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Abstract 

 

Towards Intrinsic Switching in Ferroelectric Oxide –  

Materials Synthesis and Fabrication Process 

By 

Yizhe Jiang 

Doctor of Philosophy in Engineering - Materials Science and Engineering 

University of California, Berkeley 

Professor Lane W. Martin, Chair 

 

This dissertation presents a systematic study on idealized electrode/ferroelectric/electrode 

heterostructures, from film synthesis to capacitor fabrication. Single crystal BaTiO3 has shown a 

small switching field of ~ 1 kV cm-1 and small switching energy of ~ 0.1 J cm-3, making it an 

excellent candidate for next generation non-volatile ferroelectric applications. However, when 

BaTiO3 is incorporated into actual nanoscale devices, the ferroelectric properties get significantly 

worse. BaTiO3 thin films show either large coercive switching field, increasing the total power 

consumption, or diminished remanent polarization, putting non-volatility into question. In this 

dissertation, I demonstrate that by carefully controlling the O2 growth pressure in pulsed laser 

deposition process, we can synthesize SrRuO3/BaTiO3/SrRuO3 heterostructures with BaTiO3 

ferroelectric properties comparable to bulk crystal. Thickness scaling is performed to explore the 

smallest coercive voltage, with BaTiO3 films with thicknesses ranging from 25-50 nm exhibiting 

best combinations of switching voltage (< 100 mV), switching energy (< 2 J cm−3) and remanent 

polarization (> 10 μC cm-2). Depolarization field is found to play an important role in suppressing 

the coercive field, leading to a deviation in coercive field scaling from the Janovec-Kay-Dunn law. 

Lateral scaling is performed to explore the fastest switching speed, with the projection of achieving 

sub-nanosecond switching time in capacitor sizes as small as ~ 10 μm2. Integration of 

SrRuO3/BaTiO3/SrRuO3 heterostructures onto silicon substrate is also shown, with similar 

switching behavior achieved, as well as good resistance to fatigue and retention. Besides 

heterostructure synthesis, different fabrication methods are also explored to bring out the best 

BaTiO3 capacitor performance in various ferroelectric functions. MgO hard mask process 

introduces surface defects at electrode/ferroelectric interface and results in a large imprint in the 

hysteresis loops. While the wet chemical etching method gives out idealized ferroelectric loops 

with almost no imprint, the high selectivity and isotropy makes it unsuitable for fabricating more 

complex device architectures with high precision. The ion mill methods, on the other hand, have 

better directionality and can be used to etch almost every type of material and fabricate advanced 

device structures. However, the Ar+ ion beam bombardment can result in horizontal imprints in 

the hysteresis loop. Transport studies and deep-level transient spectroscopies reveal the 

introduction of Ba-related defect types ( 𝑉𝐵𝑎
′′ − 𝑉𝑂

•• , 𝑉𝐵𝑎
′′ ) during the milling process. Post-

fabrication annealing in Ba-rich environment significantly lowers the defect levels and reduces the 

imprints. We also discuss what can be done to further optimize the ferroelectric properties 

(reducing coercive field, increasing remanent polarization, etc.) in ultrathin BaTiO3 films, for the 

ferroelectric material to function well for various application purposes.
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Chapter 1 

Introduction and Motivation 

 
This chapter provides the reader a brief introduction of the technological background in 

complementary metal-oxide-semiconductor (CMOS) scaling and the motivation for exploiting 

new physical parameters for next-generation switching applications. The discussion will start with 

a review of Moore’s law and Dennard scaling in traditional metal-oxide-semiconductor field-effect 

transistors (MOSFETs), followed by various limitations to such scaling trend. This will, in turn, 

lead to an exploration of the new physical parameters to supplement (or replace) traditional 

electron-and-energy-barrier-based MOSFET switches, opening a new field called beyond-CMOS 

switching systems in both academia and industry. From there, the chapter will focus on and 

introduce ferroelectric materials, whose polarization can used as a computational state variable in 

multiple ferroelectric switching devices, which is one of the categories in the beyond-CMOS 

technology family. Finally, an outline of the dissertation is given at the end of the chapter. 
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1.1 Trends in traditional MOSFET scaling 

The invention of transistors was one of the most important technical developments of the 20th 

century and a tremendous revolution for mankind1. The fast working speed, low power 

consumption and high reliability of the transistors have made them fundamental components for 

integrated circuit2, which can be mass manufactured and are being used in almost every electronic 

equipment nowadays3. In the meantime, with the advances in semiconductor fabrication 

technologies, for decades, researchers have been able to fit more and more transistors on chips of 

the same size. In 1965, Gordon E. Moore proposed the now famous “law” predicting that the 

number of transistors on a microchip should double every 18 to 24 months4. This leads to an 

exponential increase in transistor densities over time, as well as a reduction in transistor sizes. 

Although the prediction was made based on merely six year’s data (1959-1965), the law held 

tremendously well, spanning different technology generations5, and have become the driving force 

behind the development of modern computing (Fig. 1.1). 

 

 

 

 

 

 

 

 

 

 

 

 

Besides an increase in transistor densities per area described by Moore’s law, in 1974, Robert H. 

Dennard proposed another seminal law on other benefits that transistor scaling can (and should) 

bring6. This MOSFET scaling rule, also known as the Dennard scaling law, describes how 

simultaneous improvements in transistor density, switching speed, and power dissipation can be 

obtained7. Between every technology node, the switching delay of a MOSFET will be reduced, 

leading to increased working speed (i.e., clock frequency). In the meantime, while the number of 

transistors on the chip increases, the total power consumption per unit area (i.e., power density) 

remains the same. This is possible because smaller transistors can switch on and off faster than 

larger transistors, and they (should) also require less power to operate, thus enabling the 

development of faster and more energy-efficient computer chips8. 

 

Figure 1.1 | Moore’s law in metal-oxide-semiconductor integrated circuits. Following an 

exponential relation, the minimum feature size (gate length) in a transistor decreases with time 

(yellow circles, right y axis), while the density of transistors per chip increases with time 

(diamonds, triangles and squares, left y axis). Adapted from ref. 5. 
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1.2 Limitations in MOSFET scaling 

For many years, MOSFET scaling worked well and allowed the semiconductor industry to 

continue to improve chip performance. However, as transistor sizes have continued to shrink, 

instead of operating at a constant power density, the actual power consumption per mm2 on the 

chips has increased significantly (blue curve, Fig. 1.2a), leading to a deviation from the Dennard 

scaling law around 20039. Moreover, the trend in operating voltage reduction has also begun to 

slow down - if the Dennard scaling were strictly followed (blue line, Fig. 1.2b) through today, 

people would have achieved a drive voltage in the vicinity of 100 mV (as opposed to the 500-600 

mV we use today). In reality, the operating voltages of computing devices nowadays (high 

performance logics, green line; low-power devices, red line, Fig. 1.2b) are much higher10. A lot of 

factors could lead to the failure of the Dennard scaling law, including the subthreshold slope (SS), 

leakage power waste, as well as physical doping limits in the substrates. 

 

 

 

 

 

 

 

 

 

 

One of the key factors that limits the voltage scaling in Dennard’s law is the subthreshold slope 

(SS). In a MOSFET, when the gate voltage, VG, is below the threshold voltage, Vth, the drain 

current, ID, increases exponentially with the gate voltage5. The inverse of the slope in the 

logarithmic region, 1/slope, is defined as the subthreshold slope (SS), a parameter characterizing 

the rate of increase in the current below the subthreshold voltage, and can be expressed by 

𝑆𝑆 =
𝑑𝑉𝐺

𝑑(log(𝐼𝐷))
     Equation 1.1 

which has the unit of mV/decade of current. The subthreshold slope, SS, can also be expressed as11  

𝑆𝑆 = (ln(10))
𝑘𝐵𝑇

𝑞
𝑛    Equation 1.2 

where kB is the Boltzmann constant, T is the temperature in Kelvin, q is the charge of an electron, 

and n is the body factor characterizing the coupling between gate voltage and the channel region 

(i.e., n = 1 for ideally coupled gate and channel region). At room temperature (T = 298 K), we will 

have 

𝑆𝑆𝑚𝑖𝑛𝑖𝑚𝑢𝑚 = 59.1 𝑚𝑉 𝑑𝑒𝑐𝑎𝑑𝑒−1   Equation 1.3 

a b 

Figure 1.2 | Breakdown of Dennard scaling. a, Power density per mm2 on the chip increases 

significantly over time. b, Voltage scaling has slowed down for both high-performance logic 

and low-power devices. Adapted from ref. 9,10. 
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This value has set a fundamental physical limit to the voltage scaling in Dennard’s law - at least 

59 mV has to be applied to the gate to increase the channel current by one decade (a factor of 10). 

To make things worse, because of the imperfect coupling between the gate and the channel region, 

the body factor, n, is usually larger than 1, causing the required supply voltage to be even larger5. 

Because this limiting factor, SS, originates from the Boltzmann distribution of electrons inside 

semiconductor bands, it is also called the Boltzmann tyranny11. 

As the size of the transistor decreases, the leakage current can also increase significantly, leading 

to an extra loss of power2. These leakage currents come from multiple sources, including short 

channel effect (i.e., the shortening of effective channel length leading to weakened gate control, 

decreased threshold voltage, increased SS, and therefore, an increased off-current)5, gate leakage 

(i.e., the quantum tunneling of charge carriers across the gate oxide, which is reported to increase 

~30 times between every technology node12), etc. 

In addition, the doping of the substrate will also be a problem. In Dennard scaling, the doping level 

of the substrate needs to be increased between every technology generation. However, if the doping 

concentration in the channel is too high, not only the carrier mobility will degrade due to increased 

impurity scattering, but also the band-to-band tunneling at the junctions will increase, leading to 

larger source and drain leakage and lowering the performance of the integrated circuits7.  

 

1.3 Beyond-CMOS switching devices 

To overcome the Boltzmann tyranny which sets an inevitable boundary on how low the gate 

voltage can go on a MOSFET, new materials, new computational state variables and new 

switching mechanisms must be explored as a supplement or replacement for the traditional CMOS-

based switching system, and to maintain Moore’s rate of transistor integration. These new, 

alternative types of devices are generally named beyond-CMOS switching devices13. 

 

 

 

 

 

 

 

 

 

 

 

a b 

Figure 1.3 | Benchmarking of beyond-CMOS switching systems. Switching energy versus 

switching delay for a, 32-bit adder and b, 32-bit arithmetic logic unit (ALU). Adapted from ref. 
15. 
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Since the beginning of the 2010s, there has been research both in academia and industry for the 

purpose of investigating and demonstrating feasible alternatives to CMOS. These beyond-CMOS 

switching devices use non-charge-based physical parameters, such as spin, magnetization, 

polarization, exciton, plasmon, strain as the data “tokens” to capture and transfer information13-15. 

As a result, different categories of beyond-CMOS devices have been proposed and fabricated, such 

as spintronics16-18, orbitronics14,19,20, straintronics21, ferroelectric devices11,22. Also, tunneling 

FETs (TFETs) are another type of beyond-CMOS device based on tunneling of electrical charge 

which are also being investigated to bypass the Boltzmann tyranny23. While it is sometimes 

difficult to make direct comparisons between these devices to assess which one works best, 

because these devices work on distinct physical principles, there are some general criteria for 

benchmarking these devices. Specifically, there are quantitative metrics for evaluation usually 

including the switching time, switching energy, scalability, etc13. Since 2010, a few benchmarking 

studies have been made to assess the performance of different categories of beyond-CMOS 

switching systems13-15 (Fig. 1.3a,b).  

 

1.4 Ferroelectrics in beyond-CMOS technology 

Among non-volatile beyond-CMOS devices (i.e., computation state variables are magnetization, 

polarization, strain, etc), devices based on ferroelectrics, which take advantage of the switchable 

polarization as the computation variable (yellow circle, Fig. 1.3a, b), are one of the most promising 

classes that has the best performance. Ferroelectric transistors switch faster than most spintronic 

devices and have much lower switching energies than spin-transfer-torque-based devices (Fig. 1.3a, 

b). This makes ferroelectric materials and ferroelectric devices interesting objects to investigate. 

 

1.4.1 Roadmap for ferroelectric materials 

A ferroelectric material has a spontaneous polarization and has (at least) two stable and degenerate 

polarization states at zero field. The spontaneous polarization results from the displacement of 

certain ions (or polar polymer dipole chains in organic compounds) from their charge-neutral 

position, and ferroelectric materials are non-centrosymmetric in terms of lattice symmetry24. The 

magnitude of the spontaneous polarization is called the remanent polarization, PR. Degeneration 

between two polarization states can occur and these different polarization states can be switched 

to each other by applying an external electric field larger than the coercive field, EC.  

The first discovery of ferroelectricity was in an organic molecular crystal, Rochelle salt, in 192125. 

Later in 1935, ferroelectricity was discovered in an inorganic salt, KH2PO4
26. However, these 

materials are too water sensitive to be of practical use. In the 1940s, ferroelectricity was reported 

in perovskite oxide BaTiO3
27. Because perovskite material is more chemically stable, it opened the 

door for additional studies on ferroelectric materials including explorations to use them in 

devices28, illuminating new ways for electronic design concepts such as ferroelectric random 

access memories (FeRAMs), ferroelectric field effect transistors (FeFETs) and ferroelectric 

tunneling junctions (FTJs)29-31. The discovery of ferroelectricity in another perovskite material, 

PbZrxTi1-xO3, was made in the 1950s32. Compared to BaTiO3, PbZrxTi1-xO3 has a much stronger 

polarization and piezoelectric coefficient, and the mixture of zirconium and titanium ions sitting 

on the B-site of the perovskite structure also brings additional chemical-tunability into the 
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ferroelectric material. However, at the time, the fatigue issue (i.e., the reduction of remanent 

polarization during electrical cycles) caused a huge problem in PbZrxTi1-xO3 films which has to 

some extent limited the development of PbZrxTi1-xO3-based ferroelectric devices26. Later in 1990s, 

a layered perovskite, Sr2Bi2Ta2O9 was introduced. Because of the more complexed structure of 

Sr2Bi2Ta2O9, it can permit temporal dynamics of space charge and smooth out oxygen-gradient 

concentration near the electrode, thus avoiding the excessive charge accumulation at the 

electrode/ferroelectric interface, which contributes to the fatigue issue that shows up in PbZrxTi1-

xO3
33. Around the same time, people discovered that by using oxide electrodes such as SrRuO3, 

IrO2 and RuO2, the space charge problems near the ferroelectric/electrode interface can also be 

mitigated and the fatigue performance can be largely improved for ferroelectric perovskites33-35. 

Albeit with the success to solve the fatigue problem in ferroelectric oxides, the difficulty in 

integrating these perovskite materials into CMOS technology (e.g., poor crystal quality, loosely 

bonded oxygen26) still posed a great challenge to the complete commercialization of ferroelectric 

based devices. The discovery of ferroelectricity in silicon-doped HfO2 was reported in 201136. By 

this time, HfO2 has already been used as a gate oxide material in MOSFET35,37, and has been 

successfully incorporated into the CMOS technology26,38 due to its great compatibility26,39. Most 

recently, ferroelectricity was also reported in wurtzite-structured Al1-xScxN40. While Al1-xScxN has 

long been used in MEMS technology for its large piezoelectricity since 2010s41, the ferroelectricity 

was not observed until in 2019 because of its high coercive field (i.e., larger than the dielectric 

breakdown field)40,42. Ferroelectric Al1-xScxN has a much higher PR than HfO2, and can also be 

grown at a much lower temperature in physical vapor deposition, making it an attractive candidate 

in CMOS integration processes26,43. A timeline for the evolution of ferroelectric materials and 

relevant ferroelectric devices was shown in Fig. 1.4. 

 

 

 

 

 

 

 

 

 

 

 

To be noted, coupling between ferroelectric polarization and other different data “token”s can also 

occur in certain material systems. E.g., ferroelectric order is coupled with (anti)ferromagnetic 

order in multiferroic materials, such as BiFeO3. The magnetoelectric switching in multiferroics 

can also be combined with other physical phenomena (e.g., spin-orbit transduction) to realize other 

types of beyond-CMOS logic functions, such as the magnetoelectric spin-orbit devices44. 

Figure 1.4 | Timeline of the evolution in ferroelectric materials and ferroelectric memory 

devices. Adapted from ref. 26. 
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1.4.2. Ferroelectric devices 

The polarization in the ferroelectrics can be used as a computational state variable to store 

information. However, to achieve functionality of ferroelectric materials in actual electronic 

devices, one needs to find ways to readout the digital information stored by the electric dipole24. 

Generally, three ways and corresponding architectural designs can be used to achieve this goal. 

The first and easiest way is to measure the charge-related current flow in the outside circuit when 

the ferroelectric materials switches. This type of readout method requires the construction of an 

electrode/ferroelectric/electrode capacitor structure and is typically used in FeRAMs. Ferroelectric 

layers are sandwiched between two electrodes, and transistors can be added to the ferroelectric 

capacitor to form a transistor/capacitor configuration, mimicking the structure of traditional 

dynamic random-access-memory24. FeRAMs can be used in a wide range of niche applications, 

including energy meters, wearable medical devices and microcontroller code storages45.  

FeFETs are another architectural design to convert the dipole moment information into electric 

signals, where the oxide layer in the traditional MOSFET structure is replaced by a ferroelectric 

layer. In FeFETs, the ferroelectric dipole dynamics are strongly coupled to the charge conductance 

in the semiconductor channel. The change in the direction of polarization in the ferroelectric layer 

will lead to a shift in the threshold voltage which can be measured in the outside circuits24,46. 

Compared to the capacitor-based FeRAM, the FeFET structure offers a non-destructive read-out 

process, and combines the memory function and the logic function, forming the “logic-in-memory” 

architecture. This combined device structure can be used to overcome the memory-logic 

interconnect bottleneck in traditional von Neumann architectures45. FeFETs can also serve as 

fundamental components in other functional architectures, including analogue weight cells for 

deep neural networks and low-power negative-capacitance field-effect transistors, providing a 

pathway to massive data processing with high throughput and energy efficiency11,47,48. 

The third design type to readout the ferroelectric dipole information is used in FTJs. An FTJ 

consists of an ultra-thin ferroelectric layer sandwiched between two different metal electrodes, 

where electrons can tunnel straight through the ferroelectric gap49. Because of the asymmetry in 

the electrode configuration, the screening lengths in two electrodes are different, inducing a 

tunneling barrier in the ferroelectric layer that can be modified by the direction of ferroelectric 

dipoles. By measuring the tunneling current through the ferroelectric junction in the outside circuit, 

the polarization direction stored as one-bit binary information (i.e., 0 or 1) can be obtained50. The 

FTJ usually operates on small tunneling current density and can be used in massive parallel 

operations and synapse fabrications for neuromorphic computing systems51,52.  

 

1.5 Organization of dissertation 

This dissertation is organized as follows: 

Chapter 1, as has been seen, serves as the introduction on the background and motivation related 

with this study. The chapter starts with the classic Moore’s law and Dennard’s law describing 

MOSFET scaling in traditional semiconductor industry. Then limitations in this scaling trend is 

discussed and the concept of beyond-CMOS switching is introduced. This chapter closes with the 

role that ferroelectric materials and devices can play in advanced beyond-CMOS technology. 
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Chapter 2 begins with a brief introduction about the materials that are studied in this thesis, namely, 

the oxide electrode, strontium ruthenate (SrRuO3), and the ferroelectric oxide, barium titanate 

(BaTiO3). Then the historical challenges in synthesizing idealized BaTiO3 thin films are discussed. 

This is followed by a discussion of epitaxial heterostructure physics, and the synthesis methods to 

grow these materials are provided. 

Chapter 3 offers a detailed description of the characterization methods that are performed on the 

relevant heterostructures, including characterization of the structural, dielectric, and ferroelectric 

properties, as well as fatigue and retention measurements to assess their performance as in 

ferroelectric devices. Transport measurement and deep-level transient spectroscopy are also 

discussed to characterize the intra-bandgap charge trapping states in the materials. 

Chapter 4 discusses the effect of growth pressure on the SrRuO3/BaTiO3/SrRuO3 heterostructure 

properties, that is, by carefully adjusting the growth pressure, the heterostructures can be made 

with high crystallinity, and have ferroelectric properties comparable to those observed in bulk 

crystal. By doing thickness scaling and lateral scaling, the study explores the smallest switching 

voltage, lowest switching power and fastest switching speed in BaTiO3 capacitors. Finally, 

integration of SrRuO3/BaTiO3/SrRuO3 heterostructures onto Si substrate is demonstrated and 

fatigue and retention experiments are performed to assess the performance of Si-based BaTiO3 

capacitors. 

Chapter 5 explores the effect of fabrication processes on the SrRuO3/BaTiO3/SrRuO3 

heterostructures. Ex situ MgO hard mask processes and in situ growth-and-etching processes are 

discussed. For the in situ processes, wet-chemical etching and dry-ion milling are performed and 

the results are compared. The milling depth can influence the amount of defects that are introduced 

into the BaTiO3 capacitors during the process, and affect the imprint in the PE loops. Finally, post-

fabrication annealing in a Ba-rich environment is performed on the fabricated capacitors, showing 

the ability to reduce the defect levels and the imprints. 

Chapter 6 serves as a conclusion of the studies presented in this dissertation and offers the readers 

with directions where efforts can be made to further optimize the ferroelectric properties in BaTiO3 

films to enable their applications in real-life devices. 
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Chapter 2 

Synthesis of Epitaxial Complex-Oxide Materials 

 
This chapter provides a brief introduction of the properties of the model materials that are studied 

in this thesis, including the conducting complex oxide electrode strontium ruthenate (SrRuO3) and 

the classic ferroelectric oxide barium titanate (BaTiO3). Challenges are also discussed regarding 

producing BaTiO3 thin films with comparable properties with BaTiO3 single crystals. Following 

is a detailed discussion about the basics in heterostructure synthesis, including the concept of 

lattice mismatch between substrate and films, as well as the synthesis processes (i.e., pulsed-laser 

deposition) used to produce such thin films. 
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2.1 Material model systems 

2.1.1 SrRuO3 

Strontium ruthenate (SrRuO3), is a common complex oxide perovskite first known for its itinerant 

ferromagnetism below its Curie temperature of ~160 K53. Later, the transport properties in SrRuO3 

have also drawn researchers’ attention54. Because of the relatively good conductivity in SrRuO3 

thin films without the need for chemical alloying, it is one of the most common complex oxides 

that is used as an electrode material in heterostructures. Also, it has good lattice mismatch with a 

wide range of substrates and functional oxides which makes it relatively easy to incorporate 

SrRuO3 in epitaxial film stacks. The relatively good chemical stability of SrRuO3 also offers 

benefits to the synthesis and characterization of the relevant heterostructures55.  

At room temperature, the SrRuO3 structure (i,e., in the bulk) has orthorhombic symmetry with 

lattice parameters a = 5.5670 Å, b = 5.5304 Å, and c = 7.8446 Å (Fig. 2.1a). A pseudocubic form 

of the SrRuO3 unit cell can be described as well (thick black lines, Fig. 2.1a), where all three axes 

have almost the same lengths (apc ≈ 3.93 Å)56.  

 

 

 

 

 

 

 

 

 

 

 

 

 

As an electrode material, and like many other metals, the resistivity of SrRuO3 increases with 

temperature (Fig. 2.1b). At high temperatures (T > 500 K), the resistivity of SrRuO3 increases 

beyond the Ioffe-Regel limit and the material behaves like a “bad metal”57,58. At low temperatures 

(T < 15 K), SrRuO3 behaves like a Fermi-liquid, where conventional metallic behavior can be 

observed59. The drop in resistivity at T = 160 K corresponds to the ferromagnetic transition55. 

SrRuO3 can be readily grown via a variety of deposition techniques on substrates with a wide range 

of lattice parameters (e.g., SrTiO3, DyScO3, GdScO3)60. Growing on different substrates will 

induce different strain states in the SrRuO3 thin films55. For example, if the SrRuO3 is grown on 

a b 

Figure 2.1 | Properties of SrRuO3. a, Crystal structures of SrRuO3 lattice. Thin black lines 

represent the orthorhombic lattice cell, and the thick black lines represent the pseudocubic unit 

cell. b, Resistivity of SrRuO3 as a function of temperature. Adapted from ref. 55. 
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SrTiO3 (001) substrates (i.e., a = 3.905 Å, εs = -0.59%), then it will be in the compressive strain 

state. If the SrRuO3 is grown on DyScO3 (110) substrates (i.e., apc = 3.940 Å, εs = +0.41%) and 

GdScO3 (110) substrates (i.e., apc = 3.964 Å, εs = +0.97%), then it will be in the tensile strain state. 

Previous studies have shown that the strain state impacts the symmetry, as well as the electronic 

and magnetic behavior of SrRuO3 films60. SrRuO3 films grown epitaxially on SrTiO3 (001) adopt 

orthorhombic crystal structure and have low resistivity. On the contrary, SrRuO3 films epitaxially 

grown on DyScO3 (110) and GdScO3 (110) adopted a more symmetric “tetragonal” crystal 

structure and have higher resistivity60,61. This can be interpreted by understanding that the strain 

drives changes in the Ru-O-Ru bond angles, which is related to the bandwidth of the material55. 

Albeit with the slight reduction in conductivity resulted from the tensile strain when grown on 

DyScO3 (110) and GdScO3 (110) substrates, SrRuO3 is still considered as a good complex oxide 

metal for these scandate substrates and is widely used as electrode materials in ferroelectric 

capacitors based on these substrates62-64. 

 

2.1.2 BaTiO3 

BaTiO3 is another member in the perovskite family. It was first synthesized during a study focused 

on doping BaO into TiO2 in 194165. In the beginning, BaTiO3 was used as a ceramic material for 

its high dielectric constant at room temperature (Fig. 2.2). Later in 1945, ferroelectricity was 

demonstrated in BaTiO3, making it the first reported metal oxide to show ferroelectric behavior66. 

The ferroelectricity in BaTiO3 results from the displacement of the center titanium cation from its 

balancing position (i.e., the body center of the cubic perovskite unit cell). BaTiO3 can exhibit 

multiple phase types depending on temperature (Fig. 2.2), with the titanium cations deviating along 

different directions (i.e., the directions of polarization)67. Starting from low temperature, the 

polarization direction of the BaTiO3 is along the body diagonals of the perovskite unit cell, 

resulting in a rhombohedral symmetry (i.e., PS // [111]). As the temperature increases, at around 

190 K (-83 °C), the BaTiO3 transforms into an orthorhombic structure with the polarization along 

the face diagonal of the perovskite cell (i.e., PS // [011]). Further increasing the temperature will 

result in a phase transition into a tetragonal symmetry with polarization direction pointing along 

one of the major axes of the perovskite cell (i.e., PS // [001]) at around 280 K (7 °C). Finally, at a 

temperature higher than 400 K (127 °C) the ferroelectricity in BaTiO3 will vanish and a totally 

symmetric, cubic crystal structure will form (i.e., PS = 0). This phase of the BaTiO3 is also called 

the paraelectric phase. At around phase transition temperatures, dielectric constant will be greatly 

increased, which is the typical behavior of a first order ferroelectric phase transformation68,69.  

At room temperature, the BaTiO3 single crystal has tetragonal phase (a = 3.992 Å, c = 4.036 Å), 

and the direction of the polarization is along the c axis. When an electric field is applied to the 

BaTiO3 crystal, it undergoes polarization switching via a nucleation and growth process wherein 

needle-like domains with opposite polarization first nucleate at the surface of the crystal, propagate 

across the material, and then grow laterally through the material to complete the switching 

event70,71. The polarization versus electric-field loop (P-E loop) are measured for BaTiO3 single 

crystals and BaTiO3 ceramics72 (Fig. 2.3). In bulk, single-crystal BaTiO3, the remanent 

polarization is ~25 μC cm-2, and the ferroelectric switching process is accomplished with a small 

applied field (i.e., coercive field ~1 kV cm-1). The work of switching (i.e., the switching energy), 

which is the area enclosed by the P-E loop, is ~0.1 J cm-3 for a BaTiO3 single crystal. 
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BaTiO3 ceramics exhibits slightly larger coercive field ~3 kV cm-1, and a lower remanent 

polarization ~15 μC cm-2. This is attributed to the fact that the grain boundaries in the BaTiO3 

ceramic hinders the reorientation of ferroelectric grains in the direction of the external electric 

field; a result arising from the collective coupling between elastic, electrostatic, and domain-wall 

energies73.  

Figure 2.2 | Phase transition in BaTiO3 single crystals. From low temperature to high 

temperature, BaTiO3 single crystal will go through rhombohedral, orthorhombic, tetragonal and 

cubic phase symmetry. Dielectric anomaly occurs at each phase transition temperature. 

Adapted from ref. 67. 

a b 

Figure 2.3 | Ferroelectric properties of BaTiO3. Polarization - electric field loop for a, (001)-

oriented BaTiO3 single crystal plate, and b, high quality BaTiO3 ceramic. From ref. 72. 
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Compared with other common ferroelectric materials, such as PbZrxTi1-xO3, Sr2Bi2Ta2O9, HfO2, 

Al1-xScxN, polyvinylidene fluoride, etc, ferroelectric BaTiO3 exhibits the smallest coercive field 

while offering a reasonably large remanent polarization (Fig. 2.4a). Besides, the endurance cycle 

number (i.e., the number of the electrical cycles the material can endure before showing fatigue) 

of the BaTiO3 is excellent among all ferroelectric materials (Fig. 2.4b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

a b 

Figure 2.4 | Electrical performance of different ferroelectric materials. a, Remanent 

polarization versus coercive field for different ferroelectric materials. b, Endurance cycle 

number versus EBD/EC (breakdown field/coercive field) for different materials. Adapted from 

ref. 35. 

a b 

Figure 2.5 | Enhancement of ferroelectricity in BaTiO3 thin films by compressive strain. 

a, Thermodynamic analysis of the Curie temperature in BaTiO3 films under biaxial in-plane 

strain. b, Lattice constant as a function of temperature for BaTiO3 films under compressive 

strain. The kinks in the curves represent the Curie temperature of the material where the 

ferroelectric-paraelectric phase transition occurs. Adapted from ref. 62. 
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Last but not least, BaTiO3 does not contain toxic elements such as lead, and is therefore 

environmentally friendly. As a result, BaTiO3 has drawn much attention to be used for beyond-

CMOS ferroelectric switching devices. 

Like the SrRuO3 discussed in the previous section, strain can also affect the ferroelectric properties 

of BaTiO3 films. Previous studies have shown that compressive strain can be used to increase the 

Curie temperature of BaTiO3 (Fig. 2.5a), as well as enhance the tetragonality and ferroelectric 

polarization of the material62,64. The BaTiO3 lattice will be compressed if grown on DyScO3 (110) 

and GdScO3 (110) substrates, with a compressive strain of -1.7% and -0.99%, respectively64. As a 

result of the compressive strain, the tetragonal lattice will be more distorted and the ferroelectric-

to-paraelectric phase transition temperature (i.e., the Curie temperature, TC) will be enhanced. For 

example, the TC of BaTiO3 films grown epitaxially grown on GdScO3 (110) and DyScO3 (110) are 

~400 °C and ~680 °C, respectively (Fig. 2.5b). 

 

2.1.3 Challenges in BaTiO3 thin-film synthesis 

BaTiO3 has the smallest coercive field among common ferroelectric materials and the strain 

induced in BaTiO3 thin films can help stabilize or enhance the ferroelectric polarization (i.e., a 

combination of low coercive voltage and robust remanent polarization is nearly ideal for next-

generation memory and logic applications). There has been considerable interest in the study of 

BaTiO3 thin films since the 1970s74, and more recently, various methods have been used to 

synthesize BaTiO3 thin films, including radio frequency magnetron sputtering75-82, molecular 

beam epitaxy62,83-86, pulsed-laser deposition62,64,87-112, activated reactive evaporation113-115, sol-gel 

methods116, hydrothermal reaction117, polymeric precursor methods118, etc. The ferroelectric 

properties of these resulting BaTiO3 thin films, however, show large variations and large 

deviations from the values measured in bulk single crystals. Many reports have found considerably 

larger coercive voltage/field62,64,78,83,84,100,109,112,116, greatly increased work of switching (i.e., the 

energy required to cycle through the ferroelectric hysteresis loop), and greatly diminished (or 

nearly zero) remanent polarization81,94,105,113,117,118, making the switching currents hard to detect 

and bringing the nonvolatility into question. Thus, to realize the potential of this material requires 

routes to approach the “intrinsic” ferroelectric behavior (i.e., small coercive field, large 

polarization) in BaTiO3 thin films and will be discussed in following chapters of this thesis. 

 

2.2 Epitaxial thin-film synthesis 

2.2.1 Film-substrate lattice mismatch 

Epitaxial thin film growth is one of the strain engineering methods to deform the material lattice 

by finely controlling the lattice mismatch between epitaxial thin films and substrates; therefore, 

controlling the magnitude of the strain induced in the system. Compared to traditional methods of 

inducing strain in bulk ceramics by physically applying mechanical stress to the system, induction 

of strain by epitaxial film synthesis is much easier. For example, to induce an 1% of deformation 

into sapphire (Al2O3) requires a hydrostatic stress value as high as 4.7 GPa119, which is not an easy 

task to perform in a laboratory setup. Besides, since most ceramic materials are brittle, they will 

break long before reaching this magnitude of strain120. 
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However, by synthesizing epitaxial ceramic thin films on lattice-mismatched substrates, one can 

easily obtain large magnitudes of strain. For example, the epitaxial strain can be as large as ~2.4% 

for BaTiO3 films strained on SrTiO3 (001) substrates121. With the strain induced in the materials, 

researchers can easily alter the crystal and domain structures64,122 and achieve novel physical 

properties that cannot be realized in the bulk form121,123.  

In an epitaxial structure, the lattice mismatch between the substrate and the epitaxial film (i.e., the 

in-plane strain felt by the thin film, εip) is defined as 

𝜀𝑖𝑝 =
𝑎𝑠𝑢𝑏−𝑎𝑓𝑖𝑙𝑚

𝑎𝑓𝑖𝑙𝑚
    Equation 2.1 

where asub and afilm refer to the in-plane lattice parameter of the substrate and the film, respectively. 

If the film and the substrate are the same material with the same crystal lattice (i.e., asub = afilm), 

then the epitaxial structure is called homoepitaxy (Fig. 2.6a). If the film differs from the substrate 

in composition or lattice parameter (i.e., asub ≠  afilm), then the epitaxial structure is called 

heteroepitaxy124 (Fig. 2.6b). 

 

 

 

 

 

 

 

 

 

 

In the case of heteroepitaxy, the films are grown under the condition of biaxial strain and the 

mechanical strains in the film are governed by  

𝜀𝑜𝑜𝑝 =
1

𝐸
(𝜎𝑜𝑜𝑝 − 𝜈𝜎𝑖𝑝 − 𝜈𝜎𝑖𝑝) = −

2𝜈

𝐸
𝜎𝑖𝑝   Equation 2.2 

𝜀𝑖𝑝 =
1

𝐸
(𝜎𝑖𝑝 − 𝜈𝜎𝑖𝑝 − 𝜈𝜎𝑜𝑜𝑝) =

1−𝜈

𝐸
𝜎𝑖𝑝   Equation 2.3 

where υ is the Poisson’s ratio, E is the Young's modulus, 𝜀𝑖𝑝 is the aforementioned in-plane strain 

and 𝜀𝑜𝑜𝑝 is the out-of-plane strain which is defined as  

𝜀𝑜𝑜𝑝 =
𝑐𝑓𝑖𝑙𝑚−𝑐𝑏𝑢𝑙𝑘

𝑐𝑏𝑢𝑙𝑘
    Equation 2.4 

where cfilm and cbulk represent the out-of-plane lattice parameter of the thin film and its bulk 

counterpart, respectively. σip is the in-plane stress assuming the in-plane anisotropy can be 

neglected, and σoop is the out-of-plane stress (i.e., under the condition of an epitaxial film, σoop = 

a b 

Figure 2.6 | Illustration of epitaxial relations between substrates and films. a, Homoepitaxy, 

and b, Heteroepitaxy. Adapted from ref. 124. 
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0). With the above equations, the out-of-plane lattice parameter of the film, cfilm, can be expressed 

as 

𝑐𝑓𝑖𝑙𝑚 = 𝑐𝑏𝑢𝑙𝑘 (1 −
2𝜈

1−𝜈

𝑎𝑠𝑢𝑏−𝑎𝑓𝑖𝑙𝑚

𝑎𝑓𝑖𝑙𝑚
)   Equation 2.5 

It can be seen from Eq. 2.5, that if the film is under compressive strain (i.e., asub < afilm), then its 

out-of-plane lattice parameter will get expanded (i.e., cfilm > cbulk), as compared to its bulk 

counterpart. Otherwise, if the film is under tensile strain (i.e., asub > afilm), then its out-of-plane 

lattice parameter will get compressed (i.e., cfilm < cbulk). For example, if BaTiO3 thin films are 

grown epitaxially on GdScO3 (110) substrates, we can calculate 

𝑐𝑓𝑖𝑙𝑚 = 4.067 Å    Equation 2.6 

where υ = 0.35125, asub = 3.964 Å, afilm = 3.992 Å, cbulk = 4.036 Å. 

 

2.2.2 Pulsed-laser deposition of the heterostructures 

Pulsed-laser deposition (PLD, Fig. 2.7) has long been used to produce high-quality single-

crystalline films that have an epitaxial relationship with the substrates124. Generally, PLD systems 

require low-pressure to operate. Before the deposition happens, the PLD chamber will be pumped 

into a high vacuum state before being filled with a controlled partial pressure of gas (e.g., oxygen, 

nitrogen, argon, etc.). Then pulses of ultraviolet laser (i.e., laser shots with wavelength λ = 248 nm; 

each pulse usually only lasts 10-20 ns126) will be used to ablate materials from ceramic or single-

crystal target sources. The ablated material atoms (ions) or atom clusters (ion clusters) will gain 

enough kinetic energy and then transfer themselves to a heated substrate where they react with 

background gases to form the solid compound (via nucleation and growth) on the substrate surface. 

During the transfer process, ablated species will interact with each other or the background gas 

species to form a plasma, which is usually called the plume. The deposition rate can be well 

controlled by counting the number of pulses incident on the target(s). Therefore, PLD can be used 

to synthesize films with certain thickness requirements127 or to synthesize alternating superlattice 

structure where the thickness of each layer needs to be precisely controlled128. PLD can be sensitive 

to an array of growth parameters, such as substrate temperature, background gas pressure, laser 

fluence (i.e., the energy of the laser pulse divided by the spot size) and laser frequency (i.e., the 

number of laser pulses generated within each second), and target-substrate distance. By carefully 

controlling the growth parameters, one can achieve stoichiometric transfer of materials species 

from the target to the substrate64 (but it is by no means guaranteed), or one can make non-

stoichiometry films on purpose and study changes in properties induced by cation (or anion) 

vacancies108,129.  

Like any other deposition method, different growth modes and, as a result, surface morphographies 

of the films, can be observed in PLD synthesis. Depending on the chemical bonding strength 

between the adatom species and the substrate, the kinetic energies of the adatoms and the thermal 

energy of the substrate surface atoms, three different growth modes are commonly observed (Fig. 

2.8a) with different surface energy relations described by Young’s equation130 

𝛼1 = 𝛼2 + 𝛼 cos(𝜃)    Equation 2.7 
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where α, α1, and α2 are the surface tension between the nucleus and the gas background, the surface 

tension between the substrate surface and the gas background, and the surface tension between the 

nucleus and the substrate surface, respectively, and θ represents the wetting angle. 

If 

𝛼1 > 𝛼2 + 𝛼     Equation 2.8 

then the bonding strength between the nucleus and the substrate is stronger than the bonding 

between the nucleus atoms, and in this case, the nucleus atoms form bonds with the substrate and 

tend to wet the substrate surface, leading to a layer-by-layer growth mode, also known as the 

Frank-van der Merwe growth mode (Fig. 2.8b). If the wetting angle, θ, is greater than zero, then  

𝛼1 < 𝛼2 + 𝛼     Equation 2.9 

and in this case, the nucleus atoms tend to form bonds with themselves instead of spreading out to 

wet the substrate surface, leading to an island-growth mode, also known as the Volmer-Weber 

growth mode (Fig. 2.8c). In some cases, a third mode (a mixed-growth mode), also known as the 

Stranski-Krastanov mode can also occur where the growth starts in a layer-by-layer mode and 

transitions into the island-growth mode, due to a change of the surface energy relations with the 

stacking of successive monolayers (Fig. 2.8d). 

To study the properties of the material itself, one needs to obtain high-quality, single-crystalline 

films and to keep the interfaces between different layers clean and sharp, and a layer-by-layer 

growth mode is required in PLD synthesized heterostructures. Therefore, careful growth control 

must be taken to achieve thin films with perfect structures. In this dissertation, the growth 

conditions for SrRuO3 and BaTiO3 thin films are listed in Table 2.1. 

The substrate is first heated to 690 °C at a rate of 20 °C min-1, then the bottom SrRuO3 layer was 

deposited using the condition provided in Table 2.1. Afterwards, the stack is cooled at a rate of 

10 °C min-1 to 600 °C where the BaTiO3 layer is deposited. Then the stack is heated back to 690 °C 

at a rate of 15 °C min-1, where the top SrRuO3 layer is deposited. After the deposition, the PLD 

chamber is flooded with oxygen and the whole film stack is cooled to room temperature at a rate 

of 5 °C min-1. 

 

Figure 2.7 | Schematics of pulsed laser deposition (PLD) system. From ref. 124. 
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Materials SrRuO3 BaTiO3 

Target type Ceramic Ceramic 

Target composition Sr1.00Ru1.00O3.00 Ba1.00Ti1.00O3.00 

Substrate temperature 690 °C 600 °C 

Oxygen pressure 100 mTorr 20-70 mTorr 

Laser wavelength 248 nm 248 nm 

Laser pulse energy 100 mJ 140 mJ 

Laser spot size 0.0744 cm2 0.0922 cm2 

Laser fluence 1.34 J cm-2 1.52 J cm-2 

Laser frequency 15 Hz 2 Hz 

Target-substrate distance 5.5 cm 5.5 cm 

a 

b c d 

Figure 2.8 | Illustration of growth modes in PLD. a, Surface tension relations between 

substrate surface, nucleus and the background gas. b, Frank-van der Merwe (layer-by-layer) 

growth mode. c, Volmer-Weber (island) growth mode. d, Stranski-Krastanov (mixed) growth 

mode. Adapted from ref. 130. 

Table 2.1 | Growth conditions for SrRuO3 and BaTiO3 thin films in PLD. 
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2.3 Summary 

To summarize, this chapter introduces the preliminary physical background for the studies 

performed in the thesis, including two material model systems, namely, SrRuO3, and BaTiO3, as 

well as the epitaxial synthesis mechanisms in PLD process. The advantages of BaTiO3 over other 

common ferroelectric materials in terms of switching field, switching energy and fatigue resistance 

for beyond-CMOS ferroelectric applications is also discussed. The epitaxial strain can affect the 

structural and electrical behaviors of the materials in their thin-film forms, resulting in a large 

deviation in properties from their bulk counterparts. The synthesis of idealized BaTiO3 thin films 

has long been a challenge to researchers, and to some extent has slowed down the applications of 

BaTiO3 in next-generation devices. In this chapter, the growth parameters for high quality 

SrRuO3/BaTiO3/SrRuO3 heterostructures are provided and details on characterizing their 

properties are discussed in the following chapter. 
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Chapter 3  

Characterization of Ferroelectric Heterostructures 

 
This chapter focuses on the characterization techniques used to measure our synthesized 

SrRuO3/BaTiO3/SrRuO3/GdScO3(110) heterostructures. First, structural characterization methods 

are introduced, including X-ray diffraction, as well as scanning transmission electron microscopy. 

Then various (di)electrical characterization methods are discussed, including those that allow for 

the study of the dielectric and ferroelectric behavior of the capacitor structures, such as dielectric-

voltage measurement, polarization-electric field/voltage measurement, fatigue and retention 

measurement, as well as the switching transient measurements, in an effort to examine the potential 

performance of BaTiO3 capacitors within actual ferroelectric devices. Transport measurement and 

deep-level transient spectroscopy measurements are also discussed, in order to study the intra-

bandgap charge carrier trapping states in BaTiO3 films. 
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3.1 Structural characterization of the heterostructures 

3.1.1 X-ray diffraction 

X-ray diffraction has long been a useful non-destructive tool to examine the crystal structure of 

the materials. By performing X-ray diffraction, one is converting real space crystal planes into 

their Fourier transformed counterpart – the reciprocal space lattice points – with each crystal plane 

orientation (and distance) corresponding to one lattice vector in reciprocal space. The incident and 

diffracted X-ray beam are represented by wavevectors, 𝐼𝐴⃗⃗⃗⃗  and 𝐴𝐵⃗⃗⃗⃗  ⃗, respectively, in the Ewald 

sphere131 (Fig. 3.1a). Since usually X-ray diffraction is an elastic scattering process, the incident 

and diffracted have the same magnitude, but different directions. The angle between the incident 

beam and the characterized crystal plane is referred to as θ, and therefore, the angle between two 

wavevectors is 2θ. If the difference vector, 𝐼𝐴⃗⃗⃗⃗ − 𝐴𝐵⃗⃗⃗⃗  ⃗, between the two beams is equal to one of the 

reciprocal lattice vectors, 𝑑ℎ𝑘𝑙
∗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ , in the reciprocal space, then the corresponding crystal plane in the 

real space will be captured, and a peak (or an increase in diffracted beam intensity) will show up 

in the spectrum132,133. 

For X-ray diffraction measurements on thin films, depending on the crystal plane orientation and 

the equipment setup geometry (i.e., film surface orientation), the measurements can be categorized 

as symmetric or asymmetric. If the crystal planes being characterized are parallel to the 

film/substrate surface, one will have symmetric reflection condition (Fig. 3.1b), θ = ω, where ω is 

the angle between the incident beam and the film surface. If the crystal planes are not parallel to 

the film substrate surface, one will have asymmetric condition (Fig. 3.1c) where θ ≠ ω. By 

scanning a wide range of θ-2θ values, one can obtain a spectrum in one-dimension, which is 

usually referred to θ-2θ line scan. θ-2θ line scan is the most straightforward scan type in X-ray 

diffraction. The relation between the angle θ and the distances between the characterized planes, 

d, is described by the Bragg’s law: 

2𝑑 sin(𝜃) = 𝑛𝜆    Equation 3.1 

where λ is the wavelength of the X-ray beam and n is the wavenumber difference between the 

incident beam and the scattered beam. By applying the Bragg equation to the line-scan spectrum, 

one can extract the lattice parameters (i.e., in one dimension, usually in the out-of-plane direction) 

of the thin-film and substrate materials. 

Reciprocal space mapping (RSM) is another type of measurement in X-ray diffraction. In the 

process of obtaining an RSM spectrum, both ω axis and 2θ axis are scanned in real space, 

generating a two-dimensional region in the reciprocal space. The reciprocal lattice points 

(corresponding to crystal planes in real films) within the two-dimensional region will be captured. 

In the case of asymmetric RSM scan, information on both in-plane and out-of-plane lattice 

parameters can be recorded, and by applying the converting equations, 

𝑞∥ =
1

𝜆
{cos(𝜔) − cos(2𝜃 − 𝜔)}   Equation 3.2 

and 

𝑞⊥ =
1

𝜆
{sin(𝜔) − sin(2𝜃 − 𝜔)}   Equation 3.3 
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one can extract both the in-plane and out-of-plane lattice parameters of the thin-film materials. 

Another use of the RSM is to examine the strain status of the thin films that are grown epitaxially 

on the substrate. In the case of a fully strained film, the substrate and the film will have the same 

in-plane lattice parameter. In the RSM spectrum, both reciprocal lattice vectors will have the same 

in-plane components (Fig. 3.1d). However, if the films are relaxed, then the substrate and the film 

will have different in-plane lattice components (Fig. 3.1e). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Another type of measurement using X-ray diffraction is the rocking-curve scan (i.e., the ω scan). 

In this measurement, the 2θ axis is fixed at the Bragg’s condition, while the ω axis was scanned in 

the vicinity of the Bragg angle, θ. The rocking curve measurement can be used to examine the 

crystallinity of each layer in the heterostructure, with broader rocking-curves peaks indicating 

higher level of defects or crystal mosaicity in the corresponding layer134. As such, the full-width 

at half-maximum (FWHM) value of the rocking curve peaks can be used as a quantitative 

characteristic number for crystal crystallinity. 

In this thesis, all θ-2θ line scans and RSM scans on SrRuO3/BaTiO3/SrRuO3/GdScO3 (110) 

heterostructures were performed using a Panalytical X’Pert3 MRD 4-circle diffractometer with Cu 

Kα X-ray with a wavelength of 1.54 Å. 

 

a b 

c d e 

Figure 3.1 | Illustration of X-ray diffraction on thin film analysis. a, Relation between 

incident beam, scattered beam and crystal reciprocal lattice vector. b, Symmetric measurement 

setup. c, Asymmetric measurement setup. Reciprocal relation between the substrate and d, 

strained film and e, relaxed film. Adapted from ref. 131-133. 
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3.1.2 Scanning transmission electron microscopy 

High-resolution scanning transmission electron microscopy (STEM) measurement was also 

performed to directly image the crystal structure of the synthesized 

SrRuO3/BaTiO3/SrRuO3/GdScO3 (110) heterostructures. While with the development of 

transmission electron microscopy, the resolution of such techniques have reached atomic level in 

recent years135,136, it still has limitations when trying to spot tiny defects (e.g., points defects) in 

the crystal lattice, especially when the defect concentration is low. As a result, in this thesis, STEM 

was only used as a supplementary method to characterize the crystallinity of the synthesized 

heterostructures.  

For the purpose of demonstration, a representative STEM image is shown for the 30 nm SrRuO3/25 

nm BaTiO3/30 nm SrRuO3/GdScO3 (110) heterostructure with BaTiO3 layer grown at 60 mTorr 

O2 pressure137 (Fig. 3.2a,b). To prepare the sample for STEM, the heterostructure was first 

mechanically polished at 0.5° and subsequently argon-ion milled using a Gatan Precision Ion 

milling system, starting from 3.5 keV at 4° down to 1 keV at 1° for the final polish. STEM imaging 

was performed using a double-aberration-corrected TEAM I microscope operating at 300 kV, at 

the National Center for Electron Microscopy, Lawrence Berkeley National Laboratory. The probe 

semi-angle and beam current used for imaging were 30 mrad and 70 pA, respectively. The STEM 

image suggests that the film stack is free of defects and dislocations over a wide area of the 

measured sample. A higher resolution image suggests the highly-crystalline atomic structure of 

the heterostructure, and clean interfaces between the SrRuO3 electrodes and the BaTiO3 layer, 

which, to some extent, can be an indication of the high quality of the heterostructure synthesized 

in this work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 | Representative transmission electron microscopy image of the 

heterostructure. a, Z-contrast STEM imaging of the 30 nm SrRuO3/25 nm BaTiO3/30 nm 

SrRuO3/GdScO3 (110) heterostructure. b, High-resolution image of a representative portion 

(yellow box in a) of the heterostructure. 
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3.2 (Di-)Electrical characterization of the heterostructures 

3.2.1 Dielectric measurements 

Dielectric constant measures how easily the material can be polarized under the applied electric 

field. For a ferroelectric capacitor with spontaneous polarization, the dielectric constant can be 

impacted by various factors such as temperature, the magnitude of the applied DC bias and the 

frequency/strength of applied AC electric fields95. In the process of measurement, a DC bias is 

applied to the SrRuO3/BaTiO3/SrRuO3 capacitors, and an AC oscillation signal (i.e., small enough 

for the dielectric measurement to operate in the reversible regime, avoiding dielectric non-

linearities caused by irreversible effects from domain-wall motion, switching, etc138) is added on 

top of the DC signal to measure the capacitive response (i.e., the capacitance, C) from the capacitor. 

The dielectric constant, εr, is then extracted from the capacitance via the relationship, 

𝜀𝑟 =
𝐶𝑑

𝐴
    Equation 3.4 

where d is the thickness of the BaTiO3 film and A is the capacitor area. 

In this thesis, the dielectric measurement was performed using an impedance analyzer (no. E4990A, 

Keysight Technologies), with a DC bias ranging from -0.5 V to 0.5 V and an AC excitation voltage 

of 5 mV with frequencies ranging from 1 kHz to 100 kHz, at different temperatures ranging from 

20 °C to 460 °C.  

 

3.2.2 Ferroelectric measurements 

Ferroelectric hysteresis loops were obtained by applying voltage waveforms to BaTiO3 capacitors 

to switch the ferroelectric polarization direction and measure the switching current during the 

process. The voltage waveform can be applied by a waveform/pulse generator and has the shape 

of a double-bipolar sequence (Fig. 3.3). During the switching process, the switching current at 

different voltages is detected and integrated with time. By doing so, one can calculate the charge 

produced during the switching and therefore obtain the polarization-electric field/voltage loop (i.e., 

PE/PV loop) of the ferroelectric material.  

 

 

 

 

 

 

 

 

 Figure 3.3 | Ferroelectric measurement of the heterostructure. Double-bipolar DC signal 

applied to measure the polarization switching in ferroelectric materials. 
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Generally, the PE loop intersects with the horizontal axis (i.e., P = 0) at two different electric field 

values, EC
+ and EC

-. The coercive field, EC, is extracted using 

𝐸𝐶 =
|𝐸𝐶

+−𝐸𝐶
−|

2
     Equation 3.5 

And the imprint (i.e., the horizontal deviation of the PE loop from the origin) is calculated using 

𝐸𝐼𝑚𝑝𝑟𝑖𝑛𝑡 =
𝐸𝐶

++𝐸𝐶
−

2
    Equation 3.6 

In the meantime, the PE loop intersects with the vertical axis (i.e., E = 0 or V = 0) at two different 

polarization value PR
+ and PR

-. The averaged remanent polarization, PR, is extracted using 

𝑃𝑅 =
|𝑃𝑅

+|+|𝑃𝑅
−|

2
     Equation 3.7 

All measurements in this work were performed using a Precision Multiferroic Tester (Radiant 

Technologies, Inc.), with various waveform amplitudes and periods (i.e., 0.1-1000 ms, 

corresponding to frequencies 1-10 kHz). 

 

3.2.3 Fatigue and retention measurements 

Fatigue measures how robust the remanent polarization is against cyclic bipolar stress. A single 

fatigue stress signal has the same waveform (i.e., double-bipolar waveform) as in the polarization-

electric field measurement (Fig. 3.3). After a certain number of continuously applied fatigue 

signals, a Positive-Up-Negative-Down (PUND) pulse sequence (Fig. 3.4) is applied to the 

heterostructures to measure the remanent polarization. The PUND sequence consists of five 

identical pulses, with each pulse having same amplitude, VP, and same width, tP. The delay time 

between pulses is denoted as tD. The first pulse is the preset pulse, which sets the initial polarization 

into the negative state. Then the second pulse switches the polarization into the positive state, and 

records both the switching polarization and non-switching polarization, P2. The third pulse, same 

as the second pulse, records the non-switching polarization, P3.  

 

 

 

 

 

 

 

 

 

 

Figure 3.4 | Fatigue measurement of the heterostructure. PUND pulse sequence used to 

measure the remanent polarization of the capacitor.  
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The remanent polarization of the positive pulses, PR
+, is calculated using 

𝑃𝑅
+ =

𝑃2−𝑃3

2
     Equation 3.8 

Similarly, the remanent polarization of the negative pulses, PR
- is calculated using 

𝑃𝑅
− =

𝑃4−𝑃5

2
     Equation 3.9 

where P4 presents the switching and non-switching polarization from the fourth pulse, and P5 

represents the non-switching polarization from the fifth pulse. The PUND measurements are 

performed between fatigue stress cycles, and the remanent polarization values can be calculated 

for each PUND testing point. 

Another common performance test is the retention measurement of the heterostructure. Retention 

measurement shows how robust the remanent polarization is against aging (e.g., during the long 

period of data storage). In the retention measurement, multiple modified PUND pulse sequence 

cycles are applied (Fig. 3.5), with each measurement cycle (purple dashed box, Fig. 3.5) consisting 

of three pulses with same amplitude, VP, and width, tP. In the nth measurement cycle, while the 

delay time between the second and the third pulse is fixed at t0, the delay time between the first 

pulse and the second pulse, tDn, is a variable representing the retention time that is to be tested in 

the measurement cycle. Similar to the fatigue measurement, the second pulse, P2, records both the 

switching polarization and non-switching polarization, and the third pulse, P3, only records the 

non-switching polarization. The first retention cycle is used to obtain the value of initial remanent 

polarization before retention starts in which tD1 was set to equal t0 (i.e., tD1 = t0). The initial 

remanent polarization value is calculated using 

𝑃𝑅
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 =

𝑃2−𝑃3

2
    Equation 3.10 

where P2 and P3 are measured from the first retention cycle. In the nth retention cycle, a different 

delay time, tDn, are applied, and the remanent polarization value is calculated using 

𝑃𝑟 = 𝑃2 − 𝑃3 − 𝑃𝑅
𝑖𝑛𝑖𝑡𝑖𝑎𝑙   Equation 3.11 

where P2 and P3 are measured from the nth cycle, and PR
initial is calculated from Eq. 3.10. In this 

work, VP is set to be 1 V,  tP is set to be 0.15 ms, and tD1 and t0 are both set to be 1 ms. 

 

 

 

 

 

 

 

 

 

Figure 3.5 | Retention measurement of the heterostructure. Modified pulse sequence used 

to measure the remanent polarization of the capacitor after certain retention time.  
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3.2.4 Switching-transient measurements 

Another important physical parameter to measure is the switching speed of the heterostructure. 

Generally the ferroelectric switching process is completed with domain nucleation and growth71. 

To measure the switching transient of the heterostructure, a sequence train of three pulses is applied 

to the SrRuO3/BaTiO3/SrRuO3 capacitor (Fig. 3.6). 

The first pulse, P1, is a negative preset pulse which sets the polarization into a negative state. The 

second positive pulse, P2, has variable amplitudes representing the different electric field applied 

to the capacitor. During the duration of the second pulse, the switching current as a function of 

time is measured using an oscilloscope139. The second pulse records the total current from both 

ferroelectric switching part and non-switching part. The third pulse, P3, has the same amplitude 

and width as the second pulse and is applied 100 ns after the second pulse. P3 only records the 

current from the non-switching part. By subtracting P3 from P2, one can obtain the transient current 

solely from ferroelectric switching. The polarization transient curve is calculated by integrating 

the transient current with time 

∆𝑃 = ∫ (𝑃2 − 𝑃3)
+∞

0
𝑑𝑡   Equation 3.12 

The characteristic switching time, tsw, is a physical parameter extracted from the polarization 

transient curve. It is a representative value to measure how fast the ferroelectric material switches 

and can have multiple definitions. In some researches139, tsw is defined as the time needed to reach 

90% of the saturation polarization, PS, 

𝑡𝑠𝑤 = 𝑡(90% 𝑃𝑆)    Equation 3.13 

while in other studies140, tsw is defined as the time needed for the polarization to start from 10% of 

the saturation polarization and reach 90% of the saturation polarization. 

𝑡𝑠𝑤 = 𝑡(90% 𝑃𝑆) − 𝑡(10% 𝑃𝑆)   Equation 3.14 

 

 

 

 

 

 

 

 

In the switching transient measurement in this work, the pulse sequence is generated using a pulse 

generator (Berkeley Nucleonics, no. BN 765). The current transient is measured using an 

oscilloscope (TEKTRONIX TDS 6604 Digital Storage Oscilloscope, 6 GHz, 20 GS/s). The preset 

pulse has an amplitude of -1 V and width of 1 μs. Both switching pulse and non-switching pulse 

have a width of 0.5 μs. The definition of 90% PS - 10% PS is used to extract characteristic switching 

times in BaTiO3 capacitors. 

Figure 3.6 | Switching time measurement of the heterostructure. Pulse train used to measure 

the switching time of the heterostructure. 
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3.2.5 Transport measurements 

To study the transport properties and the dominant conduction mechanism inside the 

heterostructure, as well as the intra-bandgap trap states, current-voltage measurements (i.e., the 

leakage measurements) were performed on the BaTiO3 capacitors. The measurements were 

performed in both positive and negative directions by applying an unswitched triangular voltage 

waveform (Fig. 3.7). Pre-poling pulses are applied to prevent contributions from switching 

currents. 

 

 

 

 

 

 

 

 

 

 

 

In this work, the transport measurements were performed using the Precision Multiferroic Tester 

(Radiant Technologies, Inc.) over a temperature range of 300-500 K, with various voltage 

waveform amplitude (up to 3.5 V). The pre-pulse has a height of 1.2 V and width of 0.15 ms. A 

number of bulk-limited or interface-limited leakage mechanisms can occur in dielectric films141,142, 

with a detailed analysis provided in Chapter 5. 

 

3.2.6 Deep-level transient spectroscopy measurements (DLTS) 

Another measurement to characterize the charge trapping states in the heterostructure is the deep-

level transient spectroscopy (DLTS). DLTS can be used to detect a wide range of electrically active 

defects that can act as charge trapping/de-trapping centers during the transportation in the 

materials143. It measures the capacitance transient caused by the thermal emission of charge 

carriers from trapping centers as a function of temperature. The spectrum obtained from DLTS can 

show the presence of trap states as peaks above a flat baseline. In the spectrum, different peaks 

show up at different temperature windows, with each peak corresponding to a single trap state with 

its own characteristic thermal emission properties108,143. Two types of charge carrier traps can exist 

in the materials. Electron traps are traps that are empty of electrons and can therefore trap electrons, 

while hole traps are full of electrons and can therefore trap holes by the electron-hole 

recombination process. The electron traps tend to be located near the conduction band (i.e., in the 

upper half of the bandgap) while the hole traps tend to be located near the valence band (i.e., in 

Figure 3.7 | Transport measurement of the heterostructure. Unswitched triangular voltage 

waveform with pre-pulses to measure the transport current (leakage current) in ferroelectric 

materials. 
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the lower half of the bandgap). Depending on the majority carrier type in the materials and the 

voltage sign applied during the measurements, it is possible to distinguish whether the trap states 

are electron traps or hole traps. For each trap state, the intensity of the peaks showing up on the 

DLTS spectrum is proportional to the concentration of the trap state, while the peak maximum 

locations, which is determined by its characteristic thermal emission properties, can be used to 

extract the trap activation energy.  

In the DLTS measurement, first, a trap-filling voltage pulse is applied, setting intra-bandgap traps 

to an accumulated states filled with charge carriers. Then, the pulse is removed, and the traps start 

to emit charge carriers through a thermal emission process. The capacitance transient is monitored 

as it relaxes to its quiescent value, while the concentration of the trapped charge carriers decays to 

its thermal equilibrium value143. The thermal emission rate of the trap states and the time constant 

of the emission process, is dependent on the temperature, and the energy difference between the 

trap states and the conduction band (electron traps) or the valence band (hole traps). It is possible 

to extract the activation energy by performing a temperature scan and setting up multiple time 

windows (t1 to t2) during the emission processes. As the temperature changes, the capacitance 

changes between the time window, C(t1)-C(t2), also changes144 (Fig. 3.8). At a certain temperature, 

TM, C(t1)-C(t2) will reach a maximum value for the given time window (i.e., t1 to t2), corresponding 

to a maximum emission rate108,143, which is related to the characteristic thermal emission properties 

of the trap state and can be used to extract the trap activation energy145. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Different ways can be used to set up time windows, such as (1) fixing t1 while varying t2, (2) fixing 

t2 while varying t1 and (3) varying t1 and t2 while keeping t1/t2 fixed63,143. In this work we chose to 

keep t1/t2 fixed while varying t1 and t2 simultaneously, in order to only measure the change in 

DLTS peak maximum without disturbing the size or the shape of the peaks. DLTS measurements 

Figure 3.8 | Basic principles of deep-level transient spectroscopy. Capacitance transient 

as a function of temperature.  
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in this work were performed using a Precision Multiferroic Tester (Radiant Technologies, Inc.), 

over a temperature range of 100-400 K, in a vacuum probe station (Lake Shore Cryotronics). The 

temperature interval during the measurement is 5 K, and the heterostructures were kept at each 

temperature for 3 min before the measurement for the trapped charge carrier population to reach 

its thermal equilibrium value. A voltage pulse of 3.5 V height and 8 ms width is then applied as 

the trap-filling pulse, and the time windows are set up as 5-10 ms, 10-20 ms, 20-40 ms, 40-80 ms, 

and 80-160 ms (i.e., t1/t2 is fixed to be 0.5), respectively. 

 

3.3 Summary 

To summarize, this chapter provides the reader with a brief introduction on different types of 

measurement that are performed in this thesis. First, X-ray diffraction is discussed, focusing on θ-

2θ line scan and reciprocal space mapping, from which one can extract both in-plane and out-of-

plane lattice parameters for SrRuO3/BaTiO3/SrRuO3/GdScO3 (110) heterostructures. Then 

scanning transmission electron microscopy is introduced to directly image the crystal structures. 

What follow next are various types of (di)electric characterizations on SrRuO3/BaTiO3/SrRuO3 

capacitors, including capacitance-voltage measurement to extract the dielectric constants, 

ferroelectric-electric field/voltage hysteresis measurement to extract the coercive fields and 

remanent polarizations, fatigue and retention measurement to assess the performance of the 

capacitors against cyclic stress and aging, as well as switching transient characterization to 

measure the switching speeds of the capacitors. Transport measurement and deep-level transient 

spectroscopy are also discussed to characterize the intra-bandgap charge trapping states in the 

BaTiO3 capacitors. These basic measurement types discussed in this chapter will be repeatedly 

used in the following chapters where more in-depth analyses are performed to study the physics 

inside the BaTiO3 heterostructures. 
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Chapter 4  

Effect of Growth Parameters on BaTiO3 properties 

This chapter focuses on the effect of growth parameters, especially the growth pressure on the 

SrRuO3/BaTiO3/SrRuO3 heterostructures. First, a discussion is made on how the growth pressure 

affects the structural properties of the BaTiO3 layer. Then the effect of growth pressure on the 

ferroelectric properties of BaTiO3 layer is discussed. By carefully adjusting the growth pressure, 

one can achieve single-crystal-like epitaxial BaTiO3 films that have ferroelectric properties 

comparable to bulk material. Thickness scaling and lateral scaling are done to explore the smallest 

switching voltage, lowest switching power and fastest switching speed in the ferroelectric BaTiO3 

layer. Finally, trials to integrate BaTiO3 material onto silicon-based substrates are made, showing 

the potential for BaTiO3 to be used in actual ferroelectric devices. 
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4.1 Growth pressure control of BaTiO3 heterostructures 

As has been discussed in Chapter 2, great challenges have been encountered when synthesizing 

BaTiO3 thin films with idealized structural and ferroelectric properties. Since BaTiO3 single 

crystals have low coercive field (~1 kV cm-1) and low switching energies (~0.1 J cm-3), while 

maintaining relatively large remanent polarization (~26 µC cm-2) it makes this material an ideal 

candidate for next generation beyond-CMOS applications such as ferroelectric memories, logics, 

and logic-in-memories62. However, when BaTiO3 is synthesized as a thin film, the ferroelectric 

properties can be changed including observation of large coercive voltage (>1 

V)62,64,78,83,84,100,109,112,116 or diminished remanent polarization (< 5 µC cm-2)81,94,105,113,117,118, 

making it unsuitable for use in actual devices. Therefore, investigations are made into BaTiO3 thin 

films as how to achieve ferroelectric properties comparable to bulk crystals. The most 

straightforward method is to carefully control the growth condition during the synthesize process. 

In PLD, changing the growth parameters, including the laser fluence and the growth pressure can 

have significant effects on the defect concentration63,64. The defect level inside the material can 

impact the physical properties of the synthesized films, including the lattice parameter, the imprint 

and the leakage current63,64,108. The effect of growth pressure on heterostructure properties is 

discussed in this chapter. 

4.1.1 Effect on structural properties 

Here, the effect of the growth pressure on 30 nm SrRuO3/100 nm BaTiO3/30 nm SrRuO3/GdScO3 

(110) heterostructures is investigated. While the top and bottom SrRuO3 layers are grown using 

the same growth conditions, the growth pressure for the BaTiO3 was varied from 20 mTorr to 70 

mTorr (Fig. 4.1). Increasing the growth pressure from 20 mTorr to 60 mTorr reduces the out-of-

plane lattice of the BaTiO3 layer. Previous studies have shown similar relations between the out-

of-plane lattice parameters and the growth pressure for perovskite ferroelectric thin films (e.g., 

PbTiO3
63, BaxSr1-xTiO3

146,147, etc) in PLD process, with lowering the growth pressure causing out-

of-plane lattice to expand in the thin films. The same studies have also suggested that the out-of-

plane lattice expansion may be resulted from the defects induced during the growth because of the 

bombardment of high energetic species in the PLD plasma63,146,147. Increasing the growth pressure 

can increase the number of scattering events undergone by the ablated atoms as they transit to the 

substrate, and therefore decrease the kinetic energy they have when they impact the substrate 

surface, reduce the potential for knock-on damage, and lower the chance of introducing defects 

into the synthesized film63,109. In our case, the BaTiO3 peaks shift to the high-angle side when 

increasing the oxygen growth pressure from 20 mTorr to 60 mTorr (Fig. 4.1a). RSMs were also 

performed to obtain the strain condition for BaTiO3 thin films under various O2 pressures. 

Increasing the O2 growth pressure from 20 mTorr to 60 mTorr does not change the strain state of 

the BaTiO3 layer, with all BaTiO3 layers epitaxially strained on the GdScO3 (110) substrate (Fig. 

4.1b).  

The level of lattice expansion is quantitively expressed using the equation 

∆𝑙

𝑙
=

𝑙−𝑙0

𝑙
× 100%    Equation 4.1 

where l represents the actual out-of-plane lattice parameter of the BaTiO3 layer and can be 

extracted using Bragg’s law (Eq. 3.1). l0 represents the theoretically predicted out-of-plane lattice 

parameter of the BaTiO3 materials calculated using biaxial stress-strain relations (Eq. 2.5). 
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A comparison is made between the out-of-plane lattice expansions in the BaTiO3 films synthesized 

in this thesis and those films in previously reported studies (Fig. 4.1c). As the growth pressure 

increases from 20 mTorr to 60 mTorr, the out-of-plane lattice expansion decreases, with the films 

grown using 60 mTorr exhibiting almost no lattice expansion from its theoretically predicted value. 

Shown together is the BaTiO3 out-of-plane lattice expansion data from previously reported studies, 

including BaTiO3 films synthesized using various physical and chemical deposition methods. The 

out-of-plane lattice expansion in other BaTiO3 thin films is significantly larger than the values in 

current study, in which carefully growth control is implemented in synthesizing BaTiO3 thin films 

with idealized crystal structure. 

When the growth pressure is further increased from 60 mTorr to 70 mTorr, (partial) strain 

relaxation occurs. This is indicated by the double peak in the θ-2θ line scan, with the peak showing 

a b 

c d 

Figure 4.1 | Effect of growth pressure on the structural properties of the heterostructures. 

a, θ-2θ line scans of 30 nm SrRuO3/100 nm BaTiO3/30 nm SrRuO3/GdScO3 (110) 

heterostructures grown under different O2 pressure from 20 mTorr to 70 mTorr. The dashed 

lines show the peak positions for the bulk materials, and the dotted lines show the theoretical 

peak positions for the fully strained BaTiO3 films on GdScO3 (110) substrates. b, Reciprocal 

space mapping of 30 nm SrRuO3/100 nm BaTiO3/30 nm SrRuO3/GdScO3 (110) 

heterostructures grown under different O2 pressure. The red dots represent the peak positions 

for both bulk and strained version of BaTiO3. c, Comparison of out-of-plane lattice expansion 

in BaTiO3 thin films between the work in this thesis and previously reported ones. d, Rocking 

curves about the 002- and 220-diffraction conditions of the BaTiO3 films grown under different 

O2 pressure and the GdScO3 (110) substrate, respectively. 
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at lower and higher angle representing the strained and the relaxed BaTiO3 layers, respectively 

(Fig. 4.1a). The strain relaxation is further confirmed with RSMs, with the BaTiO3 peak 

broadening and expanding towards the bulk position (Fig. 4.1b). Rocking curve studies are 

performed around the 002-peak of the BaTiO3 layer (Fig. 4.1d), showing narrow curves with low 

full-width-at-half-maximum (FWHM) values in films grown between 20 mTorr and 60 mTorr, 

indicating the high crystallinity of the BaTiO3 layer in the heterostructure. The FWHM of the 70 

mTorr BaTiO3, however, shows a somewhat larger FWHM value indicating a slight reduction in 

the crystallinity because of the partial relaxation, which is consistent with the θ-2θ line scan and 

the RSM (Fig. 4.1a,b). 

In conclusion, the study of growth pressure reveals how small changes in the growth pressure can 

have significant impact on the structural properties of the synthesized BaTiO3 layer. Careful 

control of the growth conditions must be implemented to achieve BaTiO3 heterostructures with 

idealized crystal structures.  

 

4.1.2 Effect on ferroelectric properties 

Varying the growth pressure has an impact not only on the lattice parameters of the BaTiO3 films, 

but also on the ferroelectric properties of the heterostructures. Increasing the growth pressure from 

20 mTorr to 60 mTorr reduces the coercive field/voltage of the BaTiO3 heterostructure (Fig. 4.2a). 

This, may also be related to the defect level inside the BaTiO3 layers, which is discussed in section 

4.1.1. Previous studies have suggested that defects in ferroelectric thin films can act as pinning 

points for domain-wall motion108,148, and as a result, they hinder the ferroelectric switching and 

increase the electric field needed for polarization reversal148. In our case, the BaTiO3 films grown 

at pressure of 20 mTorr, 40 mTorr and 60 mTorr have coercive filed of 49 kV cm-1, 30 kV cm-1 

and 16 kV cm-1, respectively. A large imprint (> 1 V) is observed for BaTiO3 films grown at 20 

mTorr (Fig. 4.2a). While some studies suggest that the strain gradient in BaTiO3 films can lead to 

a horizontal imprint in the PE loops149,150, however, this is not the case in our work since all the 

BaTiO3 films grown between 20 mTorr and 60 mTorr are epitaxially strained on the GdScO3 (110) 

substrates (Fig. 4.1b).  On the other hand, some other studies that focus on the same 

heterostructures as studied in this work [i.e., SrRuO3/BaTiO3/SrRuO3/GdScO3 (110)] have 

suggested that the defect-dipoles introduced during the growth process can align in the out-of-

plane direction and result in a horizontal imprint in the PE loops64,108. Therefore, it is suggested 

that the imprint observed in the BaTiO3 films grown at 20 mTorr could also result from the defect-

dipoles introduced during the growth. Further increasing the growth pressure from 60 mTorr to 70 

mTorr does not increase the quality of the BaTiO3 heterostructure any further. BaTiO3 films grown 

at 70 mTorr go through strain-relaxation during the synthesis process (Fig. 4.1a,b), and presumably 

have higher defect level, resulting in a slightly increased coercive field of 17 kV cm-1. The 

remanent polarization value also decreases from 26 μC cm-2 to 19 μC cm-2, probably because of 

the decrease of the crystallinity in the BaTiO3 films. A comparison is made between the 

ferroelectric properties (i.e., coercive field, remanent polarization) in the BaTiO3 films grown in 

this thesis and those grown in previous studies via different types of synthesis methods (Fig. 4.2b). 

An ideal BaTiO3 film would be located in the middle to upper, left-hand region of this diagram 

and the worst-case scenario would be a BaTiO3 sample in the bottom, right-hand corner. While 

the latter is readily observed, the former is very challenging. The films synthesized at a growth 

pressure of 60 mTorr, however, represent some of the best combinations of low coercive voltage 
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and reasonable remnant polarization reported to date. A reference standard is the single-crystal 

version of BaTiO3 (red star, Fig. 4.2b) and, although it has a very small coercive field (~ 1 kV cm-

1), the coercive voltage is large (i.e., in the range of 1-10 V) simply because such samples are thick 

(at least several tens of microns).The BaTiO3 films synthesized in this study, however, can show 

commensurate polarization (> 10 µC cm-2) while achieving this with a coercive voltage that is an 

order of magnitude or more lower (50-100 mV). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To summarize, by carefully controlling the growth condition in PLD process, the growth pressure 

of 60 mTorr offers BaTiO3 heterostructures with the best structural properties with almost no out-

of-plane lattice expansion and best ferroelectric properties up to date - smallest coercive voltage < 

100 mV and commensurate remanent polarization with BaTiO3 singly crystals. 

 

4.2 Thickness scaling in BaTiO3 heterostructures 

Given the optimal growth condition discussed in Section 4.1, the next step is to explore what is 

the smallest coercive field that can be achieved in the BaTiO3 heterostructures. The easiest way to 

reduce the coercive voltage of the BaTiO3 thin film is to reduce the thickness of the film. Therefore, 

thickness scaling is performed on the SrRuO3/BaTiO3/SrRuO3/GdScO3 (110) heterostructures. 

4.2.1 Coercive fields and voltages 

BaTiO3 films are synthesized within heterostructures of 30 nm SrRuO3/x nm BaTiO3/30 nm 

SrRuO3/GdScO3 (110) with x ranging from 12.5 nm to 225 nm. X-ray θ-2θ line scans are 

performed on the heterostructures (Fig. 4.3a,b). For all thicknesses, the BaTiO3 peaks are located 

a b 

Figure 4.2 | Effect of growth pressure on the ferroelectric properties of the 

heterostructures. a, Polarization-electric field loops of 30 nm SrRuO3/100 nm BaTiO3/30 nm 

SrRuO3/GdScO3 (110) heterostructures grown under different O2 pressure from 20 mTorr to 70 

mTorr. The vertical dotted lines show the magnitude of the horizontal shift in the loops. b, 

Comparison of ferroelectricity in BaTiO3 thin films between the current work and those in 

previously reported literature. Half-filled symbols represent the ferroelectric properties of 100-

nm-thick BaTiO3 layers grown under different growth pressures shown in a. 
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exactly at (or close to) the theoretical peak position (vertical dotted line, Fig. 4.3a,b), with almost 

no out-of-plane lattice expansion (e.g., the out-of-plane expansion is as small as 0.16% for BaTiO3 

films thicker than 200 nm), indicating the high crystallinity in the BaTiO3 heterostructures. 

 

 

 

 

 

 

 

 

 

 

 

 

The polarization-electric field loops are also measured for the heterostructures (Fig. 4.4a), and a 

plot is made for coercive field/voltage as function of BaTiO3 thickness (Fig. 4.4b). The evolution 

of coercive field as a function of thickness reveals two different regimes. For BaTiO3 films thicker 

than 150 nm, the coercive field reduces with thickness with a slope of -0.556, which matches the 

traditional Janovec-Kay-Dunn (JKD) law151 

𝐸𝐶 ∝ 𝑑−
2

3     Equation 4.2 

𝑉𝐶 = 𝐸𝐶𝑑 ∝ 𝑑
1

3    Equation 4.3 

where d is the thickness of the BaTiO3 film, EC is the coercive field, and VC is the coercive voltage. 

However, in BaTiO3 films thinner than 150 nm, the coercive field is essentially independent of the 

thickness, leading to a linear relationship between coercive voltage and film thickness which goes 

against the JKD scaling. Although the JKD scaling law has been observed in many ferroelectric 

systems100,151,152, deviations can still occur. In some studies, the existence of interfacial dead layers 

between the ferroelectric material and the corresponding electrodes can introduce an extra voltage 

drop in the switching process96 leading to a power index larger than 2/3 (e.g., EC ∝ d-1, VC = 

constant). In other cases, a power index smaller than 2/3 can also occur. For example, epitaxial 

constraint can lead to structural transitions during thickness downscaling, and as a result, reduce 

the energy barrier for switching, thus weakening the power dependence152. In the ferroelectric 

switching process of some ultrathin ferroelectric films (e.g., thickness < 15 nm), the shape of 

critical nuclei formed during the nucleation stage are usually cylindrical instead of the common 

half prolate shape that are formed in thick ferroelectric films. This can also result in a lack of 

Figure 4.3 | θ-2θ line scans of 30 nm SrRuO3/x nm BaTiO3/30 nm SrRuO3/GdScO3 (110) 

heterostructures with x ranging a, from 12.5 to 100, and b, from 125 to 225. The dashed lines 

show the peak positions for the bulk c-oriented BaTiO3, and the dotted lines show the 

theoretical peak positions for the fully strained BaTiO3 films on GdScO3 (110) substrates. 

a b 
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thickness dependence in the coercive field (i.e., EC = constant, VC ∝ d). However, this is not the 

case for the BaTiO3 films shown in this study as the thickness of the BaTiO3 films is very large 

(~150 nm). More often, deviations from JKD scaling can be resulted from the presence of 

depolarization fields caused by the incomplete screening of the corresponding electrodes95,153,154, 

and therefore, lead to a measured coercive field that is smaller than the actual coercive field inside 

the ferroelectric films155. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.2 Depolarization field 

Depolarization field can cause a reduction in the measured coercive field smaller than the actual 

value in SrRuO3/BaTiO3/SrRuO3 heterostructures. One can correct for the depolarization field 

value inside the ferroelectric materials and obtain the actual value of the coercive field155. Using 

the continuous condition for the electric displacement at the ferroelectric/electrode interface, we 

have 

𝐷𝑓 = 𝐷𝑒    Equation 4.4 

where the subscript f and e stands for the corresponding physical quantity in film and electrode, 

respectively. Expressing the displacement vector, D, in electric field, E, dielectric constant, ε, and 

spontaneous polarization, PS, we have 

𝜀𝑓𝐸𝑓 − 𝑃𝑆 = 𝜀𝑒𝐸𝑒    Equation 4.5 

It should be noted that in the case of an imperfect metal with incomplete screening at the interface, 

the metal shows some polar properties if an external electric field is applied95,155. The electric field, 

Ee, in the metal close to the interface cannot be fully screened out and therefore has a non-zero 

a 

Figure 4.4 | Ferroelectric properties of 30 nm SrRuO3/x nm BaTiO3/30 nm 

SrRuO3/GdScO3 (110) heterostructures. a, Polarization-electric field loop as a function of  

BaTiO3 thickness. b, Extracted coercive field (squares, left y axis) and coercive voltage (circles, 

right y axis) as a function of BaTiO3 thickness, measured at different frequencies. Dashed lines 

are linear fits for thick films (>150 nm). The horizontal dashed line marks the coercive voltage 

value of 100 mV. 

b 
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value155. In addition, the dielectric constant, εe, in the metal will consist of two different parts95. 

One part is the contribution from free Drude carriers which can be described using a series of 

Lorentz oscillators156 (as in the case of a theoretically-perfect metal), while the other part is the 

contribution from bound charges such as bound electrons and phonons157, which can lead to a 

“polar” behavior in the electrode. In terms of correction for the depolarization field, only the bound 

charge contribution needs to be considered for εe in Eq 4.5. 

The voltage drop, V, across the heterostructure, can be expressed as 

𝐸𝑓𝑑 + 2𝐸𝑒𝜆 = 𝑉    Equation 4.6 

where λ represents the characteristic Fermi-screening length in the SrRuO3 electrodes. Combining 

Eq. 4.5 and Eq. 4.6, we can write the actual electric field inside the BaTiO3 film as 

𝐸𝑓 =
𝑉+2𝑃𝑆(

𝜆

𝜀𝑒
)

𝑑+2𝜀𝑓(
𝜆

𝜀𝑒
)
     Equation 4.7 

It should also be noted that if the electrodes are perfect metals that can completely compensate for 

the charge at the ferroelectric/electrode interface, then the Fermi-screening length will no longer 

exist. 

𝜆 = 0     Equation 4.8 

and Eq. 4.7 will simply reduce to 

𝐸𝑓 =
𝑉

𝑑
     Equation 4.9 

This represents that the actual electric field inside the ferroelectric film is equal to the applied 

electric field. 

Using Eq. 4.7, one can correct for the difference in the electric field between the measured value 

and the actual value and obtain the true coercive field inside the BaTiO3 layer (Fig. 4.5a). V ranges 

in value from 0.026 to 0.355 V, and PS ranges in value from 27.8 to 29.9 µC cm−2. A screening 

length λ of 0.5 Å is used for SrRuO3 top and bottom electrode, which is similar in magnitude to 

other common metal electrodes154. The dielectric constant of the SrRuO3 electrode is set as εe = 

10ε0 (ε0 is the dielectric permittivity of the vacuum), which is the dielectric contributions from 

bound charges in the SrRuO3 crystal structures95,154. The dielectric constant of the BaTiO3 film, εf, 

however, can vary from a few hundreds to a few thousands depending on the applied electric 

field95,137 (Fig. 4.6). In our case, because most electrical measurements were performed with a 

voltage amplitude of 1 V, which corresponds to a relatively large applied field (i.e., > 40 kV cm−1 

in 100 nm film, > 75 kV cm−1 in 50 nm film, > 150 kV cm−1 in 25 nm film and > 250 kV cm−1 in 

12.5 nm film), the dielectric constant of the film was estimated to be a relatively small value137 

(i.e., εf  = 360ε0). 

After the correction, the slope between the coercive field and the thickness is -0.668, matching the 

slope in traditional JKD scaling law (Fig. 4.5a). It is obvious that the depolarization field can have 

impact on ferroelectric films even with a thickness > 150 nm. This may be surprising as previous 

studies have introduced the concept of the “critical thickness” of the ferroelectric films, and some 

theoretical calculations have shown that the ferroelectric order can be maintained down to 2.4 
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nm153, while other experimental studies further confirmed the existence of polarization in films of 

just a few unit cell thick158,159. However, the critical thickness of the films only sets the ultimate 

size limit where the polarization completely disappears, they do not represent the thickness when 

the depolarization field starts to manifest and diminish the magnitude of the polarization. During 

the thickness downscaling, instead of kicking in at the critical thickness and abruptly eliminate the 

polarization order in a stepwise manner, the depolarization field starts to kick in at the thickness 

well above the critical value, and gradually reduces the polarization when the film thickness 

reduces, and finally eliminate the polarization value to zero when the thickness reaches the critical 

thickness. As has been discussed in Chapter 2, the introduction of compressive strain into the 

ferroelectric film will enhance the ferroelectric order, increase its stability against the 

depolarizing64. However, the depolarization field from the incomplete charge compensation at the 

ferroelectric/electrode interface can be so large that previous simulation studies153 have suggested 

that even for BaTiO3 films epitaxially grown on SrTiO3 (001) substrate with a compressive strain 

of ~ 2.4% the polarization will still start to decrease in 15-nm-thick films (~38 unit cells) and be 

reduced to half when the thickness reaches 6 nm (~15 unit cells). Therefore, in the real 

electrode/ferroelectric/electrode heterostructures with imperfect electrode screening, the 

depolarization field is likely to manifest even when the ferroelectric layer is relatively thick (~ 100 

nm) and its effect on Curie temperature (TC) is expected. 

To further confirm this, dielectric constant as a function of temperature measurement is performed 

on SrRuO3/BaTiO3/SrRuO3/GdScO3 (110) heterostructures with various BaTiO3 thickness (Fig. 

4.5b). The TC Curie temperature for heterostructure with 100-nm-thick BaTiO3 layer is 390 °C, 

which closely matches the value reported in previous studies64,108,160. When the thickness of the 

BaTiO3 layer reduces, the TC Curie temperature also decreases. For the thinnest BaTiO3 layer 

thickness of 12.5 nm, the TC Curie temperature reduces to 150 °C, which is very close to the TC of 

bulk BaTiO3 single crystal (~ 127 °C)68,69, indicating the huge impact of the depolarization field 

Figure 4.5 | Effect of depolarization field on the electric properties of the heterostructures. 

a, Depolarization correction of the coercive field. Coercive field as a function of BaTiO3 

thickness before (solid squares) and after (hollow squares) depolarization correction. The 

dashed line is fit to traditional JKD scaling law. b, Dielectric constant as a function of 

temperature for BaTiO3 films with various thickness. 

a b 
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in thin BaTiO3 film, almost eliminating the TC enhancement introduced by the -0.99% compressive 

strain from the underlying GdScO3 (110) substrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although depolarization field can have deteriorative effect on the ferroelectric order stability and 

magnitude of remanent polarization, it also helps to reduce the coercive field of the ferroelectric 

materials. In BaTiO3 films with thickness ranging from 25 to 50 nm, we have simultaneously 

achieved a low coercive voltage < 100 mV and a commensurate remanent polarization > 10 μC 

cm-2 (Fig. 4.2b), making these films strong candidate for low-voltage ferroelectric applications, 

such as FeFETs where low coercive voltages are needed to enable low-power operations161 or 

FeRAMs where robust polarizations are needed for binary information storages24.  

In addition, the switching energy is also calculated for BaTiO3 capacitors, and a comparison is 

made between the BaTiO3 films in this study and other ferroelectric thin films in previously 

reported studies (Fig. 4.7a). The switching energies of the BaTiO3 films grown under 60 mTorr 

are < 2 J cm-3, corresponding to < 2 aJ per bit in a 10×10×10 nm3 device. In comparison, the 

BaTiO3 films in other studies, as well as PbZrxTi1-xO3 thin films, have shown much larger 

switching energies, as well as bigger coercive voltages. This, in turn, has further indicated the 

a b 

c d 

Figure 4.6 | Dielectric constant-voltage measurements.  Dielectric constant as a function of 

applied electric field measured on a, 100-nm-, b, 50-nm-, c, 25-nm-, and d, 12.5-nm-thick 

BaTiO3 thin films. 
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advantages of the BaTiO3 films in the current study for low-voltage, low-power, non-volatile 

memory and logic devices, and their potential to enable the beyond-CMOS technologies. 

 

 

 

 

 

 

 

 

 

 

 

It should be noted that, as the technology node for MOSFET scaling has reached < 5 nm nowadays, 

gate oxides with thicknesses of only a few nanometers are needed (Fig. 4.7b)162. For the 

ferroelectric materials to be used in such devices, robust polarization must be stabilized in ultrathin 

film forms. The major issue, as discussed above, is the depolarization field that can drive remanent 

polarization to zero in ultrathin BaTiO3 films. The magnitude of the depolarization field depends 

on the Fermi-screening length and therefore, on the free electron densities inside the electrode 

materials163. Increasing the electron density can reduce the Fermi screening length, and therefore, 

reduces the depolarization field inside the ferroelectric materials. Therefore, future efforts can be 

made in sandwiching ultrathin BaTiO3 films using oxide metals with higher electron densities to 

maintain a robust remanent polarization in BaTiO3 films < 25 nm thick. A detailed discussion is 

provided in Chapter 6. 

 

4.3 Lateral scaling in BaTiO3 capacitors 
 

Besides the switching voltage and switching power, the switching voltage is another important 

figure of merit in industrial applications.  

Previous studies have shown the switching time can be affected by both applied electric field70 

(Fig.4.8a) and the lateral size of the ferroelectric capacitor139 (Fig. 4.8b). The effect of applied 

electric field on the switching time can be expressed using Merz’s law 

𝑡𝑠𝑤 ∝ 𝑒
𝛼

𝐸    Equation 4.11 

where tsw is the characteristic switching time of the ferroelectric capacitor, α is the activation 

energy of the switching and E is the applied electric field. As the applied electric field increases in 

magnitude, both the nucleation rate and the growth rate will increase for ferroelectric domains with 

Figure 4.7 | BaTiO3 thin films for device applications. a, Switching energies of the 

SrRuO3/BaTiO3/SrRuO3 capacitors. A comparison is made of the switching energies between 

the BaTiO3 films in the current work and BaTiO3 films in previous reported studies, as well as 

those from PbZrxTi1-xO3 thin films. b, Evolution of gate oxide thickness in MOSFET scaling. 

Adapted from ref. 162. 

a b 
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opposite polarization139. Switching-transient measurements were performed on our 

SrRuO3/BaTiO3/SrRuO3/GdScO3 (110) heterostructures using the method discussed in Chapter 3, 

where an switching of time ~ 2 ns can be achieved in 25-nm-thick BaTiO3 films when increasing 

the applied electric field to ~ 2000 kV cm-1 (Fig. 4.8c), which is a switching time slightly faster 

than other ferroelectric materials with similar thickness (~2.4 ns for 20-nm-thick BiFeO3 and 

~2.7ns for 20-nm-thick Bi0.85La0.15FeO3). However, at low applied electric field region, a much 

faster switching time is observed in BaTiO3 capacitors than in BiFeO3 and Bi0.85La0.15FeO3 

capacitors, indicating the advantage of BaTiO3 over other ferroelectric materials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Previous studies have suggested that, as the lateral size of the electrode/ferroelectric/electrode 

capacitor shrinks, the switching time also reduces for the whole switching process139. Therefore, 

for the purpose of reaching < 1 ns for ultrafast applications44, it is of interest to investigate the 

evolution trend of the switching speed with reducing capacitor areas by performing a lateral scaling 

study in the SrRuO3/BaTiO3/SrRuO3 heterostructure (Fig. 4.8d). Shown together is the switching 

a b 

c d 

Figure 4.8 | Switching speed properties of the ferroelectric heterostructures. a, Switching 

time as function of electric field for 20-nm-thick BiFeO3 films. b, Lateral scaling of switching 

time for 20-nm-thick BiFeO3 films. c, Switching time as a function of electric field for common 

ferroelectric materials, including 25-nm-thick BaTiO3, 20-nm-thick BiFeO3, and 20-nm-thick 

Bi0.85La0.15FeO3 films. Dashed curves are fits to Merz’s law of ferroelectric switching. d, 

Lateral scaling of switching time for 25-nm-thick BaTiO3 films in this study, as well as other 

common ferroelectric thin films. Linear fits to the data are shown as the dashed lines. Adapted 

from ref. 139. 
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speed data on lateral scaling for other common ferroelectric materials. While the BaTiO3 film has 

similar switching time with other ferroelectrics, it requires a much less electric field (~140 kV cm-

1) to achieve such switching speed. According to the linear fits to the data point, sub-nanosecond 

switching can be achieved if the lateral size of the BaTiO3 capacitor is reduced to 10 μm2, which 

corresponds to a diameter of 3.5 μm (orange star, Fig. 4.8d). This has indicated the potential for 

BaTiO3 films to be used for real ferroelectric applications.  

Additionally, the switching kinetics studies were performed in order to examine the switching 

mechanisms in our heterostructures. Previous studies have proposed multiple models through 

which the ferroelectric switching process can be described, such as the classic Kolmogorov-

Avrami-Ishibashi (KAI) model164 (i.e., the switching process is completed through domain 

nucleation and the following unrestricted growth until they coalesce with other domains), 

nucleation limited switching model165 (i.e., the switching is limited by the nucleation of reversed 

domains where the characteristic switching time follows Lorentzian distribution and differs across 

the ferroelectric films), etc. The KAI model is much more common and have been used to 

successfully describe ferroelectric switching processes in multiple thin-film ferroelectric 

systems160,166. In KAI model, the switched polarization follows166  

Δ𝑃 ∝ [1 − exp (−(
𝑡

𝑡0
)
𝑛
)]    Equation 4.12 

where t0 is the characteristic switching time, and n is the dimension factor, which typically equals 

2 for thin-film systems. A representative polarization-transient curve obtained from switching-

transient measurement is shown and the KAI model yields a good fitting, suggesting the domain-

nucleation-and-growth switching mechanism in our heterostructures (Fig. 4.9a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

The ferroelectric switching process in thin films typically starts with domain nucleation, followed 

by forward domain growth across the thickness of the film, and subsequent sideways growth across 

a b 

Figure 4.9 | Switching kinetic studies on the heterostructure. a, Representative polarization-

transient curve obtained from switching-transient measurement (blue solid curve, from 25-nm-

thick BaTiO3 films on a 5 µm capacitor) and fitting using KAI model (green dashed curve). b, 

Characteristic switching time as a function of capacitor area measured on 25-, 50-, and 100-

nm-thick BaTiO3 films. Dashed lines are linear fits to the data. The stars are the projected 

capacitor areas below which sub-ns switching time can be achieved. 
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the capacitor area. Previous studies have suggested the timescale for forward domain growth in 

thin films is typically very short (<100 ps), while the sideway domain can take ~ ns or longer71. 

Therefore, the forward domain growth contributes very little to the total switching time and the 

sideway domain growth is the rate-limiting step in the switching process160. As a result, the 

heterostructures with different BaTiO3 thicknesses should have similar switching times under same 

applied electric field, which agrees with our observation in the lateral scaling trend for 25, 50 and 

100 nm BaTiO3 films (Fig. 4.9b). 

Another thing that should be noted is the asymptote behavior of the switching time at small 

capacitor areas is also observed (Fig. 4.8b,d; Fig. 4.9b), which would probably set a limitation to 

the switching speed in ultrasmall capacitor regime. This can likely result from extrinsic factors in 

the measurement circuits140 as well as intrinsic limits in the switching of ferroelectric materials139 

and requires further study, which is discussed in Chapter 6. 

 

4.4 Integration onto silicon-based substrates 

 

If BaTiO3 films are to be integrated onto the CMOS circuit for low-power, low-voltage and ultra-

fast ferroelectric applications, it is also important to study the possibility of integrating such films 

onto silicon-based substrates, which still poses one of the greatest challenges for the applications 

of perovskite films onto the Si-based CMOS platform24. Previous studies have shown BaTiO3 

films grown on silicon platform that show “good” quality in TEM images83,86 but demonstrated 

poor ferroelectric properties. Some of them have large coercive fields83,84,100,109 while other have 

almost zero remanent polarizations94, which puts the real utilization of BaTiO3 films into question. 

Here, we explored the possibility of integrating BaTiO3 films onto the 20-nm-thick SrTiO3 

buffered silicon substrate, which is readily available and manufacturable by the industry-scale 

molecular beam epitaxy167. Because of the large difference in thermal expansion coefficients 

between the perovskite BaTiO3 and the underlying silicon substrate, as well as the large lattice 

mismatch between the BaTiO3 and the SrTiO3 buffer layer100,168, huge elastic and thermal stress 

are introduced into the system, especially during the cooling down phase after the heterostructure 

synthesis. As a result, strain-relaxation is observed in the BaTiO3 films and the θ-2θ line scan 

shows a mixture of strained BaTiO3 phase, relaxed bulk-like c-oriented BaTiO3 phase and the 

relaxed bulk-like a-oriented BaTiO3 phase (Fig. 4.10a,b). The existence of multiple phases inside 

the BaTiO3 films is an indication that such BaTiO3 films contain high defect concentration, which 

manifest themselves as an imprint in the PE loop64,108,148 (Fig. 4.10c). The coercive field for the 

heterostructure grown on silicon-based substrates (~16.5 kV cm-1), however, is very similar to that 

grown on GdScO3 (110) substrates (~16.0 kV cm-1), and is only slightly larger than that of the 

freestanding heterostructure transferred onto silicon (~13.0 kV cm-1).  

While the large compressive strain introduced into the BaTiO3 layer by the SrTiO3 can increase 

the coercive field62,160, and the existence of the defect, especially the point defect, can pin domain 

wall motion during the ferroelectric switching and therefore also increase the coercive field148, the 

formation of the relaxed bulk-like BaTiO3 phase, which intrinsically has a low coercive field62 of 

~1 kV cm-1, would greatly reduce the measured coercive field of the whole heterostructure. All 

these effects would combine together, giving an average coercive field of ~16.5 kV cm-1. To assess 

the performance of the heterostructure as an actual device on Si platform, fatigue and retention 



 

45 

 

measurement is performed on the 30nm SrRuO3/100nm BaTiO3/30nm SrRuO3/20nm SrTiO3/Si 

(001) heterostructure (Fig. 4.10d,e).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similar to the fatigue and retention set up discussed in Chapter 3, pulse train is applied to the 

heterostructure to perform the fatigue and retention measurement. Same pulse height, pulse width 

and delay time are used with VP = 1 V, tP = 0.15 ms, tD = 1 ms in fatigue set up and VP = 1 V, t0 = 

1 ms and a varying tDn in retention set up. A bias of 0.15 V is applied to compensate for the imprint 

in the PE loop. The result has shown the robustness of the remanent polarization against the cycling 

stress and time, indicating the possibility for the BaTiO3 films to be applied to actual ferroelectric 

devices. 

 

 

a b c 

d e 

Figure 4.10 | Structural and ferroelectric characterizations of the heterostructures grown 

on SrTiO3 buffered Si substrate. a, Long range θ-2θ line scans of 30 nm SrRuO3/100 nm 

BaTiO3/30 nm SrRuO3/20 nm SrTiO3/Si (001) heterostructure. b, Short-range scan for the 

heterostructure measured in a. c, Polarization-electric field loop for the heterostructure. d, 

Fatigue measurement and e, retention measurement of the heterostructure. The insets in d and 

e show the pulse train used to probe the remanent polarization during the process of fatigue and 

retention measurement, respectively. A bias of 0.15 V is applied to compensate for the imprint 

in the PE loop. 
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4.5 Conclusion 

By carefully adjusting the growth parameters in the synthesis of SrRuO3/BaTiO3/SrRuO3 

heterostructure, idealized structural and ferroelectric properties that are comparable to bulk single 

crystal can be achieved. The out-of-plane lattice parameters show almost no expansion and some 

of the best combination of small coercive field/voltage and relatively large remanent polarization 

are realized. The defects introduced during the growth can highly impact the properties of BaTiO3 

films, with a growth O2 pressure of 60 mTorr gives best film performance. Thickness scaling is 

performed to explore the smallest coercive voltage available, with BaTiO3 films with thicknesses 

ranging from 25-50 nm being best candidate for ferroelectric applications. Depolarization field 

starts to manifest in relatively thick BaTiO3 films and has the effect of helping to reduce the 

coercive voltage and the switching energy. Lateral scaling on the SrRuO3/BaTiO3/SrRuO3 

capacitors is performed to explore the smallest switching speed, with a projection area of 10 μm2 

for nanosecond switching speed. Finally, integration of BaTiO3 capacitors onto Si-based substrate 

is explored, with similar ferroelectric properties observed with those grown on scandate substrates. 

To summary, we have shown the great advantages of the BaTiO3 over other common ferroelectric 

materials in terms of ferroelectric applications and the great potential of BaTiO3 films to be 

integrated into such devices. 
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Chapter 5  

Effect of Fabrication Processes on BaTiO3 Properties 

 

This chapter explores the effect that different fabrication processes have on the ferroelectric 

properties of the prototypical SrRuO3/BaTiO3/SrRuO3 heterostructures studied in this dissertation. 

First, an ex situ MgO hard-mask process is explored and the resulting polarization-electric field 

hysteresis loops from capacitors made in this manner exhibit significant horizontal imprints. From 

there, I discuss two different types of in situ growth followed by etch processes, namely, wet 

etching of the top contact using NaIO4 and dry etching using an ion beam (i.e., ion milling). The 

polarization-electric field hysteresis loops for both the ex situ and in situ methods are compared. 

For the ion-milling process, it is found that the Ar+ beam can introduce defects into 

SrRuO3/BaTiO3/SrRuO3 heterostructures and that the milling depth can influence the defect 

concentration inside the heterostructures and, as a consequence, can change the imprint of the 

fabricated capacitors as well as the leakage current. Finally, to reduce the horizontal imprint of the 

BaTiO3 capacitors, defects can be removed by adding additional barium into the ferroelectric 

material via a CVD-style process, thus “fixing” the problems induced by the fabrication processes. 
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5.1 Ex situ hard-mask processes 

To obtain SrRuO3/BaTiO3/SrRuO3 heterostructures with idealized electrical properties for real 

applications, simply adjusting the growth parameter during the synthesis process is not enough. In 

fact, for the heterostructures to be successfully integrated into real devices based on 

electrode/ferroelectric/electrode capacitor structures one must be able to fabricate the materials in 

exacting ways24. While different fabrication processes can be implemented, these processes can 

introduce defects at different locations within the capacitor structures, including the electrode/film 

interface169, as well as the body of the ferroelectric films itself170,171. Therefore, these fabrication 

processes can have significant impacts on the ferroelectric properties of the measured capacitors. 

One of the processes used to define and fabricate SrRuO3/BaTiO3/SrRuO3 capacitor structures is 

to utilize an ex situ grown MgO hard mask (Fig. 5.1). This process was developed in 2012169, in 

an effort to enable high performance ferroelectric capacitors with low leakage, excellent fatigue 

resistance, and great endurance to high temperatures, overcoming the deleterious effects brought 

by poor metal contacts. The MgO hard mask is compatible with elevated temperature and can offer 

selective area epitaxy for top electrode depositions and fabrications. It has been used to fabricate 

features as small as 8 μm in lateral size and can be used to define top contact in nanoscale 

ferroelectric devices169. In this process, instead of growing the tri-layer SrRuO3/BaTiO3/SrRuO3 

heterostructure in situ, the first step is to grow only the 30-nm-thick bottom SrRuO3 layer and the 

ferroelectric BaTiO3 layer on the substrate. After the growth, the sample is removed from the 

chamber and photoresist is then spun on to the bi-layer heterostructures and circular capacitor 

patterns are made to define the final location for the top SrRuO3 electrodes. A 300-nm-thick MgO 

hard mask is then deposited on the bilayer in the same PLD system using the growth condition 

provided in Table 5.1. Following the room-temperature growth, the photoresist and the unwanted 

MgO are then removed using acetone, leaving an MgO layer with holes (where the future 

electrodes will be located) on the top of the bilayer heterostructure. Oxygen plasma cleaning is 

performed to remove any residual photoresist at the top of the BaTiO3 surface. Then the 

heterostructure is returned to the PLD chamber and a 30-nm-thick top SrRuO3 layer is deposited 

using the condition provided in Table 5.1, which is the same growth condition used to deposit the 

bottom SrRuO3 layer. After the growth, the heterostructure is dipped into a 15% phosphoric acid 

(i.e., H3PO4) solution to selectively remove the remaining MgO hard mask and the unwanted top 

SrRuO3
169. 

 

 

 

 

 

 

 

 Figure 5.1 | Process flow for ex situ MgO hard mask in SrRuO3/BaTiO3/SrRuO3 capacitor 

fabrication. From ref. 169. 
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Following the growth processes, the ferroelectric properties are measured for the 30 nm 

SrRuO3/100 nm BaTiO3/30 nm SrRuO3/GdScO3 (110) capacitor structures (Fig. 5.2). As can be 

seen, the polarization-electric field hysteresis loops of the capacitor fabricated via ex situ MgO 

hard-mask process exhibit horizontal imprint (~0.7 V), which is likely caused by exposing the top 

BaTiO3 interface to an array of environmental factors during the fabrication process (e.g., 

photoresist, acetone, pollutants in the air). While an oxygen plasma cleaning is performed, it 

seemingly cannot fully heal the surface contamination and the defects introduced in the process. 

Similar capacitor structures are also fabricated via in situ growth and subsequent etching processes, 

in which the top BaTiO3 surface is not exposed to the environment, which will be discussed in the 

next section. 

 

 

 

 

 

 

 

 

 

 

 

 

Materials MgO Top SrRuO3 

Target type Ceramic Ceramic 

Target composition MgO SrRuO3 

Substrate temperature Room temperature 690 °C 

Oxygen pressure 20 mTorr 100 mTorr 

Laser wavelength 248 nm 248 nm 

Laser pulse energy 150 mJ 100 mJ 

Laser spot size 0.0520 cm2 0.0744 cm2 

Laser fluence 2.89 J cm-2 1.34 J cm-2 

Laser frequency 15 Hz 15 Hz 

Target-substrate distance 5.5 cm 5.5 cm 

Table 5.1 | Growth conditions for MgO hard mask and top SrRuO3 electrode in PLD. 

Figure 5.2 | Ferroelectric properties of 30 nm SrRuO3/100 nm BaTiO3/30 nm 

SrRuO3/GdScO3 (110) capacitor structures. Polarization-electric field loop for capacitor 

structures fabricated via ex situ MgO hard mask process. 
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5.2 In situ growth and etching processes 

As has been discussed, the ex situ MgO hard mask process can introduce unwanted surface defects 

during the fabrication processes, leading to a reduction in the quality of the top SrRuO3/BaTiO3 

surface which results in a horizontal imprint in the ferroelectric loops. Naturally, one would 

explore the option where all the layers of the tri-layers are deposited in one single growth in the 

PLD chamber. By limiting the contact between the films and the outside environment, one could 

avoid the introduction of unnecessary contamination in the heterostructures. After the synthesis, 

SrRuO3/BaTiO3/SrRuO3 capacitor structures are defined using etching methods, either via wet 

chemical etching or dry ion milling. 

5.2.1 Wet-chemical etching 

Complex metal oxides such as La0.67Sr0.33MnO3 and SrRuO3 are widely used as electrodes material 

in ferroelectric capacitors for their good conductivity and high compatibility with the perovskite 

ferroelectric material lattice64,108,152,172. Additionally, their resistance to moisture and alkaline 

aqueous solutions to which they can be exposed during photolithography makes them good 

candidates for ferroelectric capacitor fabrication173. After photolithography, selective chemical 

etching methods can be used to remove the top electrode materials to define circular capacitor 

structures174 (Fig. 5.3). The chemical reactions are usually based on reduction or oxidation of 

certain elements in the electrode from an insoluble solid state into a more soluble aqueous state. 

To etch La0.67Sr0.33MnO3, for example, the Mn4+, as in insoluble MnO2, needs to be reduced to 

Mn2+, which is soluble in water. Different reducing agents can be used to achieve this purpose, 

such as HCl solution with KI172, and NH3-buffered HF solutions175. In this dissertation, both the 

bottom and top electrodes are SrRuO3, and to etch SrRuO3, instead of using reducing agents, the 

Ru4+, as in insoluble RuO2, needs to be oxidized to Ru8+, as in RuO4, which is volatile and can 

easily be dissolved by water molecules174.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 | Process flow in SrRuO3/BaTiO3/SrRuO3 capacitor structure fabrication using 

wet chemical etching. 
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The oxidizing agent used in this study is a 0.1 mol L-1 NaIO4 solution and the most common 

reaction during the etching process is174:  

𝑆𝑟𝑅𝑢𝑂3(𝑠) + 2𝐻3𝑂
+(𝑎𝑞) + 2𝐼𝑂4

−(𝑎𝑞) → 𝑆𝑟2+(𝑎𝑞) + 𝑅𝑢𝑂4(𝑎𝑞) + 3𝐻2𝑂(𝑙) + 2𝐼𝑂3
−(𝑎𝑞) 

Equation 5.1 

During the wet etching, the surface resistivity was measured using an ohmmeter every 5 s to 

control the etching progress. After 30 s, the surface resistivity is measured to be out-of-range, 

which indicates that the top SrRuO3 layer is etched away. This results in a wet etch rate for SrRuO3 

thin films of ~1 nm s-1 in our study. An over-etching of 5 s was performed. After the wet etching, 

the ferroelectric properties are measured for 30 nm SrRuO3/100 nm BaTiO3/30 nm 

SrRuO3/GdScO3 (110) capacitor structures (blue curve, Fig. 5.4a). The polarization-electric field 

hysteresis loops are centered with close to zero horizontal imprint (~0.01 V). Therefore, the in situ 

growth and wet chemical etching appear to be advantageous as compared to the ex situ MgO hard-

mask process in terms of fabricating symmetric capacitor structures, presumably because of a more 

symmetric interface between BaTiO3 layer and top/bottom SrRuO3 electrodes in the process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.2 Dry-ion milling 

While wet-chemical etching can be used to define simple capacitor structures by removing 

unwanted top electrode material with highly selective etchants, in most cases, more complex 3D 

device structures are needed for measuring the structural, electrical properties of the ferroelectric 

materials, such as pyroelectric and electrocaloric devices176,177, Hall bars178, as well as wire bonded 

structures used for in operando X-ray diffraction179 and, looking forward, realistic devices in 

commercial electronics. In the fabrication of these devices, not only the top electrode, but also the 

Figure 5.4 | Electrical properties of the capacitor structures fabricated using different 

methods. a, Polarization-voltage/electric field loops are measured for 30 nm SrRuO3/100 nm 

BaTiO3/30 nm SrRuO3/GdScO3 (110) heterostructures fabricated by wet etching top SrRuO3, 

ion milling to BaTiO3 and ion milling to bottom SrRuO3. b, Room temperature leakage current-

voltage/electric field measurements for the corresponding heterostructures. 

a b 
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ferroelectric films need to be etched24. Because of the high selectivity of the wet etching, it is 

sometimes difficult to find the right chemical etchant for the ferroelectric films. Besides, the non-

directional isotropy nature of the wet etching can often lead to poor maintenance of feature sizes 

– especially for small features, as well as curved sidewalls, which are not desired in fabrication 

processes for such devices174. 

Therefore, it is necessary to explore alternative methods to compensate for the wet-chemical-

etching processes, namely, dry-ion-milling, to remove unwanted material. One of the common 

types is argon-ion milling wherein Ar+ ions are generated inside an ion gun. These Ar+ ions are 

accelerated by an applied electric field and can gain enough kinetic energy to bombard the sample 

surface. With the bombardment, atoms or atom clusters are removed from the heterostructures and 

the capacitor structures can be fabricated. The highly energetic Ar+ beams can be used to etch 

almost any type of material and can result in relatively flat sidewalls which is beneficial for 

fabricating complex device structures180. In this study, after the photolithography, the 

SrRuO3/BaTiO3/SrRuO3 heterostructures were ion milled, and different milling times are explored 

(Fig. 5.5) to study the effect of milling damage to the capacitor properties.  

Since ion milling is not a selective etching method, and metal oxide materials tend to have similar 

etching rates, care must be taken to control the process. To control the milling depth, a full milling 

profile was measured for the whole 30 nm SrRuO3/100 nm BaTiO3/30 nm SrRuO3/GdScO3 (110) 

heterostructure using in situ end-point detection via secondary ion mass spectroscopy (SIMS). 

During the ion milling process, the SIMS detector is placed near the sample surface to accept the 

ion species sputtered from the heterostructures, and the intensity of strontium and barium signals 

are monitored in real-time (Fig. 5.6).  

The interface locations can be (roughly) determined from the SIMS profile. The Ar+ ion beam 

reaches the top SrRuO3/BaTiO3 interface at around t ≈ 135 s and, in turn, reaches the 

BaTiO3/bottom SrRuO3 interface at t ≈ 605 s (Fig. 5.6). It should be noted that anomalous peaks 

Figure 5.5 | Process flow in SrRuO3/BaTiO3/SrRuO3 capacitor structure fabrication using 

dry-ion milling. Two different milling depth, namely, ion milling to BaTiO3 layer and ion 

milling to bottom SrRuO3 are shown. 
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are observed at the interfaces during the milling process. These peaks arise from the so-called 

matrix effect in the SIMS measurement. The uneven milling front, atomic mixing between 

different sputtered ion species, different sputtering yields for sample species at the interface, as 

well as radiation-enhanced diffusion at the interface can broaden the SIMS profile and lead to 

features such as interfacial peaks or a long decay tail in ion signals181,182. These anomalous features 

have been widely observed181,183,184, and as a result, the resolution of the SIMS at the interface is 

usually not perfect and it makes determining the exact interface locations difficult. As such, one 

should probably slightly over mill the layer to ensure all the unwanted material is removed from 

the heterostructure. In this case, an extra milling time of 40 s was used, corresponding to a total 

milling time of t = 175 s for the heterostructures that are milled just through the top SrRuO3 layer 

into the BaTiO3 layer and t = 645 s for the heterostructures that are milled entirely through the 

BaTiO3 layer into the bottom SrRuO3 layer. Atomic force microscopy scanning on capacitors 

reveals an over-milling depth of ~8 nm into the BaTiO3 layer and ~10 nm into the bottom SrRuO3 

layer, respectively.  

Ferroelectric properties of the ion-milled SrRuO3/BaTiO3/SrRuO3 capacitors are measured (green 

and orange curves, Fig. 5.4a). Compared to the polarization-electric field hysteresis loops obtained 

from the wet-etched capacitor which shows a small horizontal shift of ~0.01 V (1 kV cm-1), the 

ion-milled capacitors show a slightly increased imprint in the polarization-electric field hysteresis 

loop measurements, where upon milling to the BaTiO3 layer and milling to bottom electrode the 

loops are shifted by ~0.03 V (3 kV cm-1) and ~0.22 V (22 kV cm-1), respectively. Room 

temperature (i.e., 300 K) leakage current-voltage measurements were also performed on the 

heterostructures, and the wet-etched heterostructures show the highest leakage currents while the 

heterostructures that are ion milled to the bottom SrRuO3 show the lowest leakage currents (Fig. 

5.4b). 

It should also be noted that, in some other studies, an imprint value of ~0.22 V (22 kV cm-1; i.e., 

the largest imprint observed in our study) would have be considered “insubstantial” in terms of the 

polarization-electric field hysteresis loop symmetry, where ferroelectric films with similar 

Figure 5.6 | Secondary ion mass spectroscopy profile during the ion milling. SIMS signals 

of strontium and barium are monitored for ion milling through 30 nm SrRuO3/100 nm 

BaTiO3/30 nm SrRuO3/GdScO3 (110) heterostructure. A polar milling angle of 45° is used, and 

the sample stage spins at a constant speed of 15 rounds per minute. 
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thicknesses exhibit very wide polarization-electric field hysteresis loop widths (|𝐸𝑐
+ − 𝐸𝑐

−|; e.g., > 

140 kV cm-1 in BaTiO3
64,108, > 200 kV cm-1 in PbZr0.2Ti0.8O3

152,185, > 300 kV cm-1 in BiFeO3
166, 

etc.). In these cases, an imprint of ~22 kV cm-1 would not cause significant impact on the 

polarization-electric field hysteresis loop symmetry (and remnant polarization values). In our case, 

however, since the BaTiO3 films grown at the optimal growth pressure of 60 mTorr shows a very 

small coercive field (~23 kV cm-1 at 10 kHz), even an imprint of 22 kV cm-1 completely shifts the 

polarization-electric field hysteresis loops to the positive side (Fig. 5.4a). Therefore, the small 

imprint can no longer be ignored and an analysis of the imprint (and how to remove it) is required. 

 

5.2.3 Transport measurement 

The kinetic energy of the incident Ar+ ion is ~800 eV (beam current density ~0.72 mA cm-2) during 

the milling processes, which is comparable (and perhaps a bit higher) to the kinetic energy of the 

plasma species during the PLD synthesis (i.e., average of 10s-100s eV depending on the growth 

parameters)186 and both can introduce knock-on defects (i.e., point defects, defect dipoles, etc.)63 

into the heterostructures174,187,188. Previous studies have suggested the degradation of electric 

properties in ferroelectric capacitors caused by the Ar+-ion-milling process, including increased 

coercive field189,190, increased imprint191-194, and suppressed remanent polarization193-195. Imprint > 

0.8 V was reported in PbZr1-xTixO3 capacitors fabricated using Ar+-ion milling190,191,193, and is 

thought to be caused by charged defects (and defect dipoles) and charge-carrier traps introduced 

by Ar+ bombardment191,194. The imprint was also observed to increase with the milling depth191, 

probably due to an increase in the defect density during the Ar+ over milling. Compared to the wet-

etched heterostructures, the different electrical behaviors observed in our ion-milled 

heterostructures are likely to be caused by such defects (i.e., 𝑉𝐵𝑎
′′ − 𝑉𝑂

••, 𝑉𝐵𝑎
′′ , etc.)64,108 introduced 

during Ar+-ion milling. These defects (or defect dipoles) can influence the electrical properties in 

the ferroelectric capacitors, with studies suggesting they can cause horizontal imprints in the 

polarization-electric field hysteresis loops64,196,197 as well as a reduction in the leakage 

current63,142,148.  

To further study the defects introduced into the heterostructures during processing, transport 

measurements were performed and leakage currents were measured under different voltages up to 

3.5 V. A number of leakage mechanisms can occur in dielectric films and the most common ones 

include Ohmic conduction, space-charge-limited conduction, Schottky emission, and Poole-

Frenkel emission141. The simplest mechanism is Ohmic conduction where the leakage current 

density, J, is directly proportional to the applied electric field, E, 

𝐽 = 𝜎𝐸        Equation 5.2 

where σ is the electric conductivity. Another possible leakage mechanism in oxide films is space-

charge-limited conduction, where the leakage current density is governed by the movement of bulk 

space charges within the dielectric films under the applied electric field as141 

𝐽 =
9𝜇𝜀0𝜀𝑟

8𝑑
𝐸2             Equation 5.3 

where μ is the charge carrier mobility, ε0 is the electrical permittivity of the vacuum, εr is the optical 

relative dielectric constant of the material and d is the film thickness. 
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In the above two cases, since J is a power function of E, ln(J) should be a linear function of ln(E), 
and for Ohmic conduction, the slope between ln(J) and ln(E) should be 1, while for space-charge-

limited conduction, the slope between ln(J) and ln(E) should be 2. Therefore, ln(J) is plotted as a 

function of ln(E) (Fig. 5.7a), and fittings are done to extract the slopes from each curve. The fittings 

show all the slopes have values > 2 at large electric field, based on which we can rule out the 

Ohmic and space-charge-limited leakage mechanism. 

The third leakage mechanism is the Schottky-emission mechanism, where the charge carriers are 

injected into the film by overcoming a Schottky barrier at the dielectric/electrode interfaces, and 

the leakage current density, J, is governed by141 

𝐽 = 𝐴𝑇2exp (
−𝑞𝜙𝐵+√

𝑞3𝐸

4𝜋𝜀0𝜀𝑟

𝑘𝐵𝑇
)           Equation 5.4 

where A is the effective Richardson constant, T is the absolute temperature, q is charge of an 

electron, ΦB is the Schottky barrier height at the interface, and kB is the Boltzmann constant. From 

Eq. 5.4, it can be seen that ln(J) should be a linear function of E1/2 and the optical relative dielectric 

constant, εr, can be extracted. Linear functions are indeed obtained by plotting the data (Fig. 5.7b), 

a 

Figure 5.7 | Transport measurement and leakage mechanism study. Fitting of leakage 

current as a function of electric field using a, Ohmic and space-charge-limited conduction 

mechanisms, b, Schottky emission mechanism and c, Poole-Frenkel emission mechanism. Good 

fittings are obtained using Poole-Frenkel equation suggesting this is the governing leakage 

mechanism in the heterostructures. Leakage current density is measured as a function of 

temperature under various voltages from 2.0 V to 3.5 V to extract the intra-bandgap trap energies 

inside the heterostructures fabricated by d, wet etching top SrRuO3, e, ion milling to BaTiO3 

and f, ion milling to bottom SrRuO3. 

b c 

d e f 
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however, the extracted εr values from the slopes fall within the range between 1.81 and 1.88, which 

is much lower than the reported optical dielectric constant for BaTiO3 (i.e., εr = 5.9)108,198. 

Therefore, the Schottky emission mechanisms can also be ruled out. 

The last commonly considered leakage mechanism for such oxide films is the Poole-Frenkel-

emission mechanism, where there are defect states inside the bandgap of the material. These defect 

states can acts as trap centers for charge carriers in the dielectric films and the leakage is governed 

by a charge-trapping/detrapping mechanism141 as governed by the equation, 

𝐽 = 𝑞𝜇𝑁𝑐𝐸exp (
−𝑞𝜙𝑇+√

𝑞3𝐸

𝜋𝜀0𝜀𝑟

𝑟𝑘𝐵𝑇
)             Equation 5.5 

where Nc is the effective energy of states of the energy band, ΦT is the trap energy of the intra-

bandgap defect states, and r is a scaling factor (i.e., 1 ≤ 𝑟 ≤ 2) to accommodate for the large 

concentration of donor and acceptor states. From Eq. 5.5, it can be seen that ln(J/E) should be a 

linear function of E1/2. The data is plotted (Fig. 5.7c) and scaling factors are extracted from the 

slopes (i.e., the εr is set to be 5.9 in the fitting). The extracted r values for three heterostructures all 

fall within the range between 1 and 2. The good fittings suggest that Poole-Frenkel emission 

mechanism is (likely) the dominant mechanism for leakage in our BaTiO3 films in all cases. 

To extract the trap energy of the intra-bandgap defect states, temperature-dependent measurements 

were performed on all three heterostructures across the temperature range from 300-500 K, under 

various applied voltages from 2.0-3.5 V. ln(J) is subsequently plotted as a function of 1000/T and 

the trap energy, ΦT, is extracted from the slopes (Fig. 5.7d-f). The results show similar trap energies 

(i.e., 0.35 eV, 0.37 eV, and 0.38 eV) for all three heterostructures, suggesting the same type of 

intra-bandgap defect state dominates the leakage current in all BaTiO3 films. This is logical since 

the BaTiO3 films are all identical and only have been processed into device structures differently. 

Since BaTiO3 is commonly reported to be p-type108,199 and holes are the majority charge carriers, 

the resulting trap state is therefore likely to be located at ~0.38 eV above the valence band and act 

as trap for holes inside the BaTiO3. Previous studies have reported different types of defects that 

can exist in BaTiO3 films, including 𝑉𝐵𝑎
′′ − 𝑉𝑂

••, 𝑉𝐵𝑎
′ , and 𝑉𝐵𝑎

′′  which are thought to be located at 

~0.4 eV, ~0.6 eV, and ~1.2 eV above the valence-band edge, respectively108,200,201, while others 

such as 𝑉𝑂
• and 𝑉𝑂

•• are thought to be located ~0.1 eV and ~1.3 eV below the conduction-band edge, 

respectively200,201, etc. Therefore, the ~0.38 eV trap state observed in this study is proposed to be 

of the type 𝑉𝐵𝑎
′′ − 𝑉𝑂

•• , which can likely give rise to an internal bias (i.e., imprint) in the 

polarization-electric field hysteresis loops64,108. 

 

5.2.4 Deep-level transient spectroscopy 

To further differentiate and understand how the processing impacts our films I have studied the 

defect concentrations inside the heterostructures and their relations to the observed electric 

properties (i.e., imprint, leakage, etc.) using DLTS (a powerful technique used to detect a wide 

variety of electrically active defects, or charge carrier traps inside the bandgap of a material) which 

was measured with temperature ranging from 100-400 K (Fig. 5.8a-c). 
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For heterostructures that are fabricated by wet etching the top SrRuO3, the trap state peaks are too 

small to be measured (i.e., the signal cannot be distinguished from the background noise in the 

DLTS setup) under the conditions used. This is likely because of the fact that the heterostructures 

does not go through the Ar+-ion bombardment during the milling process and thus the defects are 

just those “grown-in.”  In addition, the wet chemical etchant, NaIO4, is high selectively and it does 

not attack and cause damage in the BaTiO3 layer (a point which is supported by the DLTS). As a 

result, only a minimal level of defects exists in the BaTiO3 film (i.e., the as-grown defects which 

are relatively low in concentration). For the heterostructures that are ion milled to the BaTiO3 layer 

(only through the top SrRuO3), two weak trap-state peaks can be observed in the DLTS, suggesting 

a slight increase in the defect concentration in the BaTiO3 films. For this heterostructure, because 

of the over-milling at the top SrRuO3/BaTiO3 interface to ensure the top SrRuO3 layer is fully 

removed, some of the BaTiO3 film is also bombarded by the Ar+ ions, leading to a slight 

introduction of defects in the BaTiO3 layer. For the heterostructures that are ion milled to the 

bottom SrRuO3 (entirely through the BaTiO3) two relatively strong trap-state peaks are observed 

Figure 5.8 | Deep-level transient spectroscopy. Deep-level transient spectroscopy measured 

from 100 K to 400 K for heterostructures fabricated by a, wet etching top SrRuO3, b, ion milling 

to BaTiO3, and c, ion milling to bottom SrRuO3. d, Fittings to extract the trap state energies 

inside the heterostructure fabricated by ion milling to bottom SrRuO3. 

b a 

c d 
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in the DLTS, suggesting a relatively high concentration of defects in the BaTiO3 layer, probably 

because of the milling in the BaTiO3 film in order for the Ar+ ion to reach the bottom SrRuO3. 

In the DLTS setup, first, a voltage pulse (3.5 V, 8 ms) is applied to the capacitor, setting it to an 

accumulated state where intra-bandgap traps are filled with charge carriers. Then, the pulse is 

removed and the traps start emitting charge carriers through thermal emission process. A time 

window is defined from t1 to t2 and the capacitance change between the time window, C(t1)-C(t2), 

is monitored. At a certain temperature, TM, C(t1)-C(t2) will reach a maximum value for the given 

time window, corresponding to a maximum emission rate108,143, e(TM), which is related to the 

characteristic thermal emission properties of the trap states145, 

𝑒(𝑇𝑀) =
𝑙𝑛(

𝑡2
𝑡1

)

𝑡2−𝑡1
             Equation 5.6 

𝑒(𝑇𝑀) = 𝜎𝛾𝑇𝑀
2exp (−

𝐸𝑑

𝑘𝐵𝑇𝑀
)           Equation 5.7 

where σ is trap capture cross section, γT2, as a whole, represents the product of the density of states 

in the energy band and the thermal velocity of the charge carriers, Ed is the trap energy of the 

defects, and kB is the Boltzmann constant.  

To extract the trap energies, fittings on trap state peaks were performed. From Eq. 5.6 and Eq. 5.7, 

it can be seen ln(TM
2/e(TM)) should be a linear function of 1/TM (or 1000/TM). The data is plotted 

and the trap energies are extracted from the slope (Fig. 5.8d). The two trap state peaks in the 

heterostructures that are ion milled to bottom electrode correspond to a trap energy of ~0.38 eV 

and ~1.20 eV, which confirms the results from the transport measurement and matches the trap 

energies of of 𝑉𝐵𝑎
′′ − 𝑉𝑂

••  defect-dipole and 𝑉𝐵𝑎
′′  vacancy in previous studies108,200,201. For the 

heterostructures that are ion milled only to the BaTiO3 layer, the trap state peaks, though hard to 

fit because of low defect concentrations, show up at roughly the same temperatures in the DLTS 

spectrum as those in the ion-mill-to-bottom-SrRuO3 heterostructure, implying the same type of 

defects (i.e., 𝑉𝐵𝑎
′′ − 𝑉𝑂

••  and 𝑉𝐵𝑎
′′ ) inside the BaTiO3 layer, but present in considerably lower 

concentrations.  

In conclusion, as the milling depth increases, the defect concentration in the BaTiO3 films 

increases. Previous studies have also suggested the increase of imprint in polarization-electric field 

hysteresis loops with increasing defect density64,108,196,197, which matches the observation in our 

study (Fig. 5.4a), with the heterostructures that are ion milled to the bottom SrRuO3 (through the 

entire BaTiO3 layer) showing the largest imprint (~0.22 V) and the wet-etched heterostructures 

showing the smallest imprint (~0.01 V). This observation also offers a possible explanation for the 

decrease in the leakage current in the heterostructures which is related to the increasing defect 

concentration (Fig 5.4b). Previous studies have suggested that increasing the non-donor trap state 

density inside the dielectric film can lead to a reduction of the mean free path for the charge 

carrier63,108,202, making it easier for them to be captured by the trap states, therefore reducing the 

leakage current, which also matches the observation in our study. 

This leaves the problem, however, that ion milling does not seem to be a suitable method to be 

used in the production of devices based on these materials. This would be a huge limitation for 

their further consideration in this regard if it was true. As such, I explored different post-fabrication 

treatments that could effectively “fix” the imprint which could be applied to alleviate this concern. 

Here, I focused on the heterostructures that were ion milled to bottom SrRuO3 (through the entire 
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BaTiO3 layer). Annealing the heterostructures at 700°C at an oxygen partial pressure of 760 Torr 

for 60 mins showed no change in the polarization-electric field hysteresis loops, probably because 

of the strong coupling between 𝑉𝐵𝑎
′′  and 𝑉𝑂

•• in the formation of energetically-favorable 𝑉𝐵𝑎
′′ − 𝑉𝑂

•• 

defect-dipoles due to electrostatic and strain considerations203-207, and the fact that barium-related 

defects could not be eliminated in an environment rich only in oxygen. With this knowledge and 

considering other studies which have shown the reintroduction of cations into ferroelectric 

materials via a chemical-vapor-deposition-like process can greatly reduce the defect density and 

ease the degradation of electrical properties in BaTiO3 films108 and has also been used to counter 

lead loss in PbZr1-xTixO3 films grown with sol-gel methods208,209, here, the heterostructure was 

placed in an Al2O3 ceramic boat at the end of the hot zone in a tube furnace while another Al2O3 

ceramic boat with BaO powder was placed up-wind at the beginning of the hot zone. Oxygen was 

flowed through the furnace tube, first over the BaO powder and then over the heterostructure. The 

temperature of the furnace was set to ramp up at 25°C min-1 to 700°C, stay at 700°C for 60 min. 

and cool down to room temperature at 5°C min-1. The heterostructure was then sonicated in 0.1 M 

HCl for 5 mins to remove any excess BaO on the surface. After the process, hysteresis loops were 

measured and the imprint was reduced significantly (from 22 kV cm-1 to ~2.5 kV cm-1; Fig. 5.9a). 

Subsequent DLTS measurements also reveal the suppression/removal of the trap-state peaks (i.e., 

𝑉𝐵𝑎
′′ − 𝑉𝑂

•• and 𝑉𝐵𝑎
′′ ) (Fig. 5.9b). And, finally, a corresponding increase in the leakage current was 

observed in the treated heterostructures (Fig. 5.9c), likely related to the decrease in the 

concentration of the defects that can act as trapping/de-trapping centers for charge carriers, leading 

to an increase in the charge carrier mean free path and an increase in the leakage current63,108,202. 

The post-fabrication treatment method shows the possibility of repairing the defects introduced by 

Ar+ ion milling in ferroelectric capacitors. 

 

 

 

Figure 5.9 | Post-fabrication treatment. a, Evolution of polarization-voltage/electric field loop 

for the heterostructure fabricated by ion milling to bottom SrRuO3, before and after Ba addition 

via CVD-style process in the furnace. b, Deep-level transient spectroscopy measured for the 

same heterostructure after Ba addition. c, Comparison of room temperature leakage current-

voltage/electric field measurements for heterostructures with different fabrication and treatment 

processes. 

a b c 
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5.3 Conclusion 

Different processing methods for SrRuO3/BaTiO3/SrRuO3 heterostructures have been investigated 

as an effort to explore the best way to fabricate idealized BaTiO3 capacitor structure with idealized 

ferroelectric properties. Ex situ MgO hard mask methods have been found to contaminate the 

BaTiO3 surface and introduce defects at the top SrRuO3/BaTiO3 interface, resulting in a large 

imprint in the hysteresis loops. In situ growth-and-wet-etch methods are highly selective and 

isotropic and can produce capacitor structure with the best ferroelectric properties with almost no 

imprint, but such methods alone are likely not suitable for fabricating more complexed device 

architectures. In situ growth-and-dry-ion-milling methods are directional and can be used to etch 

different types of metal oxide materials at similar speeds. However, due to the lack of precision in 

end-point determination, over milling is often required to fully remove the unwanted material. 

Moreover, because of the high kinetic energy of the incident Ar+ ion beams, milling damage can 

occur in the ferroelectric capacitors, leading to hysteresis loops with degraded electrical behavior. 

An imprint as large as 22 kV cm-1 (which fully shifts the loops) is observed for the heterostructures 

that are ion milled to the bottom SrRuO3 (through the entire BaTiO3 layer). While the magnitude 

of this imprint may not seem significant at first glance, it can still cause significant impact in the 

ferroelectric capacitor performance, especially when the coercive field of the ferroelectric film is 

also small. Post-fabrication treatments are also performed. Annealing the heterostructure in 

barium-and-oxygen-rich environment via a CVD-style process can be useful in reducing the 

imprint of the polarization-electric field hysteresis loop, as well as reducing the density of the 

defects that are related to barium deficiency. 
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Chapter 6 

Summary and Future Prospects 

 
This chapter summarizes the findings presented in this dissertation, followed by some suggestions 

where further efforts can be made to improve the ferroelectric performance of BaTiO3 films and 

to enable its applications in real-life devices. 
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6.1 Summary of work 

Following the development of Moore’s law in 1965 and the Dennard scaling law in 1974, it was 

set forth that the number of transistors per chip should double every 18-24 months (i.e., the size of 

the transistor reduces 30% every year), while keeping the total power consumption per chip 

constant. This trend has, however, become more difficult to follow as the transistor dimensions 

approach the fundamental physical limits. The Boltzmann tyranny dictates a lower boundary of 

~59 mV decade-1 in gate voltage scaling while the increased leakage current (e.g., short channel 

effect, gate leakage, tunneling current at the PN junctions, etc.) from the size scaling can cause 

extra power loss during transistor operation. Since around 2003, Dennard scaling has come to an 

end and keeping up with Moore’s law has become extremely challenging. As a result, the concept 

of beyond CMOS-based switching systems is proposed and researchers have started to explore 

new materials, new computational state variables, and new switching mechanisms to enable such 

devices; thus trying to find pathway to continue Moore’s law into the following decades. These 

new computational variables include spin, magnetization, polarization, strain, etc. and are hoped 

to provide a pathway to bypass Boltzmann tyranny for memory and logic (or logic-in-memory) 

applications, where low operation voltage (< 100 mV), low operation power (< 10 aJ/bit) and small 

switching time (< 0.1 ns) can be achieved.  

Among all types of beyond CMOS switching systems, ferroelectric-based devices (e.g., 

ferroelectric-RAMs, ferroelectric-FETs, ferroelectric tunneling junctions, negative-capacitance 

FETs, etc.)  stand out because of their fast-switching speeds and low switching energies, making 

ferroelectric materials an interesting object to investigate. Once again, among all common 

ferroelectric materials, single crystal BaTiO3 stands out because of its low switching field (~ 1 kV 

cm-1), low switching power (~ 0.1 J cm-3) and a relatively large remanent polarization (~25 μC cm-

2), making it a perfect candidate for next-generation ferroelectric applications. However, great 

challenges are met when downscaling materials such as BaTiO3 into ultrathin films, resulting in 

significantly degraded ferroelectric properties such as large coercive fields/voltages or reduced 

remanent polarization, making it unsuitable for use in actual ferroelectric devices. Therefore, 

questions remain as how to synthesis idealized BaTiO3 thin films and how to fabricate idealized 

capacitor structure. 

In this dissertation, I present a systematic study on the SrRuO3/BaTiO3/SrRuO3 capacitor 

heterostructures, from film synthesis at the beginning all the way to the device fabrications in the 

end. PLD was used for material synthesis, and structural characterizations were performed on the 

heterostructure revealing high crystallinity of the materials, as well as smooth and sharp interfaces 

between different layers. After fabrication, electrical measurements are performed on the 

capacitors, revealing superior ferroelectric performance, behind which the physical mechanisms 

are explored and discussed. 

First, I investigate the growth parameter, especially the growth pressure, in the PLD process, and 

the effect it can bring to the BaTiO3 layer in the heterostructures. The growth pressure is found to 

have significant impacts on the structural and ferroelectric properties of the heterostructures, as 

varying the growth pressure can change the kinetic energy of the ablated atoms that land on the 

substrate surface. As a result, the level of knock-on damage (or the defect concentration) inside 

the BaTiO3 layer can be different, and the out-of-plane lattice expansion, the coercive field and the 

horizontal imprint in the hysteresis loop can also be impacted. By carefully adjusting the growth 

pressure, idealized epitaxial BaTiO3 layers can be synthesized. At a dynamic oxygen growth 
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pressure of 60 mTorr, almost no out-of-plane expansion is observed, and the smallest coercive 

field/voltage can be achieved in the BaTiO3 capacitors, which is comparable to its single-crystal 

counterpart. Thickness scaling was performed on the BaTiO3 films to explore the lower limit of 

the coercive voltage. At BaTiO3 thickness < 150 nm, depolarization fields start to impact the 

coercive-field scaling, leading to a constant coercive field (i.e., EC = constant, VC ∝ thickness). 

The depolarization field results from the imperfect screening at the ferroelectric/electrode interface, 

where the SrRuO3 electrode cannot provide enough free surface electrons to compensate for the 

bound charge from the ferroelectric polarization, leading to a decrease in the TC transition 

temperature in BaTiO3 films. From a practical perspective, for BaTiO3 films with thicknesses 

ranging from 25-50 nm, the depolarization field has the beneficial effect of reducing the coercive 

field/voltage during the switching, with films show some of the best combinations of coercive 

voltages < 100 mV and remanent polarization > 10 μC cm-2, which makes them idealized candidate 

for ferroelectric applications. As the BaTiO3 gets thinner (i.e., < 25 nm in thickness), however, the 

effect of the depolarization field is so large that the remanent polarization can be greatly suppressed 

(< 5 μC cm-2), making them not suitable for real applications. 

In addition, lateral scaling was performed on the SrRuO3/BaTiO3/SrRuO3 capacitor structures to 

explore the fastest switching speed. With the capacitor areas becoming smaller, the switching time 

of BaTiO3 capacitors becomes shorter. To achieve a switching time < 1 nanosecond in BaTiO3 

capacitor, a lateral size < 10 μm2 (< 3.5 μm in diameter) is needed. In addition, compared to other 

common ferroelectric materials such as BiFeO3 and Bi0.85La0.15FeO3, the fast switching time 

measured in BaTiO3 capacitors has revealed the great potential for it to be applied into real 

ferroelectric devices. Moreover, the integration of BaTiO3 capacitors onto Si-based substrate is 

also shown, with a similarly small coercive field being observed, indicating the possibility of 

transferring the optimized growth conditions from the laboratory PLD chamber to the industry 

manufacturing equipment. 

Last, but not least, different fabrication methods for SrRuO3/BaTiO3/SrRuO3 heterostructures are 

also investigated, in an effort to find the best way to fabricate capacitors that are compatible with 

complex device architectures serving different purposes. Ex situ MgO hard mask process 

introduces surface defects and results in a horizontal imprint in the hysteresis loop. While the in 

situ growth-and-wet-etch process produces best hysteresis loops with almost no horizontal imprint, 

because of the high selectivity in the wet etching, it is often difficult to find the appropriate 

chemical etchant for certain ferroelectric materials, especially for perovskite materials such as 

BaTiO3 and PbZrxTi1-xO3 that are chemically stable. As a result, without proper chemical etching 

agents, it is barely possible to fabricate complex device structures. Moreover, the isotropic nature 

of the wet etching can often lead to shrinked feature sizes, as well as curved sidewalls. Another 

most common method used for capacitor fabrication is the in situ growth-and-dry-ion-milling 

process. While Ar+ ion beam is directional and can be used to etch almost any type of materials, 

the long bombardment time of the BaTiO3 heterostructures under the ion beam can introduce 

defects inside the BaTiO3 layer, especially when over milling is required to fully remove the 

unwanted materials, leading to an imprint (~0.2 V) in the ferroelectric capacitors. An imprint of 

this magnitude may not cause significant impact on hysteresis loop symmetry (or the remanent 

polarization) in some other cases where the ferroelectric materials exhibit large loop width (> 3V). 

However, in our case, because of the small coercive field of the BaTiO3 films (~0.2 V), this 

magnitude of imprint can completely shift the loop to the positive side, leading to a decrease in the 

remanent polarization in one direction. Following transport measurement was performed 
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confirming the existence of the same type of defect in all heterostructures with a trap energy of 

~0.38 eV above valence band and is attributed to the 𝑉𝐵𝑎
′′ − 𝑉𝑂

•• defect-dipole which can cause 

imprint in hysteresis loop. Deep level transient spectroscopy reveals the defect concentration 

increases with the milling depth. Post-fabrication treatments are also explored to reduce the defect 

amount. Annealing in 760 Torr O2 pressure at 700 °C shows no improvement to the imprint of the 

PE loop, probably because Ba-related defects cannot be eliminated in an environment rich only in 

oxygen. Reintroduction of Ba element via a CVD-style process eliminates the Ba-related defects 

and greatly reduces the imprint of the loop, indicating the possibility to repair the damage 

introduced by Ar+ ion milling in BaTiO3 capacitors. 

 

6.2 Suggestions for future prospects 

6.2.1 Reducing coercive field via orientation control 

Recently, reduction in coercive field has been reported in ferroelectric PbZr0.2Ti0.8O3 thin films via 

orientation control152. When PbZr0.2Ti0.8O3 films are deposited with a (001) out-of-plane 

orientation, it takes the form of tetragonal phase. However, if the PbZr0.2Ti0.8O3 films are deposited 

with a (111) out-of-plane orientation, as the thickness gets smaller, the structure goes through a 

tetragonal-monoclinic-rhombohedral evolution at thickness < 165 nm. The structural transition, in 

turn, leads to lower c/a ratio and lower switching energy barrier in (111)-oriented PbZr0.2Ti0.8O3 

films than their (001)-oriented counterpart. Therefore, compared to (001)-oriented PbZr0.2Ti0.8O3 

films, the (111)-oriented PbZr0.2Ti0.8O3 films show smaller coercive fields. Because of the 

structural resemblance between BaTiO3 and PbZr0.2Ti0.8O3, here I propose a hypothesis that the 

coercive field of the BaTiO3 thin films can also be reduced via orientation control. This study can 

likely be focused on multiple SrRuO3/BaTiO3/SrRuO3/substrate heterostructures synthesized 

using pulsed laser deposition with different BaTiO3 orientations (001- and 111-oriented) and 

thicknesses (e.g., 12.5-250 nm). Crystal structure of the heterostructures can be examined using 

X-ray diffraction and lattice parameters can be extracted to reveal the structural transition during 

thickness scaling. Ferroelectric properties (coercive field, remanent polarization) can also be 

characterized to further support the hypothesis. 

6.2.2 Multistate switching behavior via orientation control 

Besides the reduction in coercive field in (111)-oriented ferroelectric PbZr0.2Ti0.8O3 films, another 

exotic switching behavior, the multistate switching, can also occur123. In (111)-oriented tetragonal 

PbZr0.2Ti0.8O3 films, a stable intermediate polarization state can be obtained by applying a low or 

moderate bias. Two types of competing switching mechanisms in (111)-oriented PbZr0.2Ti0.8O3 

films are present and are associated with two different dominant energy types. When the applied 

bias is high, the electrostatic energy dominates and direct switching without intermediate state is 

favored because of the huge electrostatic energy gain during this process. However, if the applied 

bias is low, the elastic energy dominates, and a 50-percent-switched intermediate state is favored 

in the switching process because of the low elastic-energy barrier which is accompanied by a 

reconfiguration in domain structures. At a moderate applied bias, two mechanisms are activated 

simultaneously, enabling one to finely tune the intermediate polarization state into any arbitrary 

level. Since multistate switching behavior is of great importance to the realization of next-

generation, high-density non-volatile memories, and the structural resemblance between BaTiO3 
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and PbZr0.2Ti0.8O3, here I propose a study on the switching behavior in (111)-oriented BaTiO3 

films. As has been proposed above in 6.2.1, (001) and (111)-oriented SrRuO3/12.5-to-250-nm-

BaTiO3/SrRuO3/substrate heterostructures can be synthesized and structural and ferroelectric 

properties can be characterized. For the purpose of multi-state switching studies, piezo-response 

force microscopy can be performed to examine the change in domain configurations during 

switching under different applied bias. PUND sequences with different pulse heights and pulse 

widths can likely be applied to obtain transient curves with intermediate polarization states to show 

the possibility of multi-state switching. 

6.2.3 Reducing depolarization field in ultrathin BaTiO3 films 

Metal oxide electrodes, such as SrRuO3, have been widely studied and used to sandwich 

ferroelectric films because of their high compatibility with perovskite ferroelectric lattices, as well 

as their capability to reduce imprint and fatigue behavior of the capacitor, and enhancing the 

performance of the ferroelectric devices34. However, the free electron concentrations inside these 

materials are not very high95 (i.e., ~1.2×1022 cm-3) and are considered to be rather poor metals 

when compared to common metals such as platinum or gold210 (with free electron densities 6 to 7 

times larger than that in SrRuO3). When using SrRuO3 as an electrode for BaTiO3 films, the 

incomplete screening at the ferroelectric/electrode interface can lead to a depolarization field that 

can significantly reduce the remanent polarization of the ferroelectric layer137. Therefore, efforts 

must be made to search for the better metal oxide electrodes among a range of materials, to 

minimize the effect brought by the depolarization field and to enable next-generation ferroelectric 

devices in ultrathin regime (i.e., < 25 nm). For example, metal oxide electrodes with higher free 

electron concentrations, such vanadates, niobates, and molybdates (e.g., studies have shown that 

the free electron densities can be as high as ~9.2×1022 cm-3 in SrMoO3 films211,212, which is ~8 

times as large as that in SrRuO3 electrodes) can be used as the top and bottom contacts for the 

ferroelectric films. In the metal electrodes, the relation between the characteristic Fermi-screening 

length, λ, and the free electron density, ne, follows163 

𝜆 ∝ (
1

𝑛𝑒
)

1

6
    Equation 6.1 

In the meantime, the magnitude of depolarization field, Ed, inside the BaTiO3 films follows155 

𝐸𝑑 ∝
𝜆

𝑑
     Equation 6.2 

where d is the thickness of the film. From Eq. 6.1 and Eq. 6.2, we can hypothesize that, based on 

our estimation, if SrMoO3 were used as top and bottom contact for BaTiO3 films, it is possible to 

reduce the Fermi screening length by ~30%, which corresponds to a 30% decrease in the minimal 

BaTiO3 thickness (i.e., if 25 nm with SrRuO3 electrodes, then ~18 nm with SrMoO3 electrodes) 

before the depolarization field becomes large enough to suppress the remanent polarization. In 

addition, SrMoO3 has a cubic lattice parameter of 3.975 Å211, which matches closely with that of 

BaTiO3 film and GdScO3 (110) substrate, making it a potential candidate to replace SrRuO3 

electrodes. Therefore, it is interesting to study what actual benefits the SrMoO3 electrodes would 

likely bring to the BaTiO3 capacitor. The study can be focused on synthesizing multiple 

SrMoO3/BaTiO3/SrMoO3/substrate heterostructures using pulsed laser deposition with BaTiO3 

thicknesses varying from 6-250 nm. Crystal structures and ferroelectric properties can be 

characterized to verify the hypothesis. 
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6.2.4 Increasing remanent polarization via interface engineering 

Another potential way to increase the remanent polarization for ultrathin BaTiO3 films < 25 nm is 

via interface engineering. Previous theoretical studies have shown the interfacial atomic structure 

and chemical bonding can have significantly impacts on the ferroelectric polarization213,214. The 

RuO2-BaO termination sequence at the SrRuO3/BaTiO3 interfaces can have detrimental effect on 

the polarization stability. At the SrRuO3/BaTiO3 interfaces, the large Ba2+ in the BaTiO3 unit cell 

can displace the Ru4+ in the adjacent SrRuO3 unit cell213, resulting in a pinned interface dipole in 

the opposite direction of the polarization, and thereby, an exacerbation in the depolarization effects. 

Following experimental studies suggests this detrimental effect can be alleviated by inserting an 

SrTiO3 layer between the SrRuO3/BaTiO3 interfaces213. In this case, the pinned dipole at the 

interfaces can be eliminated because of the introduction of new interfacial termination sequence 

(i.e., TiO2-BaO, the same as the layer structure in normal BaTiO3 crystals), and the depolarization 

effect can be reduced. The hysteresis loops show the remanent polarization increased by a factor 

of 3, which indicates that the interface engineering can be used to enhance remanent polarization 

in ultrathin ferroelectric capacitors. Therefore, it is interesting to study if the inserting SrTiO3 

layers could bring any benefits to our heterostructures. The study would likely focus on BaTiO3 

films with ultrathin thickness (i.e., < 25 nm). SrTiO3 layers with various thicknesses (i.e., 2-10 unit 

cells) can be inserted between top or (and) bottom SrRuO3/BaTiO3 interfaces. Following 

ferroelectric characterization and piezo-response force microscopy measurement can be performed 

to examine the change in the remanent polarizations. 

6.2.5 Lateral scaling in ultrasmall BaTiO3 capacitors 

Another future study I propose is to study the further downscaling in the lateral size of BaTiO3 

capacitors. Previous studies have reported the switching time of the ferroelectric capacitor 

decreases linearly with reducing capacitor areas137,139,140. However, it is also reported that as the 

capacitor diameters shrink to < 1 nm (i.e., a few hundreds of nanometers), the decreasing rate of 

the switching time as a function of capacitor area becomes slower (i.e., the decreasing trend starts 

to asymptote)139,140. The most likely reason is that the rising time of the pulse stimulus in the 

external circuit or (and) the RC charging time of the capacitor cannot keep up with the intrinsic 

switching time of the ferroelectric material and has therefore become the extrinsic limiting factor 

for measured switching times. As the capacitor size continues to decrease into ultrasmall regime 

(i.e., diameter of a few tens of nanometers) the switching time could also be limited by the intrinsic 

switching process of the ferroelectric material itself (i.e., the time needed for nucleation and 

domain growth)96,139. In the meantime, some other studies suggest that, in this ultrasmall regime, 

the nucleation and domain growth mode may no longer be the dominant switching mechanism in 

the ferroelectric layers139,215, and new models are needed to describe the switching phenomenon 

in the ultrasmall regime. Therefore, it is interesting to study the switching behavior when further 

downscaling our BaTiO3 capacitors laterally, as well as to explore the switching speed limit in 

ultrasmall BaTiO3 capacitors. The study can likely be focused on BaTiO3 capacitors with varies 

thicknesses (i.e., 12.5-100 nm) and different sizes (i.e., 50-1000 nm). Ferroelectric measurements 

and ultrafast switching kinetic measurements can be performed to further explore the switching 

characteristics in BaTiO3 capacitors of each size. 

 

 



 

67 

 

Bibliography 
 

1 Ross, I. M. The invention of the transistor. Proc. IEEE 86, 7-28 (1998). 

2 Łukasiak, L. & Jakubowski, A. History of semiconductors. J. Telecommun. Inf. Technol. 

1, 3-9 (2010). 

3 Noyce, R. N. Making integrated electronics technology work. IEEE Spectr. 5, 63-66 (1968). 

4 Moore, G. E. Cramming more components onto integrated circuits. Electronics 38, 114-

117 (1965). 

5 Ferain, I., Colinge, C. A. & Colinge, J.-P. Multigate transistors as the future of classical 

metal-oxide-semiconductor field-effect transistors. Nature 479, 310-316 (2011). 

6 Dennard, R. H. et al. Design of ion-implanted MOSFET's with very small physical 

dimensions. IEEE J. Solid-State Circuits 9, 256-268 (1974). 

7 Bohr, M. A 30 year retrospective on Dennard's MOSFET scaling paper. IEEE Solid-State 

Circuits Soc. Newsl. 12, 11-13 (2007). 

8 Borkar, S. & Chien, A. A. The future of microprocessors. Commun. ACM 54, 67-77 (2011). 

9 Hennessy, J. L. & Patterson, D. A. A new golden age for computer architecture. Commun. 

ACM 62, 48-60 (2019). 

10 Current, M. I. The role of ion implantation in CMOS scaling: A tutorial review. AIP Conf. 

Proc. 2160, 020001 (2019). 

11 Salahuddin, S. & Datta, S. Use of negative capacitance to provide voltage amplification 

for low power nanoscale devices. Nano Lett. 8, 405-410 (2008). 

12 Chuang, C.-T. et al. Scaling planar silicon devices. IEEE Circuits Devices Mag. 20, 6-19 

(2004). 

13 Nikonov, D. E. & Young, I. A. Overview of beyond-CMOS devices and a uniform 

methodology for their benchmarking. Proc. IEEE 101, 2498-2533 (2013). 

14 Bernstein, K., Cavin, R. K., Porod, W., Seabaugh, A. & Welser, J. Device and architecture 

outlook for beyond CMOS switches. Proc. IEEE 98, 2169-2184 (2010). 

15 Nikonov, D. E. & Young, I. A. Benchmarking of beyond-CMOS exploratory devices for 

logic integrated circuits. IEEE J. Explor. Solid-State Comput. Devices Circuits 1, 3-11 

(2015). 

16 Sugahara, S. & Tanaka, M. A spin metal-oxide-semiconductor field-effect transistor using 

half-metallic-ferromagnet contacts for the source and drain. Appl. Phys. Lett. 84, 2307-

2309 (2004). 

17 Bourianoff, G. & Nikonov, D. Progress, opportunities and challenges for beyond CMOS 

information processing technologies. ESC Trans. 35, 43-53 (2011). 

18 Nikonov, D. E., Bourianoff, G. I. & Ghani, T. Proposal of a spin torque majority gate logic. 

IEEE Electron Device Lett. 32, 1128-1130 (2011). 

19 Reddy, D., Register, L. F., Tutuc, E. & Banerjee, S. K. Bilayer pseudospin field-effect 

transistor: applications to Boolean logic. IEEE Trans. Electron Devices 57, 755-764 (2010). 

20 Son, J., Rajan, S., Stemmer, S. & James Allen, S. A heterojunction modulation-doped Mott 

transistor. J. Appl. Phys. 110, 084503 (2011). 

21 Newns, D., Elmegreen, B., Hu Liu, X. & Martyna, G. A low-voltage high-speed electronic 

switch based on piezoelectric transduction. J. Appl. Phys. 111, 084509 (2012). 



 

68 

 

22 Miller, S. & McWhorter, P. Physics of the ferroelectric nonvolatile memory field effect 

transistor. J. Appl. Phys. 72, 5999-6010 (1992). 

23 Zhang, Q., Fang, T., Xing, H., Seabaugh, A. & Jena, D. Graphene nanoribbon tunnel 

transistors. IEEE Electron Device Lett. 29, 1344-1346 (2008). 

24 Mikolajick, T., Schroeder, U. & Slesazeck, S. The past, the present, and the future of 

ferroelectric memories. IEEE Trans. Electron Devices 67, 1434-1443 (2020). 

25 Valasek, J. Piezo-electric and allied phenomena in Rochelle salt. Phys. Rev. 17, 475-481 

(1921). 

26 Mikolajick, T. et al. Next generation ferroelectric materials for semiconductor process 

integration and their applications. J. Appl. Phys. 129, 100901 (2021). 

27 Fousek, J. Joseph Valasek and the discovery of ferroelectricity. Proc. 1994 IEEE Int. Symp. 

Appl. Ferroelectr. 1-5 (IEEE, 1994). 

28 Anderson, J. Ferroelectric materials as storage elements for digital computers and 

switching systems. Trans. Am. Inst. Electr. Eng. Part 1 71, 395-401 (1953). 

29 McAdams, H. P. et al. A 64-Mb embedded FRAM utilizing a 130-nm 5LM Cu/FSG logic 

process. IEEE J. Solid-State Circuits 39, 667-677 (2004). 

30 Desu, S. Minimization of fatigue in ferroelectric films. Phys. Status Solidi A 151, 467-480 

(1995). 

31 Trieloff, M. et al. Structure and thermal history of the H-chondrite parent asteroid revealed 

by thermochronometry. Nature 422, 502-506 (2003). 

32 Shirane, G. & Takeda, A. Phase transitions in solid solutions of PbZrO3 and PbTiO3 (I) 

Small concentrations of PbTiO3. J. Phys. Soc. Jpn. 7, 5-11 (1952). 

33 de Araujo, C. A.-P., Cuchiaro, J., McMillan, L., Scott, M. & Scott, J. Fatigue-free 

ferroelectric capacitors with platinum electrodes. Nature 374, 627-629 (1995). 

34 Morimoto, T. et al. Ferroelectric properties of Pb(Zi, Ti)O3 capacitor with thin SrRuO3 

films within both electrodes. Jpn. J. Appl. Phys. 39, 2110-2113 (2000). 

35 Kim, K.-H., Karpov, I., Olsson III, R. H. & Jariwala, D. Wurtzite and fluorite ferroelectric 

materials for electronic memory. Nat. Nanotechnol. 18, 422–441 (2023). 

36 Böscke, T., Müller, J., Bräuhaus, D., Schröder, U. & Böttger, U. Ferroelectricity in hafnium 

oxide thin films. Appl. Phys. Lett. 99, 102903 (2011). 

37 Robertson, J. High dielectric constant oxides. Eur. Phys. J. Appl. Phys. 28, 265-291 (2004). 

38 Bohr, M. T., Chau, R. S., Ghani, T. & Mistry, K. The high-k solution. IEEE Spectr. 44, 29-

35 (2007). 

39 Böscke, T., Müller, J., Bräuhaus, D., Schröder, U. & Böttger, U. Ferroelectricity in hafnium 

oxide: CMOS compatible ferroelectric field effect transistors. 2011 Int. Electron Devices 

Meet. 24.25.21-24.25.24 (IEEE, 2011). 

40 Fichtner, S., Wolff, N., Lofink, F., Kienle, L. & Wagner, B. AlScN: A III-V semiconductor 

based ferroelectric. J. Appl. Phys. 125, 114103 (2019). 

41 Su, J. et al. AlScN-based MEMS magnetoelectric sensor. Appl. Phys. Lett. 117, 132903 

(2020). 

42 Wang, H., Adamski, N., Mu, S. & Van de Walle, C. G. Piezoelectric effect and polarization 

switching in Al1−xScxN. J. Appl. Phys. 130, 104101 (2021). 

43 Liu, X. et al. Post-CMOS compatible aluminum scandium nitride/2D channel ferroelectric 

field-effect-transistor memory. Nano Lett. 21, 3753-3761 (2021). 

44 Manipatruni, S., Nikonov, D. E. & Young, I. A. Beyond CMOS computing with spin and 

polarization. Nat. Phys. 14, 338-343 (2018). 



 

69 

 

45 Khan, A. I., Keshavarzi, A. & Datta, S. The future of ferroelectric field-effect transistor 

technology. Nat. Electron. 3, 588-597 (2020). 

46 Park, M. H., Lee, Y. H., Mikolajick, T., Schroeder, U. & Hwang, C. S. Review and 

perspective on ferroelectric HfO2-based thin films for memory applications. MRS Commun. 

8, 795-808 (2018). 

47 Seo, M. et al. First demonstration of a logic-process compatible junctionless ferroelectric 

FinFET synapse for neuromorphic applications. IEEE Electron Device Lett. 39, 1445-1448 

(2018). 

48 Fang, Y. et al. Neuro-mimetic dynamics of a ferroelectric FET-based spiking neuron. IEEE 

Electron Device Lett. 40, 1213-1216 (2019). 

49 Tsymbal, E. Y. & Kohlstedt, H. Tunneling across a ferroelectric. Science 313, 181-183 

(2006). 

50 Chanthbouala, A. et al. Solid-state memories based on ferroelectric tunnel junctions. Nat. 

Nanotechnol. 7, 101-104 (2012). 

51 Fuller, E. J. et al. Parallel programming of an ionic floating-gate memory array for scalable 

neuromorphic computing. Science 364, 570-574 (2019). 

52 Oh, S., Hwang, H. & Yoo, I. Ferroelectric materials for neuromorphic computing. APL 

Mater. 7, 091109 (2019). 

53 Randall, J. J. & Ward, R. The preparation of some ternary oxides of the platinum metals1, 

2. JACS 81, 2629-2631 (1959). 

54 Mackenzie, A. et al. Observation of quantum oscillations in the electrical resistivity of 

SrRuO3. Phys. Rev. B 58, R13318-R13321 (1998). 

55 Koster, G. et al. Structure, physical properties, and applications of SrRuO3 thin films. Rev. 

Mod. Phys. 84, 253-298 (2012). 

56 Gan, Q., Rao, R., Eom, C., Wu, L. & Tsui, F. Lattice distortion and uniaxial magnetic 

anisotropy in single domain epitaxial (110) films of SrRuO3. J. Appl. Phys. 85, 5297-5299 

(1999). 

57 Emery, V. & Kivelson, S. Superconductivity in bad metals. Phys. Rev. Lett. 74, 3253-3256 

(1995). 

58 Allen, P. et al. Transport properties, thermodynamic properties, and electronic structure of 

SrRuO3. Phys. Rev. B 53, 4393-4398 (1996). 

59 Klein, L. et al. Anomalous spin scattering effects in the badly metallic itinerant 

ferromagnet SrRuO3. Phys. Rev. Lett. 77, 2774-2777 (1996). 

60 Choi, K. J. et al. Phase‐transition temperatures of strained single‐crystal SrRuO3 thin films. 

Adv. Mater. 22, 759-762 (2010). 

61 Vailionis, A., Siemons, W. & Koster, G. Room temperature epitaxial stabilization of a 

tetragonal phase in ARuO3 (A=Ca and Sr) thin films. Appl. Phys. Lett. 93, 051909 (2008). 

62 Choi, K. J. et al. Enhancement of ferroelectricity in strained BaTiO3 thin films. Science 

306, 1005-1009 (2004). 

63 Saremi, S. et al. Enhanced electrical resistivity and properties via ion bombardment of 

ferroelectric thin films. Adv. Mater. 28, 10750-10756 (2016). 

64 Damodaran, A. R., Breckenfeld, E., Chen, Z., Lee, S. & Martin, L. W. Enhancement of 

ferroelectric Curie temperature in BaTiO3 films via strain‐induced defect dipole alignment. 

Adv. Mater. 26, 6341-6347 (2014). 

65 Thurnaurer, H. & Deaderick, J. US Patent No. 2,429,588 (1947). 



 

70 

 

66 Von Hippel, A., Breckenridge, R., Chesley, F. & Tisza, L. High dielectric constant 

ceramics. Ind. Eng. Chem. 38, 1097-1109 (1946). 

67 Fu, D. & Itoh, M. Ferroelectric Materials - Synthesis and Characterization. Page 107 

(IntechOpen, 2015). 

68 Von Hippel, A. Ferroelectricity, domain structure, and phase transitions of barium titanate. 

Rev. Mod. Phys. 22, 221-237 (1950). 

69 Cochran, W. Crystal stability and the theory of ferroelectricity. Adv. Phys. 9, 387-423 

(1960). 

70 Merz, W. J. Domain formation and domain wall motions in ferroelectric BaTiO3 single 

crystals. Phys. Rev. 95, 690-698 (1954). 

71 Hu, W. J. et al. Universal ferroelectric switching dynamics of vinylidene fluoride-

trifluoroethylene copolymer films. Sci. Rep. 4, 4772 (2014). 

72 Jaffe, B., Cook, W. & Jaffe, H. Piezoelectric Ceramics. Page 78 (Academic Press, 1971). 

73 Martin, L. W. & Rappe, A. M. Thin-film ferroelectric materials and their applications. Nat. 

Rev. Mater. 2, 16087 (2017). 

74 Haertling, G. H. Ferroelectric ceramics: History and technology. J. Am. Ceram. Soc. 82, 

797-818 (1999). 

75 Nagatomo, T., Kosaka, T., Omori, S. & Omoto, O. Fabrication of BaTiO3 films by RF 

planar-magnetron sputtering. Ferroelectrics 37, 681-684 (1981). 

76 Abe, K., Komatsu, S., Yanase, N., Sano, K. & Kawakubo, T. Asymmetric ferroelectricity 

and anomalous current conduction in heteroepitaxial BaTiO3 thin films. Jpn. J. Appl. Phys. 

36, 5846-5853 (1997). 

77 Yanase, N., Abe, K., Fukushima, N. & Kawakubo, T. Thickness dependence of 

ferroelectricity in heteroepitaxial BaTiO3 thin film capacitors. Jpn. J. Appl. Phys. 38, 5305-

5308 (1999). 

78 Yasumoto, T., Yanase, N., Abe, K. & Kawakubo, T. Epitaxial growth of BaTiO3 thin films 

by high gas pressure sputtering. Jpn. J. Appl. Phys. 39, 5369-5373 (2000). 

79 Qiao, L. & Bi, X. Microstructure and ferroelectric properties of BaTiO3 films on LaNiO3 

buffer layers by rf sputtering. J. Cryst. Growth 310, 2780-2784 (2008). 

80 Qiao, L. & Bi, X. Origin of compressive strain and phase transition characteristics of thin 

BaTiO3 film grown on LaNiO3/Si substrate. Phys. Status Solidi A 207, 2511-2516 (2010). 

81 Zhang, W. et al. Space-charge dominated epitaxial BaTiO3 heterostructures. Acta Mater. 

85, 207-215 (2015). 

82 Wague, B., Baboux, N., Romeo, P. R., Robach, Y. & Vilquin, B. Comparison of epitaxial 

and textured ferroelectric BaTiO3 thin films. J. Mod. Phys. 11, 509-516 (2020). 

83 Dubourdieu, C. et al. Switching of ferroelectric polarization in epitaxial BaTiO3 films on 

silicon without a conducting bottom electrode. Nat. Nanotechnol. 8, 748-754 (2013). 

84 Mazet, L., Yang, S. M., Kalinin, S. V., Schamm-Chardon, S. & Dubourdieu, C. A review 

of molecular beam epitaxy of ferroelectric BaTiO3 films on Si, Ge and GaAs substrates 

and their applications. Sci. Technol. Adv. Mater. 16, 036005 (2015). 

85 Morgan, T. A. et al. Self-assembled stoichiometric barium titanate thin films grown by 

molecular beam epitaxy. J. Cryst. Growth 493, 15-19 (2018). 

86 Abel, S. et al. Large Pockels effect in micro-and nanostructured barium titanate integrated 

on silicon. Nat. Mater. 18, 42-47 (2019). 

87 Cheng, H.-F., Yeh, M.-H., Liu, K.-S. & Lin, I.-N. Characteristics of BaTiO3 films prepared 

by pulsed laser deposition. Jpn. J. Appl. Phys. 32, 5656-5660 (1993). 



 

71 

 

88 Nashimoto, K., Fork, D. K., Ponce, F. A. & Tramontana, J. C. Epitaxial BaTiO3/MgO 

structure grown on GaAs (100) by pulsed laser deposition. Jpn. J. Appl. Phys. 32, 4099-

4102 (1993). 

89 Watanabe, Y., Matsumoto, Y., Kunitomo, H., Tanamura, M. & Nishimoto, E. 

Crystallographic and electrical properties of epitaxial BaTiO3 film grown on conductive 

and insulating perovskite oxides. Jpn. J. Appl. Phys. 33, 5182-5186 (1994). 

90 Srikant, V., Tarsa, E., Clarke, D. & Speck, J. Crystallographic orientation of epitaxial 

BaTiO3 films: The role of thermal‐expansion mismatch with the substrate. J. Appl. Phys. 

77, 1517-1522 (1995). 

91 Lin, W. et al. Growth and ferroelectricity of epitaxial‐like BaTiO3 films on single‐crystal 

MgO, SrTiO3, and silicon substrates synthesized by pulsed laser deposition. J. Appl. Phys. 

77, 6466-6471 (1995). 

92 Kullmer, R. Dielectric and ferroelectric properties of pulsed-laser deposited BaTiO3 films. 

Appl. Phys. A 65, 273-279 (1997). 

93 Li, C., Chen, Z., Zhou, Y. & Cui, D. Effect of oxygen content on the dielectric and 

ferroelectric properties of laser-deposited BaTiO3 thin films. J. Phys. Condens. Matter 13, 

5261-5268 (2001). 

94 Drezner, Y. & Berger, S. Nanoferroelectric domains in ultrathin BaTiO3 films. J. Appl. 

Phys. 94, 6774-6778 (2003). 

95 Kim, D. et al. Polarization relaxation induced by a depolarization field in ultrathin 

ferroelectric BaTiO3 capacitors. Phys. Rev. Lett. 95, 237602 (2005). 

96 Jo, J., Kim, Y., Noh, T., Yoon, J.-G. & Song, T. Coercive fields in ultrathin BaTiO3 

capacitors. Appl. Phys. Lett. 89, 232909 (2006). 

97 Kan, D. & Shimakawa, Y. Controlled cation stoichiometry in pulsed laser deposition-

grown BaTiO3 epitaxial thin films with laser fluence. Appl. Phys. Lett. 99, 081907 (2011). 

98 Radaelli, G., Brivio, S., Fina, I. & Bertacco, R. Correlation between growth dynamics and 

dielectric properties of epitaxial BaTiO3 films. Appl. Phys. Lett. 100, 102904 (2012). 

99 Dix, N. et al. Large out-of-plane ferroelectric polarization in flat epitaxial BaTiO3 on 

CoFe2O4 heterostructures. Appl. Phys. Lett. 102, 172907 (2013). 

100 Scigaj, M. et al. Ultra-flat BaTiO3 epitaxial films on Si (001) with large out-of-plane 

polarization. Appl. Phys. Lett. 102, 112905 (2013). 

101 Park, D. et al. Studies of local structural distortions in strained ultrathin BaTiO3 films using 

scanning transmission electron microscopy. Microsc. Microanal. 20, 740-747 (2014). 

102 Liu, F. et al. Selecting steady and transient photocurrent response in BaTiO3 films. Adv. 

Electron. Mater. 1, 1500171 (2015). 

103 Li, M. et al. Controlling resistance switching polarities of epitaxial BaTiO3 films by 

mediation of ferroelectricity and oxygen vacancies. Adv. Electron. Mater. 1, 1500069 

(2015). 

104 Scigaj, M. et al. High ferroelectric polarization in c-oriented BaTiO3 epitaxial thin films 

on SrTiO3/Si (001). Appl. Phys. Lett. 109, 122903 (2016). 

105 Bhatia, B. et al. High power density pyroelectric energy conversion in nanometer-thick 

BaTiO3 films. Nanoscale Microscale Thermophys. Eng. 20, 137-146 (2016). 

106 Yamada, H., Toyosaki, Y. & Sawa, A. Coherent epitaxy of a ferroelectric heterostructure 

on a trilayered buffer for integration into silicon. Adv. Electron. Mater. 2, 1500334 (2016). 

107 Negulescu, B. et al. Nonlinear piezoelectric properties of epitaxial BaTiO3 thin film. 

Ferroelectrics 514, 9-18 (2017). 



 

72 

 

108 Dasgupta, A. et al. Nonstoichiometry, structure, and properties of Ba1−xTiOy thin films. J. 

Mater. Chem. C 6, 10751-10759 (2018). 

109 Lyu, J. et al. Control of polar orientation and lattice strain in epitaxial BaTiO3 films on 

silicon. ACS Appl. Mater. Interfaces 10, 25529-25535 (2018). 

110 Lyu, J., Fina, I., Solanas, R., Fontcuberta, J. & Sánchez, F. Tailoring lattice strain and 

ferroelectric polarization of epitaxial BaTiO3 thin films on Si (001). Sci. Rep. 8, 495 (2018). 

111 Kobayashi, S., Inoue, K., Kato, T., Ikuhara, Y. & Yamamoto, T. Multiphase nanodomains 

in a strained BaTiO3 film on a GdScO3 substrate. J. Appl. Phys. 123, 064102 (2018). 

112 Peng, W. et al. Constructing polymorphic nanodomains in BaTiO3 films via epitaxial 

symmetry engineering. Adv. Funct. Mater. 30, 1910569 (2020). 

113 Iijima, K., Terashima, T., Yamamoto, K., Hirata, K. & Bando, Y. Preparation of 

ferroelectric BaTiO3 thin films by activated reactive evaporation. Appl. Phys. Lett. 56, 527-

529 (1990). 

114 Terauchi, H. et al. Structural study of epitaxial BaTiO3 crystals. J. Phys. Soc. Jpn. 61, 2194-

2197 (1992). 

115 Yoneda, Y. et al. Ferroelectric phase transition in BaTiO3 films. J. Phys. Soc. Jpn. 62, 

1840-1843 (1993). 

116 Li, A. et al. Fabrication and electrical properties of sol-gel derived BaTiO3 films with 

metallic LaNiO3 electrode. Appl. Phys. Lett. 70, 1616-1618 (1997). 

117 Zhou, Z., Lin, Y., Tang, H. & Sodano, H. A. Hydrothermal growth of highly textured 

BaTiO3 films composed of nanowires. Nanotechnol. 24, 095602 (2013). 

118 Lee, E. et al. Preparation and properties of ferroelectric BaTiO3 thin films produced by the 

polymeric precursor method. J. Mater. Sci. Lett. 19, 1457-1459 (2000). 

119 Gao, R. Unraveling the Structure-Property Relationships in Perovskite Oxides. PhD thesis, 

University of California, Berkeley (2019). 

120 Griffitli, A. The phenomena of rupture and flow in solids. Philos. Trans. R. Soc. London 

Ser. A 221, 163-198 (1920). 

121 Damodaran, A. R. et al. New modalities of strain-control of ferroelectric thin films. J. Phys. 

Condens. Matter 28, 263001 (2016). 

122 Damodaran, A. R. et al. Three‐state ferroelastic switching and large electromechanical 

responses in PbTiO3 thin films. Adv. Mater. 29, 1702069 (2017). 

123 Xu, R. et al. Kinetic control of tunable multi-state switching in ferroelectric thin films. Nat. 

Commun. 10, 1282 (2019). 

124 Kum, H. et al. Epitaxial growth and layer-transfer techniques for heterogeneous integration 

of materials for electronic and photonic devices. Nat. Electron. 2, 439-450 (2019). 

125 Dent, A., Bowen, C., Stevens, R., Cain, M. & Stewart, M. Effective elastic properties for 

unpoled barium titanate. J. Eur. Ceram. Soc. 27, 3739-3743 (2007). 

126 Smith, D. L. & Hoffman, D. W. Thin-film deposition: Principles and practice. Phys. Today 

49, 60-62 (1996). 

127 Greer, J. A. History and current status of commercial pulsed laser deposition equipment. J. 

Phys. D: Appl. Phys. 47, 034005 (2013). 

128 Breckenfeld, E. et al. Effect of growth induced (non)stoichiometry on interfacial 

conductance in LaAlO3/SrTiO3. Phys. Rev. Lett. 110, 196804 (2013). 

129 Gao, R. et al. Ferroelectricity in Pb1+δZrO3 thin films. Chem. Mater. 29, 6544-6551 (2017). 

130 Wang, Y., Chen, W., Wang, B. & Zheng, Y. Ultrathin ferroelectric films: Growth, 

characterization, physics and applications. Mater. 7, 6377-6485 (2014). 



 

73 

 

131 Ameh, E. A review of basic crystallography and x-ray diffraction applications. Int. J. Adv. 

Manuf. Technol. 105, 3289-3302 (2019). 

132 Konya, T. X-ray thin-film measurement techniques. Rigaku J. 25, 1-8 (2009). 

133 Kobayashi, S. X-ray thin-film measurement techniques. Rigaku J. 26, 3-11 (2010). 

134 Patel, J. & Kato, N. X‐ray diffraction topographs of silicon crystals with superposed oxide 

film. II. Pendellösung fringes: comparison of experiment with theory. J. Appl. Phys. 44, 

971-977 (1973). 

135 Ponce, A., Mejía-Rosales, S. & José-Yacamán, M. Scanning Transmission Electron 

Microscopy Methods for the Analysis of Nanoparticles. Page 453-471 (Humana Press, 

Totowa, NJ, 2012). 

136 Muller, D. A. Structure and bonding at the atomic scale by scanning transmission electron 

microscopy. Nat. Mater. 8, 263-270 (2009). 

137 Jiang, Y. et al. Enabling ultra-low-voltage switching in BaTiO3. Nat. Mater. 21, 779-785 

(2022). 

138 Damjanovic, D. & Demartin, M. The Rayleigh law in piezoelectric ceramics. J. Phys. D: 

Appl. Phys. 29, 2057-2060 (1996). 

139 Parsonnet, E. et al. Toward intrinsic ferroelectric switching in multiferroic BiFeO3. Phys. 

Rev. Lett. 125, 067601 (2020). 

140 Li, J. et al. Ultrafast polarization switching in thin-film ferroelectrics. Appl. Phys. Lett. 84, 

1174-1176 (2004). 

141 Chiu, F.-C. A review on conduction mechanisms in dielectric films. Adv. Mater. Sci. Eng. 

2014, 578168 (2014). 

142 Pan, H. et al. Defect‐induced, ferroelectric‐like switching and adjustable dielectric 

tunability in antiferroelectrics. Adv. Mater. 35, 2300257 (2023). 

143 Lang, D. Deep‐level transient spectroscopy: A new method to characterize traps in 

semiconductors. J. Appl. Phys. 45, 3023-3032 (1974). 

144 Schroder, D. K. Semiconductor Material and Device Characterization. Page 271 (John 

Wiley & Sons, 2015). 

145 Whiting, P. G. et al. Peak shape analysis of deep level transient spectra: An alternative to 

the Arrhenius plot. J. Mater. Res. 34, 1654-1668 (2019). 

146 Wang, C. et al. Effects of oxygen pressure on lattice parameter, orientation, surface 

morphology and deposition rate of (Ba0.02Sr0.98)TiO3 thin films grown on MgO substrate 

by pulsed laser deposition. Thin Solid Films 485, 82-89 (2005). 

147 Tseng, T. F., Yeh, M. H., Liu, K. S. & Lin, I. N. Effects of ambient gas pressure on 

(1−x)SrTiO3‐xBaTiO3 films prepared by pulsed laser deposition. J. Appl. Phys. 80, 4984-

4989 (1996). 

148 Saremi, S. et al. Local control of defects and switching properties in ferroelectric thin films. 

Phys. Rev. Mater. 2, 084414 (2018). 

149 Zhang, J., Xu, R., Damodaran, A., Chen, Z.-H. & Martin, L. Understanding order in 

compositionally graded ferroelectrics: flexoelectricity, gradient, and depolarization field 

effects. Phys. Rev. B 89, 224101 (2014). 

150 Damodaran, A. R. et al. Large polarization gradients and temperature-stable responses in 

compositionally-graded ferroelectrics. Nat. Commun. 8, 14961 (2017). 

151 Kay, H. & Dunn, J. Thickness dependence of the nucleation field of triglycine sulphate. 

Philos. Mag. 7, 2027-2034 (1962). 



 

74 

 

152 Xu, R. et al. Reducing coercive-field scaling in ferroelectric thin films via orientation 

control. ACS Nano 12, 4736-4743 (2018). 

153 Junquera, J. & Ghosez, P. Critical thickness for ferroelectricity in perovskite ultrathin films. 

Nature 422, 506-509 (2003). 

154 Black, C. T. & Welser, J. J. Electric-field penetration into metals: Consequences for high-

dielectric-constant capacitors. IEEE Trans. Electron Devices 46, 776-780 (1999). 

155 Dawber, M., Chandra, P., Littlewood, P. & Scott, J. Depolarization corrections to the 

coercive field in thin-film ferroelectrics. J. Phys. Condens. Matter 15, L393-L398 (2003). 

156 Lee, J. et al. Optical investigation of the electronic structures of Y2Ru2O7, CaRuO3, SrRuO3, 

and Bi2Ru2O7. Phys. Rev. B 64, 245107 (2001). 

157 Lee, J. et al. Bond-length dependence of charge-transfer excitations and stretch phonon 

modes in perovskite ruthenates: Evidence of strong p-d hybridization effects. Phys. Rev. B 

70, 085103 (2004). 

158 Fong, D. D. et al. Ferroelectricity in ultrathin perovskite films. Science 304, 1650-1653 

(2004). 

159 Lee, S. R. et al. First observation of ferroelectricity in ~1 nm ultrathin semiconducting 

BaTiO3 films. Nano Lett. 19, 2243-2250 (2019). 

160 Pesquera, D. et al. Beyond substrates: Strain engineering of ferroelectric membranes. Adv. 

Mater. 32, 2003780 (2020). 

161 Kim, J. Y., Choi, M.-J. & Jang, H. W. Ferroelectric field effect transistors: Progress and 

perspective. APL Mater. 9, 021102 (2021). 

162 Lee, B. H., Oh, J., Tseng, H. H., Jammy, R. & Huff, H. Gate stack technology for nanoscale 

devices. Mater. Today 9, 32-40 (2006). 

163 Kittel, C. Introduction to Solid State Physics. Page 403-407 (John Wiley & Sons, Inc, 2005). 

164 Ishibashi, Y. & Takagi, Y. Note on ferroelectric domain switching. J. Phys. Soc. Jpn. 31, 

506-510 (1971). 

165 Jo, J. et al. Domain switching kinetics in disordered ferroelectric thin films. Phys. Rev. Lett. 

99, 267602 (2007). 

166 Saremi, S. et al. Electronic transport and ferroelectric switching in ion-bombarded, defect-

engineered BiFeO3 thin films. Adv. Mater. Interfaces 5, 1700991 (2018). 

167 Lapano, J. et al. Scaling growth rates for perovskite oxide virtual substrates on silicon. Nat. 

Commun. 10, 2464 (2019). 

168 Zhang, L. et al. Continuously tuning epitaxial strains by thermal mismatch. ACS Nano 12, 

1306-1312 (2018). 

169 Karthik, J., Damodaran, A. R. & Martin, L. W. Epitaxial ferroelectric heterostructures 

fabricated by selective area epitaxy of SrRuO3 using an MgO mask. Adv. Mater. 24, 1610-

1615 (2012). 

170 Cullis, A., Chew, N. & Hutchison, J. Formation and elimination of surface ion milling 

defects in cadmium telluride, zinc sulphide and zinc selenide. Ultramicroscopy 17, 203-

211 (1985). 

171 Wang, C. et al. Understanding ion-milling damage in Hg1−xCdxTe epilayers. J. Vac. Sci. 

Technol., A 24, 995-1000 (2006). 

172 Elangovan, H. et al. Giant superelastic piezoelectricity in flexible ferroelectric BaTiO3 

membranes. ACS Nano 14, 5053-5060 (2020). 

173 Wilson, M. et al. Effects of defects on magnetoresistivity in La0.7Sr0.3MnO3. J. Appl. Phys. 

81, 4971-4973 (1997). 



 

75 

 

174 Weber, D., Vőfély, R., Chen, Y., Mourzina, Y. & Poppe, U. Variable resistor made by 

repeated steps of epitaxial deposition and lithographic structuring of oxide layers by using 

wet chemical etchants. Thin Solid Films 533, 43-47 (2013). 

175 Kim, J.-H., Grishin, A. M. & Ignatova, V. A. Wet Etching Study of 

La0.67(Sr0.5Ca0.5)0.33MnO3 Films on Silicon Substrates. J. Electron. Mater. 37, 361-367 

(2008). 

176 Pandya, S. et al. Pyroelectric energy conversion with large energy and power density in 

relaxor ferroelectric thin films. Nat. Mater. 17, 432-438 (2018). 

177 Pandya, S. et al. Direct measurement of pyroelectric and electrocaloric effects in thin films. 

Phys. Rev. Appl. 7, 034025 (2017). 

178 Huang, X. et al. Manipulating chiral-spin transport with ferroelectric polarization. arXiv 

preprint: 2306.02185 (2023). 

179 Kim, J. et al. Coupled polarization and nanodomain evolution underpins large 

electromechanical responses in relaxors. Nat. Phys. 18, 1502-1509 (2022). 

180 Kim, Y. et al. Ferroelectric properties of SrRuO3/BaTiO3/SrRuO3 ultrathin film capacitors 

free from passive layers. Appl. Phys. Lett. 88, 072909 (2006). 

181 Havelund, R., Seah, M., Tiddia, M. & Gilmore, I. SIMS of organic materials - interface 

location in argon gas cluster depth profiles using negative secondary ions. J. Am. Soc. Mass 

Spectrom. 29, 774-785 (2018). 

182 Chu, D. & Dowsett, M. Dopant spatial distributions: Sample-independent response 

function and maximum-entropy reconstruction. Phys. Rev. B 56, 15167-15170 (1997). 

183 Benninghoven, A., Colton, R. J., Simons, D. S. & Werner, H. W. Secondary Ion Mass 

Spectrometry SIMS V. Page 306-309 (Springer, Berlin, Heidelberg, 1986). 

184 Wittmaack, K. Assessment of the extent of atomic mixing from sputtering experiments. J. 

Appl. Phys. 53, 4817-4820 (1982). 

185 Xu, R. et al. Ferroelectric polarization reversal via successive ferroelastic transitions. Nat. 

Mater. 14, 79-86 (2015). 

186 Shin, B. & Aziz, M. J. Kinetic-energy induced smoothening and delay of epitaxial 

breakdown in pulsed-laser deposition. Phys. Rev. B 76, 085431 (2007). 

187 Otte, K., Lippold, G., Hirsch, D., Schindler, A. & Bigl, F. XPS and raman investigations 

of nitrogen ion etching for depth profiling of CuInSe2 and CuGaSe2. Thin Solid Films 361, 

498-503 (2000). 

188 Jia, C., Faley, M., Poppe, U. & Urban, K. Effect of chemical and ion‐beam etching on the 

atomic structure of interfaces in YBa2Cu3O7/PrBa2Cu3O7 Josephson junctions. Appl. Phys. 

Lett. 67, 3635-3637 (1995). 

189 Yang, J., Polcawich, R., Sanchez, L. & Trolier-McKinstry, S. Effect of feature size on 

dielectric nonlinearity of patterned PbZr0.52Ti0.48O3 films. J. Appl. Phys. 117, 014103 

(2015). 

190 Soyer, C., Cattan, E., Remiens, D. & Guilloux-Viry, M. Ion beam etching of lead-

zirconate-titanate thin films: Correlation between etching parameters and electrical 

properties evolution. J. Appl. Phys. 92, 1048-1055 (2002). 

191 Pan, W., Thio, C. & Desu, S. Reactive ion etching damage to the electrical properties of 

ferroelectric thin films. J. Mater. Res. 13, 362-367 (1998). 

192 Lee, E. G., Wouters, D. J., Willems, G. & Maes, H. E. Voltage shift and deformation in the 

hysteresis loop of Pb(Zr, Ti)O3 thin film by defects. Appl. Phys. Lett. 69, 1223-1225 (1996). 



 

76 

 

193 Menk, G., Desu, S., Pan, W. & Vijay, D. Dry etching issues in the integration of 

ferroelectric thin film capacitors. MRS Online Proc. Lib. 433, 189-200 (1996). 

194 Pan, W., Desu, S. B., Yoo, I. K. & Vijay, D. P. Reactive ion etching of PbZr1−xTixO3 and 

RuO2 films by environmentally safe gases. J. Mater. Res. 9, 2976-2980 (1994). 

195 Soyer, C., Cattan, E. & Remiens, D. Electrical damage induced by reactive ion-beam 

etching of lead-zirconate-titanate thin films. J. Appl. Phys. 97, 114110 (2005). 

196 Pike, G. et al. Voltage offsets in (Pb, La)(Zr, Ti)O3 thin films. Appl. Phys. Lett. 66, 484-

486 (1995). 

197 Warren, W. et al. Defect‐dipole alignment and tetragonal strain in ferroelectrics. J. Appl. 

Phys. 79, 9250-9257 (1996). 

198 Wemple, S., Didomenico Jr, M. & Camlibel, I. Dielectric and optical properties of melt-

grown BaTiO3. J. Phys. Chem. Solids 29, 1797-1803 (1968). 

199 Chan, N. H. & Smyth, D. M. Defect chemistry of donor‐doped BaTiO3. J. Am. Ceram. Soc. 

67, 285-288 (1984). 

200 Wu, T. B. & Lin, J. N. Transition of compensating defect mode in niobium‐doped barium 

titanate. J. Am. Ceram. Soc. 77, 759-764 (1994). 

201 Koschek, G. & Kubalek, E. Micron‐scaled spectral‐resolved cathodoluminescence of 

grains in bariumtitanate ceramics. Phys. Status Solidi A 79, 131-139 (1983). 

202 Angle, R. & Talley, H. Electrical and charge storage characteristics of the tantalum oxide-

silicon dioxide device. IEEE Trans. Electron Devices 25, 1277-1283 (1978). 

203 Erhart, P. & Albe, K. Thermodynamics of mono-and di-vacancies in barium titanate. J. 

Appl. Phys. 102, 084111 (2007). 

204 Lewis, G. & Catlow, C. Computer modelling of barium titanate. Radiat. Eff. 73, 307-314 

(1983). 

205 Lewis, G. & Catlow, C. Defect studies of doped and undoped barium titanate using 

computer simulation techniques. J. Phys. Chem. Solids 47, 89-97 (1986). 

206 Eror, N. & Balachandran, U. Point defect complexes and their association energies in 

acceptor-doped oxides. Solid State Commun. 44, 1117-1119 (1982). 

207 Leslie, M. & Gillan, N. The energy and elastic dipole tensor of defects in ionic crystals 

calculated by the supercell method. J. Phys. C: Solid State Phys. 18, 973-982 (1985). 

208 Kingon, A. I. & Clark, J. B. Sintering of PZT ceramics: I, atmosphere control. J. Am. Ceram. 

Soc. 66, 253-256 (1983). 

209 Tu, Y. & Milne, S. A study of the effects of process variables on the properties of PZT 

films produced by a single-layer sol-gel technique. J. Mater. Sci. 30, 2507-2516 (1995). 

210 Palenskis, V. Drift mobility, diffusion coefficient of randomly moving charge carriers in 

metals and other materials with degenerated electron gas. World J. Condens. Matter Phys. 

3, 28333 (2013). 

211 Wang, H. et al. Growth and characterization of SrMoO3 thin films. J. Cryst. Growth 226, 

261-266 (2001). 

212 Oka, D., Hirose, Y., Nakao, S., Fukumura, T. & Hasegawa, T. Intrinsic high electrical 

conductivity of stoichiometric SrNbO3 epitaxial thin films. Phys. Rev. B 92, 205102 (2015). 

213 Lu, H. et al. Enhancement of ferroelectric polarization stability by interface engineering. 

Adv. Mater. 24, 1209-1216 (2012). 

214 Stengel, M., Vanderbilt, D. & Spaldin, N. A. Enhancement of ferroelectricity at metal-

oxide interfaces. Nat. Mater. 8, 392-397 (2009). 



 

77 

 

215 Shin, Y.-H., Grinberg, I., Chen, I.-W. & Rappe, A. M. Nucleation and growth mechanism 

of ferroelectric domain-wall motion. Nature 449, 881-884 (2007). 

 


