PZT-R) bilayer sample was grown on (001)-oriented SrTiO3; (STO) via pulsed laser
deposition (PLD) with a Lag g7Sro.33sMnO3 (LSMO) as bottom electrode. We focused on
a T-layer thickness of 5nm and R-layer thickness of 20 nm, as this combination was
optimal in giving us a robust ferroelectric response yet at the same time, they are thin
enough to avoid any complications arising from ferroelastic domain formations. During
the entire deposition, oxygen pressure, laser frequency and substrate-distance were kept

constant at 100 mTorr, 5 Hz and 15 cm, respectively. Deposition temperature and laser
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energy were optimized to 700°C and 255 mJ for PZT-T, 550 °C and 225mJ for PZT-R
and 800 °C and 225 mJ for LSMO layers. After deposition, the films were cooled at

20°C/min to room temperature under 450 Torr oxygen partial pressure.

X-ray diffraction:

Lab X-Ray diffraction measurements were carried out on a Bruker D8 with a
rotating copper anode X-ray source of up to 4500 kW (A=1.54013 A) in order to
measure high-resolution 26 XRD and reciprocal space mapping as shown. In order to
obtain high resolution the instrument was set up with a compound silicon strip detector
(Lynx-Eye) in 0-dimension mode. The RSM for (10 3) was acquired under 1-
dimensional mode of Lynx-Eye for fast measurement. All measurements were done at

room temperature.

The synchrotron X-ray reciprocal space maps presented in this work were
acquired using the reflection diffraction geometry at an X-ray energy of 17 keV(+1-
2eV). 3D reciprocal space (qx,qy,dz, Where qy is parallel to the diffracted beam 002) was
measured with a nominal g-space resolution of 5.1x10°, 6.0x10, and 4.7x107in qy, gy
and qrespectively, where q; is parallel to (002)c. Tungsten slits located 0.5 m upstream
of the sample defined a square incident beam shape of dimensions 0.5mm x 0.5mm,
impinging close to the centre of the sample. The data was acquired as 5001 2D images
using a FReLoN CCD detector with an exposure time of 3 seconds each. Accounting for
the experimental geometry, the 3D reciprocal space maps were then obtained by
interpolating values at a 512x512x2048 point grid of query points in gy, ¢y and g,

respectively.
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Piezoresponse Force Microscopy Imaging:

A commercial scanning probe microscopy (SPM, Cypher, Asylum Research, US)
was used to obtain the vector piezoelectric force microscopy (PFM) phase and
amplitude images. Conductive Pt/Ir coated silicon cantilevers (PPP-CONTPT,
NanoSensors, Switzerland) were used for PFM imaging studies. Switched domain
patterns were made by applying a DC bias of £ 4V on the film. Then three set of vertical
and lateral PFM images were captured by first placing the film (001) orientation
paralleled (0°) with the cantilever, followed by rotating the films by 45° and 90°. PFM
images of the exactly same field were studied at above 3 rotated orientations to
understand the crystal symmetry and polar domain structures of the ultrathin bi-layer

PZT films

Device Measurements-The piezo coefficient was measured at room temperature
using an Asylum DART module. Conductive Cr/Pt coated silicon cantilevers
(Multi75E-G, BudgetSensors) were used during the tests. As PFM the images reveal
significant domain at the local scale, metallic gold electrodes (~23 x 23 um?) were
thermally evaporated to prevent electric field localization induced artifacts and capture
an average piezoelectric response. The underlying film areas were initially activated
using sine wave with step DC bias pulses ramping from -5 V. The first -5 V pulse was
also applied to pole the ferroelectric film under top electrode. Then amplitude and phase
loops were recorded via AC bias between each internal when the DC bias offset to zero.
Electrical measurements (P-V loops, PUND and Fatigue) were acquired on a Radiant
precision Premier on 35 pm? top electrodes at room temperature. To obtain entire
ferroelectric hysteresis loop, the tests were done at 10 kHz with 10 V as maximum

voltage. Fatigue tests were carried out at 100 kHz as polarization switching frequency
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and the applied voltage was 10 V to reach polarization saturation. Identical settings (10

V and 1 us) as PUND were employed to measure polarization after certain cycles.
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Chapter 3 Positive effect of an internal depolarization field in

ultrathin epitaxial ferroelectric films

Abstract

The effect of intentionally introducing a large depolarization field in (001)-
oriented, epitaxial Pb(Zrp2TiOgg)O3 (PZT) ultra-thin films grown on Lag ¢7Sro.33Mn0O3
(LSMO) buffered SrTiO3 (STO) substrates is investigated. Inserting between 3 to 10
unit cells of STO between two 3nm thick PZT films significantly influences the out-of-
plane (c) lattice constant as well as the virgin domain state. Piezoresponse force
microscopy images reveal a nanoscale (180°) polydomain structure in these films. In
comparison, a “reference” single layer PZT sample (6 nm thick without STO spacer)
exhibits an elongated PZT c-axis (0.416 nm) and is preferentially “down”-polarized
with large regions of monodomain contrast. It shows asymmetric switching loops (i.e.
imprint) coupled with sluggish domain switching under external bias. We show that the
insertion of STO drives a monodomain to 180" polydomain transition in the as-grown
state, which reduces the imprint by 80 %. The insertion of the STO also profoundly
improves dielectric leakage and hence the distribution of the applied electric field.
Consequently, the critical pulse duration of the electric field required to initiate domain
switching is reduced by two orders of magnitude relative to the reference sample.
These results demonstrate the possibility of manipulating the depolarization field in
such a way that it has positive effects on the ferroelectric behavior of ultrathin PZT

films.
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3.1. Introduction

Recent advances in the field of thin-film oxide heteroepitaxy!’® ™ ™ have
enabled the synthesis of new artificially-layered materials with atomically-abrupt
interfaces.[”™ This capacity for atomic level precision has opened new research avenues
in ferroelectric oxide thin films, where the polar properties of the system can be adapted
not just by changing the “bulk” ferroelectric, but by modifying the local interaction at
the interfaces.’ The systematic tuning of the interface coupling either through
modulating superlattices,/"®"® strain,/”® electronic termination,!”® ™ and/or epitaxial
orientation have yielded ferroic systems with domain patterns and functional properties
that are either radically different, or even more intriguingly, completely absent in the
constituent compounds. Ultimately these features point toward exciting new functional
opportunities.  Breakthroughs such as magnetoelectric control of polarization,®”
polarization modulation of a two-dimensional electron gas (2DEG),!"™® and polarization-
driven resistive-switching®” are eminent examples of functional phenomena made

possible via atomic level heteroepitaxy.

In this study, we harness the growth control offered by pulsed laser deposition
(PLD) to investigate one of the most critical concepts in nanoscale ferroelectrics,
namely, the depolarization field. Perceived to be a “necessary evil”, it is an electric field
that arises at a interface, stemming from the incomplete screening of the polarization
charges. The abrupt breaking of the polarization at an interface is energetically
prohibitive and the material may respond in many ways. The most natural scenario is
for the ferroelectric to break into several domains (referred to as a “polydomain” state).
However in ultra-thin (or nanoscale) ferroelectrics, the energy cost to create a domain
wall may be quite large and thus a more efficient option can be either to smear out or

even completely eliminate the ferroelectric polarization.
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Although it is extremely difficult to directly measure the depolarization field, its
manifestation on ferroelectric properties are clearly observed. It is particularly dominant
on films between 1~10 nm thick, depending on the existing electrical boundary
conditions, such as suppression of spontaneous polarization expressed via reduction of
the lattice parameter 2 and/or oxygen octahedra displacement within the perovskite
unit cell.’” ® In extreme cases, an uncompensated depolarization field can even
completely eliminate the ferroelectric phase at room temperature.® It is for these
reasons that the discussions and investigations regarding depolarization field have
always been about its detrimental and debilitating nature on the stability of the
ferroelectric phase at a reduced length scale, and almost always focus on how it can be

eliminated.[®

In this study, we turn this attitude on its head and ask (perhaps an oxymoronic
question) — can the depolarization field be exploited to enhance ferroelectric

polarization switching?

We intentionally enhance depolarization effects in a ferroelectric heterostructure
by introducing a semiconducting STO dielectric spacer layer between two ultra-thin
Pb(Zry,TiOgg)O3 (PZT) ferroelectric layers. We show that through spacer thickness
tuning, it is possible to control the nanoscale domain structure in the PZT layers. The
presence of a spacer promotes the formation of irregular 180° domains, as evidenced by
piezoresponse force microscopy (PFM) scans. Our observations are supported by a
simple phenomenological model which suggests that the electrostatic decoupling of the
two ferroelectric layers with the formation of distinct 180° domains in both ferroelectric
layers. Critically, when compared to a reference PZT sample, the introduction of the

STO layer reduces the measured coercive voltage, decreases the built-in voltage

53



(imprint) by ~80% and shortens the nucleation time for a written domain under a biased
PFM tip by two orders of magnitude. Furthermore, PZT heterostructures with spacer
layers exhibit a robust leakage resistance. These observations can be attributed to a
change in the defect distribution within the film through the introduction of the
semiconducting STO spacer, and the change in depolarization field profile at the top and

bottom PZT layers due to the different chemical environments.

It has been shown that the placement of a spacer between a ferroelectric and the
electrode has a profound effect on the ferroelectric behavior and domain structure. [ 8
871 The recent efforts to exploit interface engineering of the depolarization field in thin
film ferroelectrics motivated the present work. The key difference between those cases
and here is that the dielectric spacer in our case is introduced between the two
ferroelectric (FE) layers, and not between the FE layer and the electrode. This opens up
new possibilities by which the system may choose to relax in response to the polar

discontinuity.

3.2. Results

The following samples were fabricated using the procedure described in the

methods section:
(@): PZT(6 nm)/LSMO/STO substrate: (PZT _reference ) [Fig. 3.1(a)]

(b): PZT(3 nm)/STO(3u.c.)/PZT(3nm)/LSMO/STO substrate: (PZT_3ucSTO ) [Fig.

3.1(b)]

(c): PZT(3nm)/STO(10u.c.)/PZT(3nm)/LSMO/STO substrate: (PZT_10ucSTO ) [Fig.

3.1(0)]
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The LSMO electrode is kept at 2 nm to ensure epitaxial registry across the entire
film stack. We have shown in a previous study that LSMO remains conductive enough
for PFM at this thickness'®: however Hall measurements revealed a very low carrier
density of 10**/cm®. The LSMO can thus be considered to be a “bad” metal with an

effective screening length much larger than conventional oxide electrodes.

(c)
(a) (b)

PZT (polydomain)

PZT (polydomain)

STO (unpolarized)

PZT (monodomain) STO (polarized)

PZT (monodomain) PZT (polydomain)
LSMO LSMO LSMO
STO substrate STO substrate STO substrate

Fig. 3. 1 Schematic of the investigated thin film heterostructures for (a)
PZT reference, (b) PZT 3ucSTO and (c) PZT_10ucSTO with varying STO
thickness.

Fig. 3.2(a-c) are X-ray asymmetric reciprocal space maps (RSM) acquired along
(103) reflections for the three samples. Although the intensities for the PZT (103) peaks
are low, the RSMs reveal that the PZT films grow fully constrained (as the crystal
truncation rods for the substrate and the PZT layers are aligned perfectly with each other
along (O0L)). Thus epitaxial cube-on-cube growth is confirmed. High-resolution
transmission electron microscopy of a representative sample [see A2.1] confirms that all

ultra-thin layers are continuous with sharp interfaces.
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Magnified normal coupled g-2g scans around the (002) family of reflections is

compared in Fig. 3.2(d). The peaks are quite broad — as expected for ultra-thin films. In
order to accurately calculate the c-axis parameter, a custom-made MATLAB fitting
script was employed. The script uses thickness and out-of-plane c-axis for each layer as
the input variables. For all fits the thickness of the LSMO was kept constant at 2 nm
with out-of-plane lattice parameter of 0.386 nm. In the case of the reference sample, the
best fit was obtained for thickness of 14+1 unit cells for PZT, with an out-of-plane c-
axis of 0.416+.005 nm. This is ~0.6% larger than the bulk value of 0.4135 nm. Such an
elongation of the c-lattice in ferroelectric thin-films fabricated via PLD has previously
been reported in PZT ¥ and can be understood as an effect of the in-plane compressive
strain (~1%) imposed by the underlying STO substrate. Full fitting details can be found
in appendix section A2.2. The observation that the reference sample is able to sustain a
full c-axis evidences that both the LSMO layer and the surface adsorbates are able to

effectively screen the polarization-induced surface charge.®
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Fig. 3. 2 (a) (103) Asymmetric reciprocal space maps for (a) PZT_reference, (b)
PZT 3ucSTO and (¢) PZT_10ucSTO showing that the films are epitaxially
constrained to the underlying STO substrate with their c-axis aligned in the [00L]
direction. (d) 0-20 XRD comparison for samples with varying STO thickness and

XRD peak simulation (red dotted lines).
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In contrast to the reference sample, insertion of the STO layer has a dramatic
effect on the lattice parameter of the PZT layers. For the PZT_3ucSTO sample, we
observe that the (002) peak is broad and slightly asymmetric. We checked for all
possible situations where both the lattice parameter and the number of unit cells were
allowed to vary. (Screen shots of the program along with visualization of the parameters
that can varied is given in A2.2.) The best fit to the PZT_3ucSTO sample was found
with the following out-of-plane lattice parameters: top PZT with 0.416+0.002 nm, STO-
spacer layer with 0.402+0.003 nm and bottom PZT with 0.409+£0.002 nm. The fits also
confirmed that the thickness for each layer was 7+2 uc of PZT, 3+luc of STO and
7+1luc of PZT. These out-of-plane lattice parameters point to three key observations.
First, the top PZT layer has fully recovered its c-axis, similar to the reference sample.
Second, the middle STO layer has a significant out-of-plane elongation compared to
bulk that might be attributed to a partial polarization of the STO layer induced by the
neighbour PZT domains, and possibly additionally to the presence of defects!®®. Finally,
the bottom PZT shows a significant reduction in the c-axis lattice constant. Based on
previous measurements on ultra-thin PbTiOz (PTO) films,® this reduction in the c-axis
can be attributed to a large depolarization field due to poor screening by the bottom
LSMO layer compared to the top PZT layer with adsorbates on top. The fitted lattice
constant for the bottom interface is compatible with a polydomain structure, with a

smaller polarization within each domain.

For the PZT_10ucSTO sample, the peak shape changes completely with two
separate peaks in the same 26 space where previously there was a single broad peak. We
found that the closest fit (within the limitations of the fitting software) was with a top
PZT c-axis of 0.416+£0.002 nm. Importantly, the best fit for the STO was always

0.3905+£.003 nm irrespective of the PZT lattice parameter. This means that for the
58



thicker spacer sample the STO is no longer polarized and the two PZT layers are
effectively decoupled from each other. For the bottom PZT layer we obtained the best

fit using 0.412+0.002 nm.

It is also important to note that just taking the position of the two peaks (apart
from the substrate) doesn’t lead to the true individual lattice parameters of each layer.
From the peak positions (20=44.03° and 45.11°), one would get c-axis values of 0.411
nm and 0.402 nm respectively, clearly not the real values of the individual layers. As we
work with heterostructures (here 4 alternating layers of different materials on top of a
substrate), the XRD patterns become considerably complex, and only a proper
simulation of the diffracted intensity can lead to meaningful conclusions regarding the

structural characterization of the constituent layers.

To check if these dramatic changes in structure have any bearing on the domain
behavior, out-of-plane Dual Amplitude Resonance Tracking (DART)-PFM images were
acquired. Fig. 3.3(a) & (d) are amplitude and phase images of the as-grown state,
obtained from the PZT_reference. The images show the film to be in a preferentially
downward-polarized state; with small pockets of upwardly polarized domains
embedded within a continuous negative domain. This preferential poling is typical of
asymmetrical PZT heterostructures and has been discussed elsewhere.l’* % In the
PZT 3ucSTO sample, the insertion of a STO spacer changes the as-grown domain
configuration, shown by the PFM amplitude and phase images [Fig. 3.3(b) & (e)]. The
imaged domain configuration now changes to a polydomain state that shows both up
and down polarized domains. The domain periodicity was evaluated to be between 22
and 24 nm using an Autocorrelation script as shown in the appendix A2.3. A similar

effect was previously reported in 50 nm PbTiO3 (PTO),'®! where it was shown that the

59



insertion of 2 nm STO between PTO and the bottom electrode causes the film to go
from a monodomain state to a polydomain state due to poorer screening conditions.
PFM images of a sample which had no top PZT (i.e. terminated with the spacer STO)

also displayed distinct polydomain contrast (not shown).

For the PZT_10ucSTO sample, the PFM amplitude and phase images, Fig. 3.3(c)
& (f), show no distinct domain features in the as-grown state. However, positive and
negative biases applied to the as-grown state are able to switch the film into
downwardly and upwardly polarized states, respectively [see Fig. A2.4]. Cross-section
analysis of the PFM image [Fig. A2.4] indicates the PZT 10ucSTO sample to be
polydomain with a domain size at the limit of the PFM resolution. The switched regions
also exhibit greatly enhanced piezoresponse compared to the as-grown state. These
results, in conjunction with the theoretical model (discussed later), hint that the bottom

layer in both spacer samples are also polydomain.

The presence of the STO layer should also influence the local switching
behavior. To investigate this, Switching Spectroscopy Piezoresponse Force Microscopy
(SSPFM)™? loops were acquired in order to compare and contrast the coercive behavior
for the different samples [Fig. 3.3 (g-1)]. As the measured coercive voltage can be very
different to the actual coercive voltage, as pointed out by Dawber et al.[®®], the voltages

will therefore refer to the “measured” ones.
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Fig. 3. 3 Dual Amplitude Resonance Tracking - Piezoresponse Force Microscopy
(DART-PFM) amplitude (a, b and ¢) and phase (d, e and f) images on the as-grown
PZT reference (a,d), PZT 3ucSTO (b,e) and PZT _10ucSTO (c,f) samples
respectively. The PZT_3ucSTO sample shows a marked increase in the density of
180° domains compared to the reference sample. The amplitude and phase images
for PZT_10ucSTO ((c) & (f)) show no distinct domain pattern in the as grown state.
Further analysis of the PZT_10ucSTO can be found in Fig. A2.4. Typical SSPFM
hysteresis loops obtained from (g) PZT reference, (h) PZT 3ucSTO and (i)
PZT _10ucSTO samples.

For the reference sample, which is strongly down-polarized, the SSPFM loops
are significantly shifted to positive voltages. The measured coercive voltages are V'~

+ -_—
1.5 and V;7~-0.8V respectively, giving a built-in voltage V¢ = Le +2(VC ) =0.35+ 0.03

V. This built-in voltage leads to an electric field, referred to as imprint, which has been

one of the key reliability issues in ferroelectric thin film devices.
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Most interestingly, for the case of the PZT_3ucSTO and PZT_10ucSTO samples,
both the coercive voltages as well as the built-in voltages are dramatically reduced. Note
that the 3-layer structure, in addition to a poor electrode at the bottom, makes
computation of the field non-trivial. Therefore we resort to directly-measured voltages.
For the PZT_3ucSTO the coercive voltages are ~0.82 and -0.68 V respectively. This
leads to a built-in voltage of 0.07 V+0.02; ~5 times smaller than the PZT_reference
case. Even the PZT_10ucSTO sample has a significantly lower average built-in voltage
of 0.19 + 0.08 V with respect to the reference sample. However, the loops obtained in
this case are quite noisy, and the variance in the measured coercive voltages is large

from one location to another, which is reflected in the large standard deviation.

Finally, we investigate if the modulation in the electrical boundary conditions
has an effect on the switching dynamics. Fig. 3.4 plots the radius of domains formed
under a +3V tip-bias for different pulse durations on a region homogeneously polarized
into the upward state by a -3V bias on all samples studied here. We have also plotted

data acquired for samples with 5 and 7uc thick STO spacers®".

PFM images and
SSPFM analysis of these additional samples can be found in A2.5. Note that, under a
+3V tip-bias, domain formation is in the direction of the downward-pointing built-in
field, as found in the as-grown state for all samples. The plots show a lower bound of
~10 nm (limited by tip resolution) for domain radius size for all samples. However, the
formation time for this metastable domain size is much longer in PZT _reference (t =1 s)
than in the samples with a STO spacer. In their case we observe a stable nucleus for as
low as t = 0.03 s. This result is all the more remarkable when one considers that the

built-in field, which is in the direction favoring domain growth, is ~5.5 times higher in

PZT _reference compared to PZT_3ucSTO.
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Fig. 3. 4 Domains formed under a +3V tip-bias for different pulse durations on a
region homogeneously polarized into the upward state by a -3V bias. (a) & (b)
PFM amplitude and phase of a domain array on PZT_3ucSTO sample drawn with
different pulse duration on identical area. (c) Domain radius as a function of pulse
duration.

To make the comparison complete we also investigated the pulse behavior of a 7
u.c. PZT sample (i.e. 7 u.c. PZT/LSMO/STO) and 7 u.c thick PZT sample with top
STO spacer 3 u.c. thick. The writing experiments performed on these thinner PZT
samples only reinforce the trend observed. The PFM images (see A2.5) show that the
domains are at near limit of the imaging resolution, hence the larger errors associated

with the domain radius measurement.

We have examined the retention of these written domains (see A2.6) and find
that they are able to be imaged even after 12 hours. Table 1 summarizes the key

experimentally measured characteristics of the three systems studied here.
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We conclude the experimental section by pointing out one more advantage of
having the STO spacers. It was previously shown by Dawber et al.,!*" that the insertion
of STO in PTO/STO superlattices drastically reduced leakage current compared to
single-layer PbTiO3 films. Similarly it has been found that heterostructures consisting of
dielectric or ferroelectric bilayers between two high-T. superconducting films possess
greatly reduced leakage current!®. This is also true here with the insertion of STO
between just two layers of PZT [see Fig. A2.7]; the PZT _reference exhibits a diode-like
behavior and started to conduct at +3V, while the PZT_3ucSTO and PZT_10ucSTO
samples show no conduction even at +4)". There are electrostatic potential and stray
fields at the two STO/PZT interfaces’® that allow the interfaces to become trapping
centers for mobile charged defects, impeding their movement across the film. This
would dramatically improve the field distribution as more of the applied field would
drop across the ferroelectric as opposed to being lost via resistive leakage. It is likely

then that this more intense field would then help domain nucleation.

3.3. Theoretical model

To rationalize the experimental observations described above, we have
developed a very simple phenomenological model that takes into account different
mechanisms to screen the depolarization field ® together with the Helmholtz free
energies of the FE and the STO layer, previously introduced by Dawber and coworkers
in Ref. ). Note that for simplicity we simulate using parameters for PTO,!°"! as the
primary effect of the 20% Zr alloying is simply to slightly shift the transition

temperature and magnitude of the spontaneous polarization.

The first scenario considered assumes a continuous polarization within the

FE/STO/FE stack. The insertion of a STO layer disrupts the homogeneous dipole-dipole
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environment from within the bulk. The electrostatic cost of having a discontinuity of the
normal value of the polarization at the FE/STO interface is enormously high. For a
sufficiently thin paraelectric layer, one way to minimize the electrostatic energy at a
ferroelectric/paraelectric interface might be to induce a polarization in the paraelectric
layer, with the same normal component as the neighboring ferroelectric.’*** Then the
presence of the bottom electrode and the effects of the adsorbates on the top surface is
introduced through an effective screening length, as described in Ref 8. The second
mechanism is the breaking into 180° domains; in this case the reduction of the

electrostatic energy compensates the extra domain wall energy.

In this model, we calculate the energy of a PTO/STO/PTO stack with a thickness
of 3 nm for both the top and bottom PTO layers, and with varying STO thickness. We
make a distinction between the top and the bottom layer, accounting for the different
chemical environments. Further details of all parameters used can be found in the

methods section.

For the top layer, the adsorbates provide efficient screening of the polarization
charges, as was pointed out in Ref. % Therefore, the electrostatic energy is highly
reduced with respect to that computed from the periodic domain structure alone.
Consequently domains wider than those predicted from the Kittel law are expected. The
combination of the screening provided by the wider domains and the adsorbates implies
a polarization at the center of the domains that amounts essentially to the PTO bulk-
strained spontaneous polarization (0.765 C/m? within our model) and thus, due to the
polarization-strain coupling, the out-of-plane lattice constant enhances up to 0.418 nm
in good agreement with the experimental fit (0.416 nm). The energy of the polydomain

configuration is obtained by adding the energy of the domain wall (¢ = 132 mJ/m?) from
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Meyer and Vanderbilt®™ for the top FE layer, and by fitting the scaling of the
electrostatic energy with respect to the one evaluated by Ozaki and Ohgami % to
reproduce the observed domain periodicity from the PFM images. The energy of the
polydomain structure is then very similar to that of the monodomain configuration (of
the PTO/STO bilayer) under perfect screening conditions [see Fig. 3.5(a)], and the
polydomain becomes the ground state for thicknesses of the STO layer larger than 4 unit
cells. Of course, more realistic screening conditions drive this transition to even lower

thicknesses of the spacer, in good agreement with the experimental observations.

For the bottom layer, the screening of the polarization charges is poorer since, as
discussed above, the conductance of the LSMO bottom electrode corresponds to that of
a “bad” metal. In fact, the tetragonality deduced from XRD results suggests that the
polarization in this layer is reduced to about 50% of the bulk value. Assuming that the
domain wall energy scales roughly linearly with the polarization, we use 6 = 66 mJ/m?
to obtain the energy of the polydomain structure of Fig. 3.5(b). We see that for the
bottom STO/PTO bilayer the energy of the polydomain structure is again essentially
degenerate with a monodomain configuration for the sample with 3 u.c. of STO under
perfect screening conditions, suggesting that, in practice, the former should be more

stable in a realistic sample.

If we add together the previous two energies for the polydomain configuration,
and compare with the limit of coupled PTO layers, in which the full stack of
PTO/STO/PTO is in a monodomain configuration, the former is again the most stable
phase for thicknesses of the STO spacer larger than 5 unit cells (still assuming perfect

screening in the monodomain case) [Fig. 3.5(c)].
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If we add to the model a reasonable value of the screening length, Aegs = 0.1A,
then the polydomain structure becomes the ground state of the system for any thickness
of the STO spacer [Fig. 3.5(d)], and only the absence of the dielectric stabilizes the

monodomain configuration, as experimentally observed in the reference structure.

T N T T T T T T T T T T T T T T T
07(3) ’__!,(b) ’___!,(c) L@ ~-——==p
- - -,
7 7/
/7‘—’—-’ i / i s /
/ 7 /
ST / S At 4-10
A / 11 / 11 111 |
‘\a II II / !
L _| / 1 _|
S 20 / i , L 20
L /
B[ : /
2 30 | 4! i il 1730
83 ] ] 1
1 I 1
1 1 1
-40| = monodom. A~0A| | |- monodom.A ~0A| | |- monodom.2A_=0A |7 | = monodom.} ~0.1A] -40
— polydomain | | = polydomain | | = polydomain | | = polydomain
T T T
- Il l 1 l 1 l 1 Il l 1 l 1 l 1 1 'l 1 l 1 l 1 1 l 1 l 1 l 1 -
500 1 2 3 40 1 2 3 40 1 2 3 40 1 2 3 4 >0
toro (nm) tero (nm) toro (nm) tero (nm)

Fig. 3. 5 Energies of the PTO/STO/PTO stack as a function of the thickness of the
STO layer obtained with the phenomenological model described in the text. In (a)
and (b) we consider the top (a) and bottom (b) PTO layers as electrostatically
decoupled and compare the energy of a polydomain phase (solid red lines) with a
monodomain one (dashed black lines), which is penalized by the polarization of the
STO spacer. In (a) and (b) perfect screening is assumed for the monodomain phase,
since for such thickness of the PTO layer, any realistic value of the screening
length yields a paraelectric structure. In (c) and (d) the configuration with two
polydomain, decoupled PTO layers (solid red) is compared with the limit of
coupled regime, for which the whole stack is polarized homogeneously (black
dashed). Ideal screening is assumed in (c). In (d) a realistic value of the screening
length drives the transition from monodomain to polydomain to very small
thicknesses of the STO spacer.

3.4. Discussion

With this model, we found that the introduction of the STO spacer layer in a
PTO/STO/PTO stack makes the polydomain configuration for both the top and bottom

PTO layers more stable, and that the monodomain configuration is stable only for the
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case without STO spacer. This is in very good agreement with experimental

observations for our PZT/STO/PZT heterostructures.

In the PZT_3ucSTO sample, a large tetragonality of the STO layer is observed
(0.402nm), suggesting that the spacer layer is partially polarized, in agreement with
previous first-principles studies on PTO/STO superlattices which observed that the STO
layer was polarized even in the presence of domains in the ferroelectric films %Y. This,
together with the likely presence of charged defects in this layer, supports the
experimental finding of a significantly enhanced out-of-plane lattice constant for the

STO spacer.

As the thickness of the STO spacer increases, the energy cost of polarizing the
STO increases. For the PZT_10ucSTO sample, we found that the c-axis value of STO
goes back to the bulk unpolarized value (0.3905 nm), suggesting that the two PZT
layers are then decoupled. This may also explain the large variations and high noise
level in the piezoresponse for the PZT_10ucSTO sample, as the measured
piezoresponse signal is now a sum of the responses from three decoupled layers. The
decoupling makes the interpretation of the PFM data extremely complicated as
discussed in the findings of Jo et al. !%land Chen et al.l’® Additionally, the decoupling
leads to smaller domain sizes as each PZT layer is seen individually, and the domain
size is governed by the individual film thickness rather than by the thickness of the
whole PZT/STO/PZT heterostructure as for the case in which the layers are coupled.
Certainly the intrinsic characteristics of the electromechanical coupling within the

PZT_10ucSTO sample require further investigation.

Having understood how the STO spacer influences the PZT layer lattice
parameters, we next rationalize the surprisingly positive switching behavior found in
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Fig. 3.4 for the samples with the STO spacers. Before performing the switching
experiments, the full stack is poled to a monodomain configuration with a voltage of -
3V, resulting in a uniformly up-polarized region. In this configuration, there is now a
depolarization field that opposes to the polarization, i.e. pointing down. During the
switching experiments, a +3V is applied to the AFM tip, inducing a field pointing down,
and the depolarization field present in this pre-poled region therefore adds to it. The
depolarization field being larger for the samples with the thicker STO layers, the
effective field at the time of switching is larger with thicker STO, resulting in larger
written domain sizes under otherwise equal conditions. Additionally, in the pre-poled
region the magnitude of the polarization is reduced by the larger depolarization field
(which is not compensated by the presence of domains anymore). The energy required
to switch this reduced polarization is therefore decreased, so that it is easier to switch

the samples with the larger depolarization field, i.e. with the thicker STO.

We would like to conclude the paper by proposing a speculative model to
address the question of the imprint. To do so, we trace back to the first appearance of
spontaneous polarization as the samples are cooled below the Curie temperature T, and
to the subsequent charge migration inside the samples in response to the polarization.
High temperature XRD carried out using a lab source for the samples studied here (not
shown) confirmed that the T, in these samples is in fact lower than the growth
temperature (720°C). As the PZT_reference sample drops below the T, a transition
from paraelectric cubic phase to a ferroelectric tetragonal phase occurs, and a
spontaneous polarization is established in the c-axis direction (Fig. 3.6(a) and (b)).
Though there are two possible polarization states along the c-axis, they are not
degenerate, due to the asymmetrical electrical boundary conditions. However, the

formation of a uniformly polarized film is energetically costly and thus, internal
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screening occurs. Namely, the movement and accumulation of positively and negatively
charged carriers towards the top and bottom interfaces takes place to screen out the
oppositely charged surface bound charge. As illustrated in Fig. 3.6(c), this internal
alignment of charged species creates a net field within the film that further stabilizes the
domain alignment in the preferred direction (i.e. stronger imprint). Finally, the
preferentially polarized as-grown state is further stabilized by the attachment of charged
adsorbates on the surface as the sample is under an ambient environment. The end result

is a strongly preferentially polarized as-grown domain state.

Fig. 3.6(d) and (e) show that in the case of the system with spacers (the example
sketched here is the PZT_3ucSTO sample), as the film is cooled below T, the driving
force for a downward polarization stemming from the PZT/LSMO interface is still
present. However, there now exists a non-negligible source of depolarization within the
center of the film. Note that particularly for the bottom layer, there is poor screening on
both interfaces (a bad metal on the lower side and polarized STO above). The formation
of 180° domains emerges as an energetically-favorable mechanism for screening the
depolarization field!?®® | also leading to the reduction in the net drift of charged defects
to the top and bottom interfaces. For the bottom layer, the driving force for positive and
negative defect segregation towards the top and bottom interface is further impaired by
the suppressed spontaneous polarization. The end result is a large reduction in the built-

in field and the formation of an as-grown domain state with 180° domains.
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Fig. 3. 6 lllustrations of our speculative model to describe possible scenarios in our
samples, showing the domain formation and internal charged defect movement as
a function of temperature in PZT_reference (a-c) and PZT_3ucSTO (d-f).

3.5. Conclusion

In conclusion, we have shown that by intentionally introducing an STO layer
between two ferroelectric PZT thin films it is possible to induce a depolarization field
and tune its effect by modulating the thickness of the STO layer. Starting with a
monodomain PZT 14 u.c. thin film, the introduction of a 3u.c. STO layer between the
two 7 u.c. thick PZT layers results in the formation of domains, with the STO layer
being polarized and the two 7 u.c. PZT layers being coupled. By increasing the STO
thickness, the coupling between the two PZT layers decreases in agreement with
previous work on PTO/STO superlattices I’”!, where a transition from a coupled to
decoupled state around 3-4u.c. of STO was found. Accordingly, we find that our sample

with 10u.c. STO is fully decoupled with two PZT layers that are ferroelectric and
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polydomain, and the STO layer that is paraelectric with a c-axis relaxed to the bulk
paraelectric value. Combining XRD and PFM measurements with theoretical
estimations, we were able to characterize the different samples and follow their
evolution as a function of the STO thickness. These results show that at the appropriate
length scale, the depolarization phenomenon can result in a large improvement of
ferroelectric properties, such as lower measured coercive voltages, faster nucleation

speed, reduced imprint, and reduced leakage current.
3.6. Methods

3.6.1 Experimental

Growth - Epitaxial SrTiOs; (STO) and Pb(Zry,TiOos)Os (PZT) films were
deposited on (001) etched stepped SrTiO3 (STO) substrates (Shinkosha, Japan) buffered
with a Lage7Sro3sMnOz (LSMO) bottom electrode using a pulsed laser deposition
system (PLD). All targets used for PLD were acquired from Kurt J Lesker. The oxygen
pressure during ablation was maintained at 20 mTorr (STO) and 100 mTorr (PZT and
LSMO), respectively. The deposition temperature for all layers was fixed at 720°C. The
substrate-target distance was 15 cm, with fluence ranging from 2~2.5 Jcm™ and the laser
repetition rates used were 3 and 10 Hz for STO and PZT, respectively. The cooling of
the films was carried out at a rate of 20 °C/min to room temperature in 450 Torr of

oxygen partial pressure.

X-ray diffraction - Asymmetric reciprocal space maps around the (103)
reflection were performed for all samples using a Bruker D8 to verify the growth

orientation and epitaxial quality.
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Atomic-force microscopy - Surface topography and piezoresponse
measurements were performed using a commercial AFM system (Cypher, Asylum
Research). As the films are relatively thin (<10nm), Dual AC resonance tracking
(DART) piezoelectric force microscopy (PFM) mode was employed to resolve the fine
domain structure in the as-grown and switched states. An AC bias of 0.2 V at ~350 kHz
was supplied to the tip for piezoresponse hysteresis loops and images measurements.
Pt/Cr coated, conductive AFM tips (ElectriMulti 75G, BudgetSensors) with an average
radius of 25nm were used throughout this study. Local hysteresis loops for all samples
were obtained using Switching Spectroscopy Piezoresponse Force Microscopy
(SSPFM). Multiple hysteresis-loops were taken over a 4~ 4/m® area using a 0.2Hz,
3.5Vpeak-peak triangle pulse bias. For the domain growth study, a region was firstly poled
into the positively polarized state with a -3V writing bias before an array of circular
domains was created by applying a 3V writing bias for different pulse durations. To
extract an average value and to ensure the domain size data are statistically reliable,
several domains were drawn for each pulse-duration/amplitude combination to
minimize the contribution from experimental artifacts such as tip-drift and tip/sample

contact variations.

3.6.2 Theoretical

We base our theoretical predictions for the out-of-plane lattice constant and
polarization of the PZT/STO/PZT superstructure on the Devonshire-Ginzburg-Landau
model fully explained in Ref. *1 For the monodomain case, the model is modified to
take into account the electrostatic energy penalty due to the depolarization field through

including an extra term in the energy expression, AeffPZ/eot, where A is the

effective screening length, &, is the vacuum permittivity and t is the thickness of the
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polarized layer [the PTO/STO bilayer for Fig. 3.5(a) and 3.5(b), and the PTO/STO/PTO
sandwich for Fig. 3.5(c) and 3.5(d)]. For the polydomain structures, in addition to the
Helmholtz free energy inside the domain, we add the energy of the domain wall (o =
132 mJ/mz2, from Meyer and Vanderbilt™® for the top FE layer, where the polarization at
the center of the domain is expected to attain the PTO bulk strained value, and reduced
to 6 = 66 mJ/m? for the bottom FE layer due to the reduced value of the polarization)
and the electrostatic energy of a 180° domain structure as derived in Ozaki et al.™® that
might be scaled to account for the extra screening due to the adsorbates in the top layer.
In the expression for the electrostatic energy, we used again the equations and
parameters in Pertsev et al. to obtain the permittivity tensor of the ferroelectric
material.®"! In all cases we are calculating the energies per unit volume, where the
volume considered is that of a PTO/STO bilayer [for Fig. 3.5(a) and 5(b)] or a

PTO/STO/PTO sandwich [Fig. 3.5(c) and 3.5(d)].

For the curves in Fig. 3.5(a) and 3.5(b) we assume a regime in which both PTO
(PZT in the experiment) layers are electrostatically decoupled. We compare the energy
of a polydomain 3nm-thick PTO layer with that of a monodomain phase in which both
the PTO and the STO spacer layer polarize. In this case, we assume a vanishing
effective screening length since otherwise the monodomain case becomes unstable for
any thickness of the STO. Two different domain configurations for the top and bottom
FE layers are considered due to the different chemical environment, as explained in the

main text.

For Fig. 3.5(c) we consider the coupled limit where the whole stack is in the
monodomain configuration. The incomplete screening by the real metallic electrodes

has been introduced through an effective screening length of 0.10 A in Fig. 3.5(d). The
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energy of the monodomain configuration, assuming a continuous polarization in the
6nm-thick PTO layer (3nm from the top and 3nm from the bottom FE layer) and STO
spacer, is compared with that of a polydomain configuration where we consider that the
3nm-thick PTO layers are decoupled and break into 180° domains, while the STO layer

remains unpolarized.
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Chapter 4 Nano-bubble domains in epitaxial ultra-thin PZT

film

4.1. Introduction

In the previous chapter, the possible effects of depolarization field, especially
in terms of the benefits for potential devices, on ferroelectric properties are discussed.
The thickness of inserted STO spacer varies from 3 to 7 unit cells to enable the
depolarization field-induced modification on T-PZT layer domain and c lattice
parameter. Additionally, with purposeful introduction of STO spacer into PZT layer, it
shows that the domain configuration can be tuned by the thickness of inserted spacer
and the PZT heterostructure shows reduced coercive field and significantly decreased
imprint compared with PZT ferroelectric film without STO spacer. It is also noticeable
that the screening effect also plays an important role to the behaviors of ferroelectric
thin film. Piezoresponse force microscopy (PFM) results indicate that STO spacer turns
PZT domains from monodomain into 180° polydomain via stripe-like domain
configuration. Critically, the 2 nm bottom electrode (LSMO) which was employed in
depolarization field investigation was a ‘bad’ metal. In this chapter, epitaxial PZT thin
films with STO spacer heterostructures on metal-like bottom electrode are prepared and
investigated by high resolution x-ray diffraction (HRXRD) and PFM.

The general concept is that if the depolarization field is suppressed sufficiently,
the homogenous ferroelectricity with monodomains can be achieved in nanoscale
thickness. However, the depolarization filed within ultra-thin film is often significant
because of incomplete screening from bottom electrodes ?* 34 Typically researchers

pursue methods to reduce the field by engineering heterostructure at film-electrode
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interface 1% 1%], By contrast, we have demonstrated the positive effects by enlarging
the depolarization field. So it offers new possibilities to get desirable polarization in
ferroelectric films through tuning the depolarization field

In ultra-thin ferroelectric films, the reactions of whole heterostructure system to
the depolarization field are complicated. Except creating 180° domains to reduce
depolarization field, there are serval responses to minimize depolarization field in order
to reach energetic favorite. For example, intrinsic polarization through oxygen
suppression of displacement has been 1.

In this chapter, PZT heterostructures have been prepared on 15 nm LSMO
bottom electrode, which is more metallic-like electrode compared with 2 nm LSMO. In
this case, the large depolarization field stemmed from ferroelectric (PZT)/paraelectric
(STO) interface breaks the top PZT monodomain into nano bubble-like polydomain.
Under the sufficient free charge carriers from the bottom electrode, the small bubble
domains (<10 nm) of anti-parallel polarization are observed. The observed tiny 180°
domains are consistent with other studies by Thompson et al, and Lichtensteiger et al.
[106] [107. 108] " Jsing the thicker LSMO buffer layer, it is found that the increasing
thickness of STO spacer leads larger proportion of polydomains in PZT thin film,
although the domains still retain in the bubble shape. In addition, it is noticed that the
as-grown state of bubble domains is metastable state, such that PFM AC signal (<300
mV) leads redistribution within film and promotes the bubble-like to stripe domain

transformation, consistent with theoretical computations 1% 101

78



4.2. Results

PbZry,TiggO3 thin films with STO spacer of various thicknesseswere deposited
on 15 nm LSMO buffered (001) TiO, terminated STO substrates (Shinkosha Co., Ltd.,
Japan) using plused laser deposition system (Neocera Co., Ltd., USA). Thickness of
STO spacer varied from 1 monolayer to 10 monolayers. Ambient oxygen pressure was
for 100 mTorr LSMO and STO and 120 mTorr for PZT during deposition. The
substrate-target distance was 15 cm with laser fluency at approximately 2 J.cm™?. The
laser frequencies used for deposition of PZT and STO were 5 Hz and 3 Hz, respectively.
After deposition, the films were cooled to room temperature in 450 Torr partial oxygen

pressure at a cooling rate of 20 °C/min.

Using above conditions, the following samples were fabricated in this chapter.
The Film configuration is shown in Fig. 5.1.

(@): PZT (3 nm)/1 monolayer STO/PZT (3 nm)/LSMO (15 nm): PZT_1w.STO [Fig. 5.1

(@)]

(b): PZT (3 nm)/3 monolayer STO/PZT (3 nm)/LSMO (15 nm): PZT_3u.STO [Fig. 5.1

(b)]

(c): PZT (3 nm)/5 monolayer STO/PZT (3 nm)/LSMO (15 nm): PZT_5u.STO [Fig. 5.1

©]

(d): PZT (3 nm)/7 monolayer STO/PZT (3 nm)/LSMO (15 nm): PZT_5u.STO [Fig. 5.1

(d)]

(e): PZT (3 nm)/10 monolayer STO/PZT (3 nm)/LSMO (15 nm): PZT_10m.STO [Fig.

5.1 (e)]
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Although LSMO film is much thicker, the epitaxial quality remains through the
entire structures according to HRXRD and transmission electron microscopy (TEM)
observations.The carrier density of 15 nm LSMO bottom electrode attains 10%/cm,
which is 5 times magnitude higher than STO spacer series in Chapter 4. Such carrier

density of bottom oxide electrode facilitates effective screening in a much shorter length.

(a) (b)

STO|1 ML| STO‘?, |Vl|_| STO (5 ML) STO (7 ML) STO (10 ML)

PZT (3 nm) PZT (3 nm) PZT (3 nm)

LSMO ~15nm LSMO ~15nm LSMO ~15nm LSMO ~15nm LSMO ~15nm

STO (substrate) STO (substrate) STO (substrate) STO (substrate) STO (substrate)

PZT_1,, STO PZT_3,, STO PZT_5,, STO PZT_7,,.STO PZT_10,,, STO

Fig. 4. 1 Schematic of PZT/STO/PZT heterostructures for (a) PZT_1m . STO, (b)
PZT_3|\/||_STO, (C) PZT_5|\/||_STO, (d) PZT_7|\/||_STO, (e) PZT_].OMLSTO with
increasing STO spacer thickness

Fig. 5.2 shows comparison of the high resolution XRD data of (002) peaks for
all PZT_Xu . STO samples on 15 nm LSMO electrodes. Epitaxial growth is assured as
no other peaks appear from 40° to 50° (2theta). Board PZT peak around 43° confirms
the ultra-thin nature of all five films. Here the LSMO (002) peaks appear higher and
sharper as they are thicker than samples in previous chapter. The d-spacing of LSMO is
3.850 A which is close to its bulk value. In addition, the varying of PZT (002) peaks

from 42.842° to 43.874° indicates d-spacing of each PZT layer is greatly modulated by
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the inserted thickness of STO spacer, i.e. the depolarization field. As we noticed, the
splitting of PZT (002) peak emerges with the increase of STO spacer thickness, that
two peaks can be observed for PZT_10m . STO thin film because of the decoupled top
and bottom PZT layers. The out-of-plane d-spacing of in PZT_10y.STO is
approximately 4.05 A which greatly suppresses the polarization.. Moreover the out-of-
plane lattice parameter reduces as the decrease of STO thickness. That is, 4.1428 A for
PZT 3wSTO and 4.146 A for PZT_ 1w STO. Since the polarization value is
proportional to tetragonality of PZT, this suggests that the ferroelectricity is modulated

by tuning of depolarization field..

PZT_1,,STO
PZT_3,,STO

PZT_5,,STO
PZT_7,,STO

PZT_10,,STO

Intensity (Arb. Units)

40 42 44 46 48 50
20

Fig. 4. 2 high-resolution of #-20 XRD comparison for all PZT_xu STO samples.
With developing the thickness of STO spacer, PZT peak gradually spitted into two
peaks as the two PZT layers fully decoupled.
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Fig. 4. 3 TEM cross-section of PZT_3u.STO confirms good epitaxy of triple layers
on STO substrate with sharp interface formation. The thickness of PZT (7 u.c) and
STO (3 u.c) totally agree with the deposition rate of last chapter.

In order to analyze the effect of altering layered structure on ferroelectric
domain configuration of top PZT, DART-PFM (dual amplitude resonance tracking) was
employed to investigate the vertical ferroelectricity. Fig. 5.4 (a)-(e) show the PFM
amplitude evolution as a function of increasing STO spacer thickness in as-grown state.
There is no distinct domain structure observed in the PZT_ 10y, . STO sample. Except the
PZT_10m.STO, all other films consist of monodomain matrix with out-of-plane piezo-
response and tiny spots without detected response. The density of ‘bubble domain’
increases as depolarizing field increased. The out-of-plane responses also follow the
tendency that piezo-response decreases with increasing STO spacer thickness. The
phase evolution in virgin state is shown in Fig. 5.4 (f)-(j). Although the bubble domain
size in the amplitude images appeared bigger than in the phase images, the unclearness
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of PZT_1m.STO spots in phase image can be caused by weak response and smaller
size. . What is worth mention is that the accurate imaging of small bubble domains is
challenging due to the PFM probe’s scanning limit, which is approximately 20 nm. This
probe limit causes the zero amplitude of inside of bubbles, which is interrupted by the
bubble domain walls. . When STO spacer increases to 3 and 5 monolayers, phase
images give distinct nano-domain spots which agree with the amplitude images for the
location of bubble domain.. More spots are shown up from PFM results in
PZT _7m.STO due to the further enhanced depolarizing field. In PZT_10,.STO sample,

there are no clear domain features in as-grow state, as shown in figure 5.4 (e) and (j).
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Fig. 4. 4 The as-grown state PFM amplitude and phase of PZT_1yu.STO to
PZT _10pm.STO
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To understand the nano-domian in as-grown state, PZT_3y . STO was scanned in
selected 200x300 nm? area using DART-PFM as shown in Fig. 5.5. (a) and (b). As
mentioned above, the ferroelectric films are combined with matrix domains in a
downward-polarized state and nano-scaled domains distributed all over the image. By
employing DART technique, the nanodomains are in upwardly polarized state and 180°

domain walls are clearly observed.

200 - pm

Deg

Amplitude

11
0 50 100 150 200 250 300 0 50 100 150 200 250 300
nm

Fig. 4. 5 DART-PFM amplitude and phase for PZT_3u.STO in selected area

It is noticed that the size of nano-domains keeps increasing during scanning
when 150 mV AC bias is applied It is suprising that the domain relaxation happens at
such low electric field. To investigate the size-increasing phenomenon of nano-domains,
a small area (200 nm x 200 nm) are imaged first before increasing the scan size to 500
X 500 nm? on PZT_1m STO. The increased magnitude of small domains can be
observed for the comparison between the centre double-scanned area and the single-
scanned neighbouring area. The nano bubble domain diameter widens by approximately
3 times (from ~10 nm to ~30 nm) after only one more PFM reading scanning at 150 mV.
In addition, the nearby bubble domains start merging together (as marked in orange
region). The nano-domain growing process is further detected via continuously

scanning at selected 150 x 150 nm? region as shown in Fig. 5.7. The marked areas
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indicate the samge region as a reference to the drifting images. After several scannings,

the original bubble-like domains transfer into stripe-like polydomains which are

consistent with polydomain structure in PZT_Xw.STO thin bottom electrode ©*.

500

300

nm

nm

Fig. 4. 6 (a) is amplitude image of PZT 1y STO with 200 nm? double scanned
centre region inset. (b)&(c) are amplitude and phase of 200 nm? at initial imaging.
The red marked domain indicates that the diameter increased from ~11 nm to ~30
nm.

86



3

80

60

40

20

0 20 40 60 8 100 120 140 0 20 40 60 8 100 120 140 0 20 4 6 8 100 120 140
n

140

120 S Deo

H

150 100 - ¥ — 150 150

100

- —
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
nm nm nm

>
1% scan 4" scan 5" scan

Fig. 4. 7 the amplitude and phase of nano bubble domains growing process in 150

nm? on PZT_1m STO. The marked areas finally combined together after 5" scans
and bubble domain configuration turned into 180° polydomain.

4.3. Discussion:

For a pure ferroelectric film, the charge carriers from metallic electrodes or
surface adsorbates can compensate the depolarizing field at ferroelectric interface M4,
In particular, for PZT and STO interface, the ferroelectric/conductive interface is
replaced by ferroelectric/paraelectric interface and the thickness of STO spacer varies
from 1u.c to 10u.c. Due to the small thickness, the inserted thin STO spacer makes the
screening less effective thereby increasing the depolarization in the PZT film %7,
However, it is also energetically costly for the large depolarizing field to persist in
ferroelectric layer. As a result, the ferroelectric layer is electrostatically coupled with
STO spacer to eliminate depolarization field throughout the PZT/STO/PZT
heterostructure. In this way, the ultra-thin paraelectric STO spacer is charged to appear

the same polarization as neighbouring PZT layer, and leads polarization reduction in
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PZT ferroelectric layer as well %1% Another response to this is that the monodomain
configuration in ultra-thin epitaxial film breaks into 180° polydomains with an opposite

ferroelectric polarization, which reduce the depolarizing field.

The next step is to investigate the formation of polydomain configuration with
nano-bubble-like polarization upward domains. Fig. 5.8 shows the comparison of two
samples with identical heterostucture (PZT_3m.STO) on 2 nm and 15 nm thickness
bottom LSMO electrodes. Both of two samples present polydomain configurations, but
the domains transferred from stripe-like domains in samples of 2 nm LSMO into
bubble-like domains in sample of 15 nm LSMO layer. In addition, the significant
reduction of domain size (diameter of domain is ~10 nm in our study) is observed in
comparison with other ultra-thin ferroelectric films studies (the domain diameter is

~100 nm in %%, for example) (% 1101,
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Fig. 4. 8 PFM amplitude and phase images of PZT_3u.STO on 2 nm thick LSMO
((a) & (b)) and on 15 nm thick LSMO ((c) & (d)) in 500 nm? area. The transition
from stripe-like to bubble-like configuration is clearly presented.

The domain evolution of PZT/STO/PZT films from stripe-like to bubble-like is
not uncommon as many studies have examined in magnetic ultrathin films (i.e. Pt/Co/Pt
films) [**2 and BiFeOs multiferroelectric films™!. Here we start with the discussion on
the possible driving force for the size reduced domain formation in as-grow state. In the
magnetic system, the comparable transformation from stripe to bubble domain
configuration has been investigated theoretically by Cape et. al. ™. They confirmed
that both of the stripe and bubble domain are in similar energetic state in terms of

(141 Similar transition from stripe domain into

demagnetizing field in their study
bubbles domain in ferroelectrics has been studied by Lai et al. ™**!. According to their

study, stripe-like domain configuration mainly comes from the depolarization field
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while nano-bubble domain is formed as a result of the depolarizing filed and applied
external field. They also pointed out that compressive stain on film can decrease the
external field and thus obtaining the stripe to bubble transition. In our study, the
possible external driving force is built-in bias. Among all our samples on thick LSMO
bottom electrode, the built-in bias effect promotes bubble domain over stripe domain
with sufficient free charge carries. The model by David J. [, the presence of depleted
layer may change built-in potential and therefore affecting as-grown domain state. The

relationship between depletion layer width w and carrier density Cj, is expressed as :

w=1/Cy/* (1)

where | refers to ferrelectric-electrode interface property. The simulation of this study
shows the domain pattern transition occurs under high the carrier density. Further, the
domain state splits into striped reverse domains with uncompensated bound charge at
electrodes in film predicted by ab initio calculations .
The built-in field E; can be expressed as

E, = —E.*0.5%3y/3r(1-1r?) 2)
Where E. means the coercive field for film without depletion layer and r can be

deduced by rescaled thickness d' as

r=1-2/3Bd) (3)

the expression for d’ is

da

d'= C5(1—(a180)"HW3b? (4)

By combining the equation (1), the built-in field is proportianal to carriers density Cp

under the same thickness of ferroelectric film.
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With low Cg, the built-in field is not sufficient enough to switch any region in
the film thus monodomain is preserved. When the carrier density increases above
critical value of coercive field, reverse domain starts nucleating at the bottom of
ferroelectric layer. During the nucleation process, the electric field concentrates from
the bottom interface of ferroelectric layer at the beginning. Accordingly, there is a tip-
like domain formed to favour the depolarization field at the top of reversible domain in
nucleation process. The distributions of polarization and electric field during the domain
reversing have been systemically studied by David '®. Fig. 5.9 (a) and (b) illustrate
polarization and electric field distribution in the vicinity of an intermedia reversed
domain during the 180° domain growth. To gain electrostatic energy favourite, the
polarization vectors should avoid head to head or tail to tail domain configuration[ref].
Hence, the neiboughing polar vectors slightly rotate around the growing ‘domain ’
under polydomain forming processes and result in tip-like reverse domain vertically
which is illustrated in Fig. 5.9 (a). To screen electric field at the top region of tip-like
domain with rotated polarization, the electric field out of tip-like region is enhanced as
shown in Fig. 5.9 (b) (the darker arrows illustrate stronger electric field). For the interior
region of 180° domain, the net electric field effectively reaches to zero. The growth of
reverse domain processes is shown in Fig. 5.9 (c). With the growth of the reverse
domains, the monodomain to bubble domain transition is realized. It is important that
the carries density is high enough to generate sufficiently larger electric field in

vertical tip-like region than internal coercive field.
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PZT (7 uc)

STO (1 uc)

B N

LSMO ~15 nm

Fig. 4. 9 (a) indicates the distribution of polarization and (b) is electric field layout
during the process of 180° domain developing. To minimize the electrostatic
energy, the tip-like forms at the top of reverse domain %, (c) is the schematic for
reverse domain growth in bubble domain samples. The white arrow presents
polarization direction in the heterostructure.

However, the explanation of electrostatic energy is not enough to solve bubble
domain configuration completely. The defects within the film also contribute to the 180°
nano bubble domain shape evolution. Fig. 5.10 (a) and (b) show the high resolution
cross-section TEM for PZT_5,,.STO on thick bottom electrode, and the corresponding
polarization distribution, respectively. In the Fig. 5.10(a), the defect is found at the
interface in the marked area. The growing tip-like domain is also observed in
polarization mapping (Fig. 5.10(b)) at identical area. This indicates that defect at
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interface between PZT and LSMO is related to the bubble domain formation. The
defect-induced fluctuation potentially breaks the long-term build-in electric field. Hence,
intrinsic defect structure plays an important role to promote the bubble domain
transition over stripe domain. In conclusion, there is a complicated mechanism to drive
the nano bubble domain formation. This underlying driving force includes electrostatic
consideration, enhanced screening effect by increased free carries, depolarization field

and defect promoted domain nucleation.
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Fig. 4. 10 Cross section TEM of PZT 5w STO (a) and the corresponding
polarization mapping

Although bubble domain configuration is observed in many studies, our samples

ol8s. 105, 107

demonstrate ultra-small siz The bubble domain size is assessed for

PZT 3m.STO according to its PFM phase images shown in Fig.5.11 (a). For this
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estimation, we employed same approach as study!®’!. By fittings of bubble-like domain
radius along (110) and (110) are 5.41+0.28 nm and 4.79+0.23 nm, respectively, as
shown in figure 5.11.. Our PZT_3yu. STO sample has isotropic tiny bubble domains
according to the result. This isotropic distribution indicates that our engineered STO
spacer samples are more likely to attain enhanced electrostatically coupling with bottom
electrodes™"! and the build-in bias to remain the bubble-like domain structure over

stripe-like domain structure is acquired in films [,

T T T T . T 1 T T -

(b) ®  lin110 vs. xAxis
untitled fit 1

L lin1_10 vs. xAxis
untitied fit 1

Fig. 4. 11 (a) PZT_3m.STO PFM phase image for domain size fitting; (b) and (c)
are the domain size fitting pattern according to LLK approach on (110) and (110),
respectively.
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The relaxing processes from bubble-like domain to stripe-like domain can occur
under external electric field, as discussed previously in Fig. 5.7. Thus, the bubble
domain evolution can be due to the charge redistribution caused by external field. The
bubble-like domains were formed in as-grown state and , the intrinsic net filed is close
to zero and thus achieving the metastable state bubble-like domain configuration.
However, By applying external bias on the sample, the polarization vectors are partially
or fully switched in the applied regions and an unstable state to this region is created
since the as-grown electrostatic scenario is disturbed ™. According to study of
Gruveman M9 the retained polarization as a function of time-dependence is expressed

as.
P(t) = Py —mlog(t/ty) 5)

P, refers to initial polarization and m is a decay rate ?!. The log-time relation
indicates that relaxation from charges redistribution is in a wide time range. In our study,
the relaxing process and domain evolution are quite fast as the scanning duration is
around 10 mins. In addition, the irregular development of domain shape is observed
because spatial variation of domain wall velocity. From Fig. 5.7, our enhanced
depolarization field samples experiences similar tendency of retention relaxation 8 191,
The marked red region shows a different relaxing rate compared with the black region
(while dash line in phase images) and they evolved into two different domain shapes
after continuous scans. To be specific, the red region relaxed into strip-like domain
similar to the virgin domain state in ultra-thin bottom electrode spacer samples in
chapter 4 while the black regions merged together and formed a large circle domain. As

the depolarization field is enhanced by the introduction of STO spacer, it is possible that

the build-in field is sensitive and can be easily disturbed by oscillation amplitude of the

96



cantilever. Then redistribution of charges occurred at bubble domain regions after
scanning with AC signal (200.mV). Subsequently, the domain transferred from bubble-
like into stripe-like after charges redistribution to obtain electrostatic stable state.
Another necessity for the charge redistribution which responses to detection AC signal
is the sufficient charge carriers at electrode interface. This is the major difference
between samples in this study and that in chapter 4. Compared with the conductive thick
LSMO, the ultra-thin LSMO presents the nature of semi-conductivity[ref], which makes
it energetic costly and slower to redistribute the carries within LSMO electrode..
Besides, the growth of reverse bubble domain to stripe domain results in less required

charges of electrode to screen build-in bias in film.

The domain wall mobility is another possible origin for irregular reverse domain
growth. As we discussed that one of driving forces to form bubble domains is the effect
of defects. . Defect-induced effect also plays a key role to determine the domain size
and shape evolution during scanning relaxation. In addition, it can be observed that
domain wall mobility is suppressed between pinning centres and causes reverse domain

bending around pinning points as the Fig 5.7 indicated.

In conclusion, we have shown that not only the introduction of paraelectric STO
layer affects the ferroelectric properties but also the 180° domain is adjustable by the
underlying conductivity of bottom electrodes. The tiny bubble domains over stripe-like
domains are gained by the combined effect of polarization field and appreciated
screening in ultra-thin ferroelectric film. In addition, with increased deposition field
which led by thicker STO layer, there are increasing number of ‘bubbles’ , but the
bubble domain size keeps similar . Therefore, the new possibility of tuning the 180°

domain pattern is revealed by careful design of ultra-thin ferroelectric structure.
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Chapter 5 Conclusion and Future work

5.1 Conclusion

With advanced thin film deposition technologies such as PLD, high quality
ferroelectric thin films are successfully deposited on selected substrates down to a few
nm. At nano-scale thickness region, the boundary conditions and the presence of
interfaces become extremely critical. This dissertation provides an in-depth
investigation and understanding on ultra-thin epitaxial ferroelectric films, focusing on
the effect of mechanical and electrical interfacial conditions on polarization and domain

behaviour in classical ferroelectric PbZryTi;.xO3 (PZT) system.
The key topics investigated are:

1, the dielectric and electromechanical responses of a ferroelectric bilayer which

consists of ultra-thin tetragonal PZT/rhombohedral PZT layers;

2, the positive effects of depolarization field on the ferroelectric behaviours of

ultra-thin PZT/STO/PZT heterostructure grown on a semi conductive electrode;

3, the characterisation of metastable nano bubble domain pattern and the
nucleation dynamics for the bubble domain configuration in ultra-thin PZT/STO/PZT

on a metallic bottom electrode;
The outcomes of the projects in the thesis are listed as follows:

1. Firstly, the symmetry reduction and polarization rotated domains in ultra-thin
PZT-T/PZT-R epitaxial bilayer are studied from a structural and theoretical aspects.
Synchrotron XRD, electrons diffraction pattern, in-/out-of-plane PFM and electric-field-
induced hysteresis loops confirm the bilayer system achieve a rotational polar states in
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T-layer. A largely enhanced electromechanical ds; is observed attributed to reversible
polarization rotation. Finally, the ferroelastic coupling is demonstrated for the bilayer
sample via switching polarization from in-plane to out-of-plane, a key result required

potential memory devices.

2. By purposely introducing a large depolarization field using SrTiO; (STO)
spacer, the epitaxial heterostructure PbZry,TiOggO3 /X u.c. STO/ PbZry,TiOggO3 on
(001)-oriented STO substrate was investigated. The inserted STO spacer, ranging from
3 unit cells to 10 unit cells strongly affects the as-grown domain pattern and the out-of-
plane lattice parameter. The transition from monodomain to 180° polydomain is
observed via PFM at the top 3 nm thick PZT layer in these samples with increasing
thickness of STO spacer. In the sample of single 6 nm PZT (reference sample), the c
constant is 0.416 nm and the main area shows monodomain with polarization downward.
Under external bias, the reference sample gives asymmetric loops. However, this
imprint behavior reduces by 80% by middle STO spacer. In addition, the domain
switching reaction speed is accelerated by 2 orders of magnitude compared to the
reference sample.

3. As a follow up to the precious study of on depolarization field on
ferroelectricity, a study focuses on tuning the 180° polydomian structure is presented. It
demonstrates that the 180° polydomain pattern is adjustable by the combined effect of
depolarization filed and bottom electrode. The metal-like 20 nm thick Lag¢7Sro.33MnO3
(carrier density ~10%°/com™®) was deposited as bottom electrode to replace the 2nm
LSMO in the previous chapter. PFM images illustrate the tiny bubble-like domain form
an opposed polarization at top PZT layer in the STO spacer samples. The amount of
nano bubble domain (radius is around 10 nm) increases with stronger depolarization

field which is brought by thicker STO spacer. Furthermore, the bubble domain structure
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is metastable in the virgin state. It is found that a repeatable scanning can modulate this
nanodomain virgin state into stripe-like domain pattern as the 180° polydomain

structure.

5.2 Future work

The bilayer project presents a simple way to modify the polarization rotation
through insertion of a bilayer. We have demonstrated that the a/c domain structure
exists in 100 nm PZT-T/100 nm and a;/a; domain structure exists in 30 nm PZT-T/100
nm PZT-R bilayer in previous studies. More importantly, we observe structure
symmetric reduction and polarization rotation in our ultra-thin bilayer. Further study can
be developed on the interreaction between top PZT-T layer and bottom PZT-R layer. By
varying the thickness of the underlying PZT-R layer, the structure symmetry and polar

rotation can be progressively adjusted in the top PZT-T layer or the bilayer as whole.

In the study of depolarization field, the 180° polydomain configuration is
extremely compelling in terms of physical and industrial interests. According to XRD
simulation results, the inserted STO spacer strongly affects the out-of-plane lattice
constant. It is valuable to visualize the polarization distribution of heterostructure via
TEM unit cell polarization mapping. In addition, in-situ aberration-corrected STEM can
be employed to analyse the domain growth process with external bias, especially the
interfacial reaction between PZT and STO. The further focus of bubble series can be the
understanding for relaxing mechanism from bubble-like to stripe-like domain
configuration. In-situ aberration-corrected STEM technique can help to show the
evolution of domains would be exciting. Moreover, the conductivity and dielectric
properties of the samples with controllable domains are also interesting. These

understanding are highly important for ferroelectric functional device engineering.
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Appendices

Al Reversible polarization rotation in epitaxial ferroelectric bilayers

Al.1 Phase-field simulations:
The spontaneous polarization vectors P; (i=1,2,3) are chosen as the only order
parameters. The polarization evolution is governed by the Time-dependent Ginzburg-

Landau equations *2:

REY__ | _9F i_123)
ot SP(FY .

(Eq.1)

Where r is the spatial position vector, t is the evolution time step, L is the kinetic
coefficient, F is the free energy density of the system which includes the contributions

from bulk, elastic, electric, gradient energy densities:

F = I( fBqu + fElastic + fElectric + 1:Gradient)d\/ (EqZ)

Detailed expressions of the energy density as well as method of solving the

phase-field equations can be found in literature (221,

The simulation system is discretised into a three dimension box of 128
gridsx128 gridsx50grids, with each grids represent 1 nm. Where the thickness direction
is composed of 15 nm of substrate, 20 nm of R-PZT (Pb(ZrpssTip.45)03), 5 nm of T-PZT
(Pb(Zro3Tip7)O3) and 10 nm of air layer. Periodic boundary condition is applied along
the two in-plane dimensions while a superposition method is employed in the out-of-

plane dimension.

Following the work by Fei et al. % the effective in-plane average strain is

defined as the difference between the substrate strain and lattice strain. From the
101



Reciprocal space mapping (RSM) of lattice parameter, the R-PZT is considered to be

fully relaxed with respect to the SrTiOs; substrate, while the T-PZT layer is fully

coherent to the R-PZT layer. With R-PZT as the reference state, the substrate strain is
ar—ar

effectively zero for the whole film, while the lattice strain is 0 and — for R-PZT and
T

T-PZT layers, respectively, where a; and ay are the psudocubic lattice parameters for
R-PZT and T-PZT layers . To account for the difference in elastic constants of the T-
PZT and R-PZT, the elastic iterative method is used [**21. All the parameters are taken
from Haun et al.l*®1. As is shown in Fig.S1, metastable rhombohedral domains grow to
the tetragonal top layer upon the application of external field, forming large R domains
throughout the thickness direction. The metastable R domains can be switched by the
reverse bias. Whereas the fine tetragonal ai/a, twin domain can be nucleated and grown
back during the removal of the applied bias. The nucleation process starts from the

curved domain walls and expands to the rhombohedral domains.
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Fig. Al. 1 shows domain development with applied bias. The tetragonal domain

with polarization in- plane can be re-orientated into rhombohedral domains by
external electric field.

Al.2 Structural analysis of the epitaxial bilayers

Al.2.1 HR-XRD simulation ( Similar to Liu G., Chen J., Lichtensteiger C., Triscone
Jean-Marc, Aguado-Puente P., Junquera J., Valanoor N. (2016). Positive Effect of an
Internal Depolarization Field in Ultrathin Epitaxial Ferroelectric Films. Adv. Electron.

Mater., 2: 1500288. doi: 10.1002/aelm.201500288)

We have employed a custom-made Matlab program to simulate XRD patterns of
a bilayered structure along (0OL) truncation rods. The atomic scattering factors f are

calculated using the formula :

f =Z; a,exp| —b, sin{(gﬂ]Jrc

and the values for a;, bj and ¢ found in the international tables for crystallography

(Eq.3)

[126]

where 0 is the diffraction angle and A the wavelength of the diffracted beam (here A

=0.15406 nm). This is done for the different atoms present in the sample, nameley La,
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Mn, O, Pb, Ru, Sr, Ti and Zr. Where there is alloying on the A- or B-site, an effective
atomic scattering factor is created by taking the weighted average of the atomic

scattering factors for individual atoms respectively.

All the materials used here have a perovskite structure ABOj;. The structure
factor is then obtained for each perovskite unit cell by using the Wyckoff positions
within this cell, i.e. A at (x,y,2)=(0,0,0), B at (0.5,0.5,05), O at (0.5,0.5,0), (0,0.5,0.5)
and (0.5,0,0.5) in lattice parameter units. Since we are looking at the (OOL) truncation
rods, we only need the z value for the different atoms and the c-axis parameter of the

corresponding material. The structure factor is then

F = £ xp(ix0e, ), xp(in 0, )+, el 5) + £, {50, 5) el

(Eq.4)

Q= 4zsin(6)

where /% is the momentum transfer.

The scattering amplitude g for the whole heterostructure is then obtained by

adding the contributions from each layer following :

l, .
g= z F- eXp(i' Q tbeicnt')' exp[— Hbmej
all layers H (Eq5)

where tpeiow and tapove are the thickness of the heterostructure below/above the position
of the layer considered, and  is the penetration depth. The first exponential term takes
into account the correct phase depending on the position of the considered layer in the
structure. The second exponential term takes into account the penetration depth
reducing the intensity of the contribution of the deeper layers. We use a penetration

factor p = 1.5*10"
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The scattered intensity is then just | = gig’, and is then renormalized to a

maximum intensity equal to 1, allowing comparison with the measurements that are also

renormalized.

The substrates used in this study are STO and are 0.5 mm thick, corresponding
to 1.3°10° layers. In the program, we use only 2*10* layers with a c-axis of 0.3905 nm,
in order to decrease the calculation time. As the deeper layers contribute much less, this
is an acceptable approximation. We have checked that including more layers for the

simulation of the STO substrate does not affect the resulting fit noticeably.

In this program, the quantities of unit cells and c-axis parameters can be adjusted within
individual layers. Compositions are fixed for top T-PZT layer and bottom R-PZT layer.
By adjusting the simulated pattern to the measurements, the optimized fitting curve can

be obtained.
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Fig. Al. 2 the comparison with simulation XRD pattern (red dot) and
measurement (black line). Both of intensity are normalized to 1 so two STO (002)s
are identical high in the figure. Simulated (001)s obtain better agreement with the
measurement, including main peaks and oscillation.
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Table Al. 1 Fitting Parameters

Unit cells Lattice parameter (c)
T-PZT 11 3.991 A
R-PZT 50 4.091 A

Al.2.2 Transmission Electron Diffraction analysis

Electron energy-loss spectroscopy (EELS) was carried out to identify the
position of the interface between the PZT (T) and PZT (R) layers, as shown in Fig. A2.3.
A HAADF STEM image (Fig. A2.3 (a)) was taken from the area near the outer surface
of the sample, including the PZT (T) layer and part of the PZT (R) layer. Fig. A2.3 (b)
shows a series of EEL spectra for the Ti-L, 3 edges collected along the direction of the
arrow shown in Fig.A2.1 (a). The normalized intensity profile for Ti (Fig.A2.3 (c))
shows a stronger signal from point 1 to point 4. On the other hand, a weaker signal is
observed from point 5 to 8. According to the deposition conditions, there should be
more Ti in the PZT (T) (PbZrosoTio7003) layer compared to the PZT (R)
(PbZros5Tip.4s03) layer. Therefore, the spectra at the top of the figure (point 1-4)
correspond to the PZT (T) film and the bottom spectra (point 5-8) correspond to the
PZT (R) layer. The interface is thus positioned between point 4 and point 5 with

roughness of ~ 1 unit cell.
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Fig. Al. 3 (a) The HAADF-STEM image was taken along the [100] beam direction.
(b) A series EELS spectra were acquired in the energy loss range of 400 to 770 eV
across the PZT (T)/PZT (R) interface, as denoted from point 1 to 8. (c) The
normalized intensity profile for the Ti-L,3 peak acquired across the interface
shows a stronger signal from point 1 to 4, while a weaker signal at point 5, 6, 7 and
8. The interface between the PZT (T) and PZT (R) layers is identified.
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A2 Positive effect of an internal depolarization field in ultrathin

epitaxial ferroelectric films

A2.1 Cross-section TEM analysis:

e

)
WA

o
A5
i

5nm

Fig. A2. 1 TEM images of PZT_3ucSTO showing the layers are continuous, with
sharp interfaces, and without dislocation. The arrow shows the A-site atoms are
perfectly aligned, confirming epitaxial registry across all layers.
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A2.2 XRD Fitting

To simulate the XRD patterns measured for the different samples in the paper
(Figure 2), we have used a custom-made Matlab program that simulates the (OOL)

truncation rods of heterostructures.

The atomic scattering factors f are calculated using the formula :

f= Zj:laf exp —b Siﬂ{(iﬂ}+c

and the values for a;, b; and ¢ found in the international tables for crystallography [P.J.
Brown, A. G. Fox, E. N. Maslen, M. A. O’Keefe and B. T. M. Willis, International
Tables for Crystallography (2006) Vol.C ch.6.1], where 0 is the diffraction angle and A
the wavelength of the diffracted beam (here A =0.15406 nm). This is done for the
different atoms present in the heterostructure, nameley La, Mn, O, Pb, Ru, Sr, Ti and Zr.
Where there is alloying on the A- or B-site, an effective atomic scattering factor is
created by taking the weighted average of the atomic scattering factors for individual

atoms respectively.

All the materials used here have a perovskite structure ABOs. The structure
factor is then obtained for each perovskite unit cell by using the Wyckoff positions
within this cell, ie A at (x,y,z)=(0,0,0), B at (0.5,0.5,05), O at (0.5,0.5,0), (0,0.5,0.5) and
(0.5,0,0.5) in lattice parameter units. Since we are looking at the (O0OL) truncation rods,
we only need the z value for the different atoms and the c-axis parameter of the

corresponding material. The structure factor is then
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F= fA xexp(iXQxZA XC) + fB xexp(iXQxZB XC) + fo xexp(ixQxZ01><c) + fo xexp(i><Q><z02 xc) + fo xexp(ixQxZ03 XC)

where O=4zsin(0)/4 is the momentum transfer.

The scattering amplitude g for the whole heterostructure is then obtained by

adding the contributions from each layer following :

! o
£= Z F exp(i- Q tbefmt')' exp[_wj

all lavers H

where tpeiow and tanove are the thickness of the heterostructure below/above the position
of the layer considered, and p is the penetration depth. The first exponential term takes
into account the correct phase depending on the position of the considered layer in the
structure. The second exponential term takes into account the penetration depth
reducing the intensity of the contribution of the deeper layers. We use a penetration

factor F = 1.5x10%.

The scattered intensity is then just | = gig’, and is then renormalized to a
maximum intensity equal to 1, allowing comparison with the measurements that are also

renormalized.

The substrates used in this study are STO and are 0.5mm thick, corresponding to
1.3'10° layers. In the program, we use only 2:10* layers with a c-axis of 0.3905 nm, in
order to decrease the calculation time. As the deeper layers contribute much less, this is
an acceptable approximation. We have checked that including more layers for the

simulation of the STO substrate does not affect the resulting fit noticeably.

The LSMO layer is then composed of 5 unit cells with a c-axis of 0.386 nm.
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7 uc of PZT are then added, followed by 0, 3, or 10 uc of STO, and again 7 uc of

PZT. In the program, the values of the c-axis parameters for the PZT bottom and top

layers, as well as for the STO spacers can be varied.

By comparing the intensity curves obtained by this program to the measurements,

we were able to fit the c-axis parameters for each layer in the different heterostructures.

For the sample without an STO spacer (PZT_reference), the best fit is obtained

for a PZT c-axis of 0.416 nm (14uc of PZT, no STO).

PZT OULS TO.C8v Simulates XRD diffraction on STO substrate (a=b=c=3 305A)LSMO(5uc,c=3 BEANPZT | Qui |
PZT Gucsr'm bottomySTQVPZT top. Both the number of uc and the lattice parameters of the PZT ‘—
;g ;uCS;OIg battom, STO and PZT top layers can be madified at will. You can also choose which

PZT 10UCSTO.cav

XRD data you want ta iit, and then export the fit as a .cav fike (in fakder fit).

[ Export fit |

¢ PZT bottom: 416 ¢ 8TO spacen 32.905 ¢ PZT top: 4.16
| ' i ' “ '
N PZT battom: 7 N STO spacern. a N PZT top: 7
‘| ' | ' | '
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For the sample with 3uc of STO (PZT_3ucSTO), we found that it was
impossible to get a good fit when the c-axis value for the STO was kept at 0.3905 nm,
its bulk value. Only by increasing this value were we able to obtain a satisfactory fit.
We also had to use different c-axis values for the top and bottom PZT layers. The best
fits were found for a value of 0.409 nm for the bottom PZT, 0.402 nm for the STO

spacer, and 0.416 nm for the top PZT.

PZT QUCSTO.cav Simulates XRD diffraction on STO substrate (a=b=c=3 305A VL SMO(5uc,c=3 BEAVPZT Quit
PZT JUCSTU. cav bottonySTOVPZT top. Both the number of uc and the lattice parameters of the PZT

PLT 5 TO.cav
PZT TUCSTO. cov baottom, STO and PZT top layers can be modified at will. You can also choose which

PZT 10UCSTO.csv

XHD data you want to 1it, and then expor the it as a .cav file (in folder fit). Expon fit

107

107 1 1 1 1 1 1
42 43 44 45 46 47
; ¢ PZT bottom: 4.09 © STO spacer. .02 ¢ PZT top: 416
2 il 2 Rl | 2 Rl B
N PZT bottom: 7 N 5TO spacer: a N PZT top: 7
il I 2 = 2 Rl I 2

For the sample with 10 uc of STO (PZT_10ucSTO), the c-axis value had to be
reduced to its bulk value again to get a better fit. The best fit was obtained with 0.412
nm for the bottom PZT, 0.3905 nm for the STO, and 0.416 nm for the top PZT. Note

that this fit is still not fully satisfactory. This could be due for example to variations of
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the c-axis value within one layer, which is not taken into account in the program. Fits of

similar quality were obtained by putting the c-axis value of the top PZT layer at 0.412

nm and the bottom at 0.416 nm, or by having both top and bottom PZT layers at an

intermediate value of 0.414 nm.

PZT QUCSTO.cov
PZT 3UCSTO.cov
| |PZT 5UCSTO.cav
PZT TUCSTO.cov

Simulates XRD diffraction on STO substrate(a=b=c=3.905A)LSMO(5uc,c=3.86ANPZT
bottom/STO/PZT top. Both the number of uc and the lattice parameters of the PZT
bottom, STO and PZT top layers can be moditied at will. You ean also choose which

XRD data you want to fit, and then export the fit as a .csv file (in foker fit).

[ Qun |

| Expart it |
S

42 43 44 45 46 47
é ¢ PZT bottom: FRE] ¢ 5TO spacer: 3.905 c PZT top: 316
* ' o ' | '
N PZT bottom: 7 N STO spacer: 10 N PZT top: 7
| dl ol dl al d|

The choice of 0.412 nm for the bottom and 0.416 nm for the top layer follows

the observation that the top layer was recovered to the full bulk value in the

PZT_3ucSTO sample, so it is reasonable to assume that this is also the case for the

PZT_10ucSTO.
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Substrate:

LSAT Simulates XRD diiraction for heterostructures. aut

MdAD3 Export the fit as a .csv e (in folder fit).

NdGa03

iz [ /Users/Caline/Documentsixray/Nagy/papenPZT 0UCSTO csv _ St
Inu T T T T T T

10" e =
ID" 1 1 1 1 1 1 i
41 42 43 44 45 46 47 48
2Theta min: | 41 2Theta max: 48
Scalng int.: | 2 Number of repetitions of the bilayer (Material 1 / Material 2):
Tl —
Bottom layer: Material 1: Material 2: Top layer:
LaMnO3 NaNIUS
L3N0 (Lao.6750.33M00%) | | |[PD X8t (1103
unm:g"“' ’ ) meuzﬁﬁoe I alinfa m%
< [ a8 | &[4 | 2] 2]
JcK N N (Y N [N R (N N R I
M: '_| LTI N |— N |_|
il 1 AN | |
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Simuiatas XAD ditraction for hoterostructues. [ Quit |
Expart the it as a .csv fiie (in fokder fit).

L | .., . S —
hGs =l [ /Users/Caline/Documents/xray/Nagyipaper/PZT 3JCSTO csv ] Export it §
10" T T T T T T 3
1w r
10k :
g Y

PERTET BECIRTETY BENERTTI LTI RTITT BERTrT |

1 1 1 | 1 1
42 43 44 45 46 47 48

Full scaie 2Thata max:| 48 |
Number of repettions of the bilayer (Material 1 / Materal 2);

SR » |

Bottom layer: ‘ Material 1: Material 2: - Top layar;
highomrsasmon || [Boibgree 1| Hi, T
' ¢ ass] © [aos | & [ 40z | & a8 |
) | N | i I | 1 LN 1 |
bl s L sl ] s
=1l 2 T 58| E3RE AR e ]
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Substrate:

LSAT Simulates X RO difraction for heterostruciures. [ Qut |
NdAIO3 Export the 1t as a .csv fie (n fokder 11).
NdGaO3 )
| JUsere/Celine/Docume nts/iray/Nagy/paperPZT 10UCSTO.cev (Exporttn |

10’ - T T T T T E

]U-‘ - 3

[T 3 E

10 = E

[ S 2

106 3

10’ 2

107 =

'k =

w*’ 1 1 1 1 1 1 i

41 42 43 44 45 46 47 48
2Theta min: | 41 Full scale 2Theta max: 48
Scaling int.: 2 Number of repetitions of the bllayer (Material 1 / Material 2):
A/
Bottom layer: Material 1: Material 2: Top layer:
LANG3 ﬁ“rm‘g o . %'_%__mﬂglga
mm.aism.aamoa: { _X, : Hl:’?’m stmlmcuam T
YT & [T4a2 € [ 3905 € 418
« 1 o | L | LAl | | 2
NS N 7 N[ N 7

il o 2 RN i
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A2.3 Domain periodicity
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Fig. A2. 2 (a) & (b) are autocorrelation scripts of PZT_3ucSTO along (110) and
(110) according to Fig. 3(e) in chapter 5
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A2.4 PFM of domain writing and cross-section analysis on PZT_10ucSTO
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(8)
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Fig. A2. 3 (a) & (b) are out-of-plane phase and amplitude images of PZT_10ucSTO
after +3V and -3V bias application, respectively. (c) is the corresponding smoothed
cross-section profiles along highlighted line of phase image. (d), () and (f) are the
PFM results in identical area after 1 hour; (g), (h) and (i) are those after 12 hours.
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A2.5 PFM data of PZT_5ucSTO, PZT_7ucSTO, 7ucPZT and 3ucSTO on 7ucPZT

samples as a function of pulse width.
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A2.6 Retention of written domains on PZT_3ucSTO

(b) - (c)

25

wm

Fig. A2. 4 PFM phase images of circular domains written on PZT_3ucSTO using
+3.5V bias (a) after writing, (b) after 4 and (c) 12 hours

A2.7 1-V measurement

(2)PZTstandara (b)PZ'I'3ucsto (c)PZT10ucsto

16A - 16pA ]
250pA. ‘

150pA |

SOpA |

-4V 4V -4V 4V -4V 4V

0 0 0
Bias (V) Bias (V) Bias (V)

Fig. A2. 5 Typical I-V measurements obtained from (a) PZT_reference, (b)
PZT 3ucSTO, and (c¢) PZT_10ucSTO; showing the improvement in leakage
property with the insertion of STO layer.

122



Reference

[1] G. Liu, Q. Zhang, H.-H. Huang, P. Munroe, V. Nagarajan, H. Simons, Z. Hong,
L.-Q. Chen, Advanced Materials Interfaces 2016, n/a.

[2] G. Liu, J. Chen, C. Lichtensteiger, J.-M. Triscone, P. Aguado-Puente, J.
Junquera, N. Valanoor, Advanced Electronic Materials 2015, n/a.

[3] J. Valasek, Physical Review 1921, 17, 475.

[4] M. E. Lines, Principles and applications of ferroelectrics and related materials,
Oxford : Clarendon, Oxford 2001.

[5] D. Damjanovic, Reports on Progress in Physics 1998, 61, 1267.

[6] M. E. Lines, A. M. Glass, Principles and applications of ferroelectrics and
related materials, Oxford university press, 1977.

[7] P. Chandra, P. B. Littlewood, in Physics of ferroelectrics, Springer, 2007, 69.
[8] V. Nagarajan, A. Roytburd, A. Stanishevsky, S. Prasertchoung, T. Zhao, L.
Chen, J. Melngailis, O. Auciello, R. Ramesh, Nat Mater 2003, 2, 43; L. Eric Cross, in
Ferroelectric Ceramics: Tutorial reviews, theory, processing, and applications, (Eds:
N. Setter, E. L. Colla), Birkh&user Basel, Basel 1993, 1.

[9] Q. Zhang, W. Pan, S. Jang, L. Cross, Journal of applied physics 1988, 64, 6445.
[10] Q. Zhang, H. Wang, N. Kim, L. Cross, Journal of Applied Physics 1994, 75, 454;
D. Damjanovic, Journal of Applied Physics 1997, 82, 1788.

[11] A. I Kingon, J.-P. Maria, S. K. Streiffer, Nature 2000, 406, 1032.

[12] A. M. Sodagar, K. Najafi, K. D. Wise, M. Ghovanloo, "Fully-integrated CMOS
power regulator for telemetry-powered implantable biomedical microsystems",
presented at IEEE Custom Integrated Circuits Conference 2006, 2006.

[13] D.J.Jung, F. D. Morrison, M. Dawber, H. H. Kim, K. Kim, J. F. Scott, Journal

of Applied Physics 2004, 95, 4968.
123



[14] O. Satoru, I. Hiroshi, Japanese Journal of Applied Physics 2002, 41, 6895.
[15] J. F. Scott, Materials Science and Engineering: B 2005, 120, 6.

[16] C.H. Ahn,J. M. Triscone, J. Mannhart, Nature 2003, 424, 1015.

[17] J.F.Scott, A. Q. Jiang, S. A. T. Redfern, M. Zhang, M. Dawber, Journal of
Applied Physics 2003, 94, 3333.

[18] A. K. Tagantsev, Ferroelectrics 1996, 184, 79.

[19] A. K. Tagantsev, M. Landivar, E. Colla, N. Setter, Journal of Applied Physics
1995, 78, 2623.

[20] A. Lempicki, M. Randles, D. Wisniewski, M. Balcerzyk, C. Brecher, A.
Wojtowicz, Nuclear Science, IEEE Transactions on 1995, 42, 280.

[21] A. Hidefumi, K. Shugo, M. Osamu, S. Makoto, K. Tsuneo, Japanese Journal of
Applied Physics 1990, 29, L1452,

[22] R.Brown, V. Pendrick, D. Kalokitis, B. H. T. Chai, Applied Physics Letters
1990, 57, 1351.

[23] J.B. Mullin, T. Surek, Y. Miyazawa, H. Toshima, S. Morita, Journal of Crystal
Growth 1993, 128, 668.

[24] M. Dawber, K. Rabe, J. Scott, Reviews of modern physics 2005, 77, 1083.
[25] F. Cordero, F. Trequattrini, F. Craciun, C. Galassi, Journal of Physics:
Condensed Matter 2011, 23, 415901.

[26] B. Noheda, J. A. Gonzalo, L. E. Cross, R. Guo, S. E. Park, D. E. Cox, G.
Shirane, Physical Review B 2000, 61, 8687.

[27] R. Eason, Pulsed laser deposition of thin films: applications-led growth of
functional materials, John Wiley & Sons, 2007.

[28] D.J. Lichtenwalner, O. Auciello, R. Dat, A. I. Kingon, Journal of Applied

Physics 1993, 74, 7497.

124



[29] S. Kiiper, J. Brannon, K. Brannon, Applied Physics A, 56, 43.

[30] R.Ramesh, W. K. Chan, B. Wilkens, H. Gilchrist, T. Sands, J. M. Tarascon, V.
G. Keramidas, D. K. Fork, J. Lee, A. Safari, Applied Physics Letters 1992, 61, 1537.
[31] F.Wang, S. Leppavuori, Journal of Applied Physics 1997, 82, 1293.

[32] C.B.Eom,R.B.VanDover, J. M. Phillips, D. J. Werder, J. H. Marshall, C. H.
Chen, R. J. Cava, R. M. Fleming, D. K. Fork, Applied Physics Letters 1993, 63, 2570;
H. B. Zhang, R. J. Qi, N. F. Ding, R. Huang, L. Sun, C. G. Duan, C. A. J. Fisher, J. H.
Chu, Y. Ikuhara, AIP Advances 2016, 6, 015010.

[33] T.Tybell, C. Ahn, J.-M. Triscone, Applied physics letters 1999, 75, 856; A.
Gruverman, H. Tokumoto, A. S. Prakash, S. Aggarwal, B. Yang, M. Wuttig, R. Ramesh,
O. Auciello, T. Venkatesan, Applied Physics Letters 1997, 71, 3492.

[34] S.V.Kalinin, J. Stephen, J. R. Brian, S. Katyayani, P. B. Arthur, Z. Tong, Y. H.
Chu, R. Ramamoorthy, A. E. Eugene, N. M. Anna, B. Mirman, K. Edgar, Japanese
Journal of Applied Physics 2007, 46, 5674.

[35] V. Likodimos, M. Labardi, M. Allegrini, Physical Review B 2002, 66, 024104;
O. Hirotake, S. Junichi, Y. Takashi, Japanese Journal of Applied Physics 2003, 42, 6209.
[36] C. Harnagea, M. Alexe, D. Hesse, A. Pignolet, Applied Physics Letters 2003, 83,
338; S. Jesse, B. Mirman, S. V. Kalinin, Applied Physics Letters 2006, 89, 022906.

[37] J. Stephen, P. B. Arthur, V. K. Sergei, Nanotechnology 2006, 17, 1615.

[38] J.R.Brian, C. Clint, V. K. Sergei, P. Roger, Nanotechnology 2007, 18, 475504.
[39] L. M. Eng, H.-J. Glntherodt, G. Rosenman, A. Skliar, M. Oron, M. Katz, D.
Eger, Journal of Applied Physics 1998, 83, 5973; A. Roelofs, U. Bottger, R. Waser, F.
Schlaphof, S. Trogisch, L. M. Eng, Applied Physics Letters 2000, 77, 3444.

[40] M. Abplanalp, L. M. Eng, P. Gunter, Applied Physics A, 66, S231.

125



[41] C.S.Ganpule, V. Nagarajan, B. K. Hill, A. L. Roytburd, E. D. Williams, R.
Ramesh, S. P. Alpay, A. Roelofs, R. Waser, L. M. Eng, Journal of Applied Physics
2002, 91, 1477.

[42] S. V. Kalinin, B. J. Rodriguez, S. Jesse, J. Shin, A. P. Baddorf, P. Gupta, H. Jain,
D. B. Williams, A. Gruverman, Microscopy and Microanalysis 2006, 12, 206.

[43] A. Salehi-Khojin, N. Jalili, S. Nima Mahmoodi, Journal of Sound and Vibration
2009, 322, 1081.

[44] L.J. McGilly, A. Schilling, J. M. Gregg, Nano Letters 2010, 10, 4200.

[45] H. X Fu, R. E. Cohen, Nature 2000, 403, 281.

[46] L. Bellaiche, A. Garcia, D. Vanderbilt, Physical Review B 2001, 64, 060103.
[47] M. Davis, M. Budimir, D. Damjanovic, N. Setter, Journal of Applied Physics
2007, 101, 054112.

[48] D. Kan, V. Anbusathaiah, I. Takeuchi, Advanced Materials 2011, 23, 1765.
[49] A. B.Haugen, M. I. Morozov, M. Johnsson, T. Grande, M.-A. Einarsrud,
Journal of Applied Physics 2014, 116, 134102.

[50] M. Ahart, M. Somayazulu, R. E. Cohen, P. Ganesh, P. Dera, H. K. Mao, R. J.
Hemley, Y. Ren, P. Liermann, Z. G. Wu, Nature 2008, 451, 545.

[51] N. Pertsev, A. Zembilgotov, A. Tagantsev, Physical review letters 1998, 80,
1988.

[52] G. Catalan, A. Janssens, G. Rispens, S. Csiszar, O. Seeck, G. Rijnders, D. H. A.
Blank, B. Noheda, Physical Review Letters 2006, 96, 127602.

[53] S. K. Streiffer, C. B. Parker, A. E. Romanov, M. J. Lefevre, L. Zhao, J. S. Speck,
W. Pompe, C. M. Foster, G. R. Bai, Journal of Applied Physics 1998, 83, 2742.

[54] B.-K. Lai, I. A. Kornev, L. Bellaiche, G. J. Salamo, Applied Physics Letters

2005, 86, 132904.

126



[55] J. Sinsheimer, S. J. Callori, B. Bein, Y. Benkara, J. Daley, J. Coraor, D. Su, P.
W. Stephens, M. Dawber, Physical Review Letters 2012, 109, 167601.

[56] N.Lemée, I. C. Infante, C. Hubault, A. Boulle, N. Blanc, N. Boudet, V.
Demange, M. G. Karkut, ACS Applied Materials & Interfaces 2015, 7, 19906.

[57] A.S.Everhardt, S. Matzen, N. Domingo, G. Catalan, B. Noheda, Advanced
Electronic Materials 2016, 2, 00214.

[58] K. J.Choi, M. Biegalski, Y. L. Li, A. Sharan, J. Schubert, R. Uecker, P. Reiche,
Y. B. Chen, X. Q. Pan, V. Gopalan, L.-Q. Chen, D. G. Schlom, C. B. Eom, Science
2004, 306, 1005.

[59] F. Xue,J.J. Wang, G. Sheng, E. Huang, Y. Cao, H. H. Huang, P. Munroe, R.
Mahjoub, Y. L. Li, V. Nagarajan, L. Q. Chen, Acta Materialia 2013, 61, 29009.

[60] R. Mahjoub, S. P. Alpay, V. Nagarajan, Physical Review Letters 2010, 105,
197601.

[61] G. Liu, J. Chen, C. Lichtensteiger, J.-M. Triscone, P. Aguado-Puente, J.
Junguera, N. Valanoor, Advanced Electronic Materials 2016, 2, 201670004.

[62] H. M. Christen, J. H. Nam, H. S. Kim, A. J. Hatt, N. A. Spaldin, Physical
Review B 2011, 83, 144107.

[63] J. Als-Nielsen, D. McMorrow, Elements of Modern X-ray Physics (Online
Second Edition), Wiley, 2011.

[64] R.G.P.McQuaid, L.J. McGilly, P. Sharma, A. Gruverman, J. M. Gregg,
Nature Communications 2011, 2, 1413.

[65] S.Jesse, S. Guo, A. Kumar, B. J. Rodriguez, R. Proksch, S. V. Kalinin,
Nanotechnology 2010, 21, 405703.

[66] R.Nath, S. Hong, J. A. Klug, A. Imre, M. J. Bedzyk, R. S. Katiyar, O. Auciello,

Applied Physics Letters 2010, 96, 163101.

127



[67] Z.H.Chen, Z. L. Luo, C. W. Huang, Y. J. Qi, P. Yang, L. You, C. S. Hu, T. Wu,
J. L. Wang, C. Gao, T. Sritharan, L. Chen, Advanced Functional Materials 2011, 21,
133.

[68] H.H.Huang, Q. Zhang, E. Huang, R. Maran, O. Sakata, Y. Ehara, T. Shiraishi,
H. Funakubo, P. Munroe, N. Valanoor, Advanced Materials Interfaces 2015, 2,
201500075.

[69] R.Proksch, in International Workshop on Topological Structures in Ferroic
Materials, Sydney 2015.

[70] Y. Bastani, N. Bassiri-Gharb, Acta Materialia 2012, 60, 1346; R. V. K.
Mangalam, J. Karthik, A. R. Damodaran, J. C. Agar, L. W. Martin, Advanced Materials
2013, 25, 1761.

[71] S. H. Baek, H. W. Jang, C. M. Folkman, Y. L. Li, B. Winchester, J. X. Zhang, Q.
He, Y. H. Chu, C. T. Nelson, M. S. Rzchowski, X. Q. Pan, R. Ramesh, L. Q. Chen, C. B.
Eom, Nat Mater 2010, 9, 309; C. Ju, J.-C. Yang, C. Luo, P. Shafer, H.-J. Liu, Y.-L.
Huang, H.-H. Kuo, F. Xue, C.-W. Luo, Q. He, P. Yu, E. Arenholz, L.-Q. Chen, J. Zhu,
X. Lu, Y.-H. Chu, Advanced Materials 2016, 28, 876.

[72] H.W.Jang, D. A. Felker, C. W. Bark, Y. Wang, M. K. Niranjan, C. T. Nelson,
Y. Zhang, D. Su, C. M. Folkman, S. H. Baek, S. Lee, K. Janicka, Y. Zhu, X. Q. Pan, D.
D. Fong, E. Y. Tsymbal, M. S. Rzchowski, C. B. Eom, Science 2011, 331, 886; J.
Mannhart, D. G. Schlom, Science 2010, 327, 1607; D. G. Schlom, L.-Q. Chen, X. Pan,
A. Schmehl, M. A. Zurbuchen, J. Am. Ceram. Soc. 2008, 91, 2429; D. H. A. Blank, G.
Koster, G. Rijnders, E. van Setten, P. Slycke, H. Rogalla, Appl. Phys. A 1999, 69, 17.
[73] H.Lu,J.D.Burton, C. -W. Bark, Y. Wang, Y. Zhang, D. J. Kim, A. Stamm, P.
Lukashev, D. A. Felker, C. M. Folkman, P.Gao, M. S. Rzchowski, X. Q. Pan, C. B.

Eom, E. Y. Tsymbal, A. Gruverman, Adv. Mater. 2012, 24, 1209.

128



[74] P.Yu, W. Luo, D. Y. Zhang, M. D. Rossell, C. H. Yang, L. You, G. Singh-
Bhalla, S. Y. Yang, Q. He, Q. M. Ramasse, R. Erni, L. W. Martin, Y. H. Chu, S. T.
Pantelides, S. J. Pennycook, R. Ramesh, Proc. Natl. Acad. Sci. USA 2012, 109, 9710.
[75] A. Ohtomo, H. Y. Hwang, Nature 2004, 427, 423.

[76] P.Chen, M. P. Cosgriff, Q. Zhang, S. J. Callori, B. W. Adams, E. M. Dufresne,
M. Dawber, P. G. Evans, Phys. Rev. Lett. 2013, 110, 047601.

[77] P. Zubko, N. Jecklin, A. Torres-Pardo, A. Gloter, C. Lichtensteiger, J. Junquera,
O. Stephan, J.-M. Triscone, Nano Lett. 2012, 12, 2846.

[78] S.J.Callori, J. Gabel, D. Su, J. Sinsheimer, M. V. Fernandez-Serra, M. Dawber,
Phys. Rev. Lett. 2012, 109, 067601.

[79] D.G. Schlom, L. Q. Chen, C. B. Eom, K. M. Rabe, S. K. Streiffer, J. M.
Triscone, Annu. Rev. Mater. Res. 2007, 37, 38.

[80] M. Huijben, P. Yu, L. W. Martin, H. J. A. Molegraaf, Y.-H. Chu, M. B.
Holcomb, N. Balke, G. Rijnders, R. Ramesh, Adv. Mater. 2013, 25, 4739.

[81] A. Gruverman, D. Wu, H. Lu, Y. Wang, H. W. Jang, C. M. Folkman, M. Ye.
Zhuravlev, D. Felker, M. Rzchowski, C.B. Eom, E. Y. Tsymbal, Nano Lett. 2009, 9,
3539.

[82] C. Lichtensteiger, J.-M. Triscone, J. Junquera, P. Ghosez, Phys. Rev. Lett. 2005,
94, 047603.

[83] C.L.Jia, V. Nagarajan, J. Q. He, L. Houben, T. Zhao, R. Ramesh, K. Urban, R.
Waser, Nature mater. 2007, 6, 64.

[84] J.Junquera, P. Ghosez, Nature 2003, 422, 506.

[85] C. Lichtensteiger, P. Zubko, M. Stengel, P. Aguado-Puente, J. -M. Triscone, P.
Ghosez, J. Junquera, Oxide ultrathin films: science and technology, Wiley, New Y ork

2011.

129



[86] A.Q.Jiang, H.J. Lee, G. H. Kim, C. S. Hwang, Adv. Mater. 2009, 21, 2870.
[87] C. Lichtensteiger, S. Fernandez-Pena, C. Weymann, P. Zubko, J.-M. Triscone,
Nano Lett. 2014, 14, 4205.

[88] J.Chen, A. Gruverman, A. N. Morozovska, N. Valanoor, J. Appl. Phys. 2014,
116, 1241009.

[89] D.D.Fong, A. M. Kolpak, J. A. Eastman, S. K. Streiffer, P. H. Fuoss, G. B.
Stepheson, C. Thompson, D. M. Kim, K. J. Choi, C. B. Eom, I. Grinberg, A. M. Rappe,
Phys. Rev. Lett. 2006, 96, 127601; M. J. Highland, T. T. Fister, M.-1. Richard, D. D.
Fong, P. H. Fuoss, C. Thompson, J. A. Eastman, S. K. Streiffer, G. B. Stephenson, Phys.
Rev. Lett. 2010, 105, 167601.

[90] A. Sarantopoulos, E. Ferreiro-Vila, V. Pardo, C. Magen, M. Aguirre, F.
Rivadulla, arXiv preprint arXiv:1504.03507 2015.

[91] J.Chen, H. Lu, H. J. Liu, Y. H. Chu, S. Dunn, K. Ostrikov, A. Gruverman, V.
Nagarajan, Appl. Phys. Lett. 2013, 102, 182904.

[92] S.Jesse, A. P. Baddorf, S. V. Kalinin, Appl. Phys. Lett. 2006, 88, 062908.

[93] M. Dawber, P. Chandra, P. B. Littlewood, J. F. Scott, J. of Phys. Condens.
Matter 2003, 15, L393.

[94] M. Dawber, N. Stucki, C. Lichtensteiger, S. Gariglio, P. Ghosez, J.-M. Triscone,
Adv. Mater. 2007, 19, 4153.

[95] T. Frey, J. Mannhart, J. Bednorz, E. Williams, Jpn. J. Appl. Phys. 1996, 35,
L384.

[96] P. Aguado-Puente, J. Junquera, Phys. Rev. Lett. 2008, 100, 177601.

[97] N. A. Pertsev, A. G. Zembilgotov, A. K. Tagantsev, Phys. Rev. Lett. 1998, 80,

1988.

130



[98] M. Stengel, P. Aguado-Puente, N. A. Spaldin, J. Junquera, Phys. Rev. B 2011,
83, 235112.

[99] B. Meyer, D. Vanderbilt, Phys. Rev. B 2002, 65, 104111.

[100] T. Ozaki, J. Ohgami, J. of Phys. Condens. Matter 1995, 7, 1711.

[101] P. Aguado-Puente, J. Junguera, Phys. Rev. B 2012, 85, 184105.

[102] J.Y.Jo, P.Chen, R. J. Sichel, S. J. Callori, J. Sinsheimer, E. M. Dufresne, M.
Dawber, P. G. Evans, Phys. Rev. Lett. 2011, 107, 055501.

[103] C. Thompson, D. D. Fong, R. V. Wang, F. Jiang, S. K. Streiffer, K. Latifi, J. A.
Eastman, P. H. Fuoss, G. B. Stephenson, Appl. Phys. Lett 2008, 93, 182901; S. K.
Streiffer, J. A. Eastman, D. D. Fong, C. Thompson, A. Munkholm, M. V. Ramana
Murty, O. Auciello, G. R. Bai, G. B. Stephenson, Phys. Rev. Lett. 2002, 89, 067601.
[104] M. Dawber, C. Lichtensteiger, M. Cantoni, M. Veithen, P. Ghosez, K. Johnston,
K. M. Rabe, J. M. Triscone, Physical Review Letters 2005, 95, 177601.

[105] P. Zubko, N. Jecklin, A. Torres-Pardo, P. Aguado-Puente, A. Gloter, C.
Lichtensteiger, J. Junquera, O. Stéphan, J. M. Triscone, Nano Letters 2012, 12, 2846.
[106] C. Thompson, D. D. Fong, R. V. Wang, F. Jiang, S. K. Streiffer, K. Latifi, J. A.
Eastman, P. H. Fuoss, G. B. Stephenson, Applied Physics Letters 2008, 93, 182901.
[107] C. Lichtensteiger, S. Fernandez-Pena, C. Weymann, P. Zubko, J.-M. Triscone,
Nano Letters 2014, 14, 4205.

[108] C. Lichtensteiger, J.-M. Triscone, J. Junquera, P. Ghosez, Physical Review
Letters 2005, 94, 047603.

[109] N. Ng, R. Ahluwalia, D. J. Srolovitz, Physical Review B 2012, 86, 094104.

[110] I. Kornev, H. Fu, L. Bellaiche, Physical Review Letters 2004, 93, 196104.

131



[111] D.D. Fong, A. M. Kolpak, J. A. Eastman, S. K. Streiffer, P. H. Fuoss, G. B.
Stephenson, C. Thompson, D. M. Kim, K. J. Choi, C. B. Eom, I. Grinberg, A. M. Rappe,
Physical Review Letters 2006, 96, 127601.

[112] S. Lemerle, J. Ferré, C. Chappert, V. Mathet, T. Giamarchi, P. Le Doussal,
Physical Review Letters 1998, 80, 849.

[113] G. Catalan, J. Seidel, R. Ramesh, J. F. Scott, Reviews of Modern Physics 2012,
84, 119.

[114] J. A. Cape, G. W. Lehman, Journal of Applied Physics 1971, 42, 5732.

[115] B.-K. Lai, I. Ponomareva, I. I. Naumov, I. Kornev, H. Fu, L. Bellaiche, G. J.
Salamo, Physical Review Letters 2006, 96, 137602.

[116] A. M. Bratkovsky, A. P. Levanyuk, Applied Physics Letters 2006, 89, 253108.
[117] A. Kopal, T. Bahnik, J. Fousek, Ferroelectrics 1997, 202, 267.

[118] C.S. Ganpule, A. L. Roytburd, V. Nagarajan, B. K. Hill, S. B. Ogale, E. D.
Williams, R. Ramesh, J. F. Scott, Physical Review B 2001, 65, 014101.

[119] A. Gruverman, M. Tanaka, Journal of Applied Physics 2001, 89, 1836.

[120] J. M. Benedetto, R. A. Moore, F. B. McLean, Journal of Applied Physics 1994,
75, 460.

[121] L.-Q. Chen, Journal of the American Ceramic Society 2008, 91, 1835.

[122] Y.L.Li,S.Y.Hu, Z K. Liu, L. Q. Chen, Acta Materialia 2002, 50, 395; Y. L.
Li, S. Y. Hu, Z. K. Liu, L. Q. Chen, Applied Physics Letters 2002, 81, 427; Z. Hong, J.
Britson, J.-M. Hu, L.-Q. Chen, Acta Materialia 2014, 73, 75.

[123] F. Xue,J.J. Wang, G. Sheng, E. Huang, Y. Cao, H. H. Huang, P. Munroe, R.
Mahjoub, Y. L. Li, V. Nagarajan, L. Q. Chen, Acta Materialia 2013, 61, 2909.

[124] J.J. Wang, X. Q. Ma, Q. Li, J. Britson, L.-Q. Chen, Acta Materialia 2013, 61,

7591.

132



[125] M.J.Haun, E. Furman, S.J. Jang, H. A. McKinstry, L. E. Cross, Journal of
Applied Physics 1987, 62, 3331.
[126] P.Brown, A. Fox, E. Maslen, M. O'Keefe, B. Willis, Intensity of diffracted

intensities, Springer, 2006.

133



	Title page - Interfacial engineering of ultra-thin ferroelectric film
	Contents
	List of Figures
	List of Tables
	Acknowledgements
	Abstract
	Thesis Outline

	Chapter 1 - Literature Review
	Chapter 2 - Reversible polarization rotation in epitaxial ferroelectric bilayers
	Chapter 3 - Positive effect of an internal depolarization field in ultrathin epitaxial ferroelectric films
	Chapter 4 - Nano-bubble domains in epitaxial ultra-thin PZT film
	Chapter 5 - Conclusion and Future work
	Appendices
	References



