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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 BaTiOs has shown a
small switching field of ~ 1 kV cm™ and small switching energy of ~ 0.1 J cm™, making it an
excellent candidate for next generation non-volatile ferroelectric applications. However, when
BaTiOs is incorporated into actual nanoscale devices, the ferroelectric properties get significantly
worse. BaTiOs 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 Oz growth pressure in pulsed laser
deposition process, we can synthesize SrRuOs/BaTiOs/SrRuOs heterostructures with BaTiO3
ferroelectric properties comparable to bulk crystal. Thickness scaling is performed to explore the
smallest coercive voltage, with BaTiOs films with thicknesses ranging from 25-50 nm exhibiting
best combinations of switching voltage (< 100 mV), switching energy (< 2 J cm™2) and remanent
polarization (> 10 pC cm?). 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 pm? Integration of
SrRuOs/BaTiOs/SrRuOs 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
BaTiOs 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 (Vg, — V5, Vg, ) 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 BaTiOs films, for the
ferroelectric material to function well for various application purposes.
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cell. b, Resistivity of SrRuOs as a function of temperature. Adapted from ref. *°.

Figure 2.2 | Phase transition in BaTiOs single crystals. From low temperature to high
temperature, BaTiOs single crystal will go through rhombohedral, orthorhombic, tetragonal and
cubic phase symmetry. Dielectric anomaly occurs at each phase transition temperature. Adapted
from ref. 7,

Figure 2.3 | Ferroelectric properties of BaTiOs. Polarization - electric field loop for a, (001)-
oriented BaTiOs single crystal plate, and b, high quality BaTiOs ceramic. From ref. 7.

Figure 2.4 | Electrical performance of different ferroelectric materials. a, Remanent
polarization versus coercive field for different ferroelectric materials. b, Endurance cycle number
versus Eeo/Ec (breakdown field/coercive field) for different materials. Adapted from ref. %,

Figure 2.5 | Enhancement of ferroelectricity in BaTiOs thin films by compressive strain. a,
Thermodynamic analysis of the Curie temperature in BaTiOs films under biaxial in-plane strain.
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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.



1.1 Trends in traditional MOSFET scaling

The invention of transistors was one of the most important technical developments of the 20%
century and a tremendous revolution for mankind®. The fast working speed, low power
consumption and high reliability of the transistors have made them fundamental components for
integrated circuit?, which can be mass manufactured and are being used in almost every electronic
equipment nowadays®. 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 months*. 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 generations®, and have become the driving force
behind the development of modern computing (Fig. 1.1).
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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. °.

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)
bring®. 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
obtained’. 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 chips®.



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 mm? on the
chips has increased significantly (blue curve, Fig. 1.2a), leading to a deviation from the Dennard
scaling law around 2003°. 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 higher. 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.
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Figure 1.2 | Breakdown of Dennard scaling. a, Power density per mm? 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. %10,

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, Vi, the drain
current, Ip, increases exponentially with the gate voltage®. 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 = avg

= m Equatlon 1.1

which has the unit of mV/decade of current. The subthreshold slope, SS, can also be expressed as'!
SS = (In(10)) ";in Equation 1.2

where ks 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™? Equation 1.3
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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 larger>.
Because this limiting factor, SS, originates from the Boltzmann distribution of electrons inside
semiconductor bands, it is also called the Boltzmann tyranny*Z.

As the size of the transistor decreases, the leakage current can also increase significantly, leading
to an extra loss of power?. 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)®, gate leakage
(i.e., the quantum tunneling of charge carriers across the gate oxide, which is reported to increase
~30 times between every technology node'?), 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 circuits’.

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 devices®?,
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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.
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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 information>%°,
As a result, different categories of beyond-CMOS devices have been proposed and fabricated, such
as spintronics®*8, orbitronics!*1%20 straintronics?!, ferroelectric devices!*?2. 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 tyranny?. 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, etc'3. Since 2010, a few benchmarking
studies have been made to assess the performance of different categories of beyond-CMOS
switching systems'®1® (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 symmetry?*. 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 19212°,
Later in 1935, ferroelectricity was discovered in an inorganic salt, KH2PO4?°. However, these
materials are too water sensitive to be of practical use. In the 1940s, ferroelectricity was reported
in perovskite oxide BaTiOs%’. Because perovskite material is more chemically stable, it opened the
door for additional studies on ferroelectric materials including explorations to use them in
devices?®, illuminating new ways for electronic design concepts such as ferroelectric random
access memories (FERAMs), ferroelectric field effect transistors (FeFETs) and ferroelectric
tunneling junctions (FTJs)?°3L. The discovery of ferroelectricity in another perovskite material,
PbZr«Ti1xOs, was made in the 1950s%2. Compared to BaTiOs, PbZrxTi1-«O3 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-xOs3 films which has to
some extent limited the development of PbZr«xTi1xO3-based ferroelectric devices®. Later in 1990s,
a layered perovskite, Sr2Bi2Ta209 was introduced. Because of the more complexed structure of
Sr2Bi2Taz20g, 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-
x03%3. Around the same time, people discovered that by using oxide electrodes such as SrRuOs3,
IrO2 and RuOz2, the space charge problems near the ferroelectric/electrode interface can also be
mitigated and the fatigue performance can be largely improved for ferroelectric perovskites®*-%,
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 oxygen?®) still posed a great challenge to the complete commercialization of ferroelectric
based devices. The discovery of ferroelectricity in silicon-doped HfO2 was reported in 2011%¢. By
this time, HfO2 has already been used as a gate oxide material in MOSFET?*** and has been
successfully incorporated into the CMOS technology?®3 due to its great compatibility?®=°. Most
recently, ferroelectricity was also reported in wurtzite-structured AlixScxN*°. While Al1-xScxN has
long been used in MEMS technology for its large piezoelectricity since 2010s*, the ferroelectricity
was not observed until in 2019 because of its high coercive field (i.e., larger than the dielectric
breakdown field)*%#2, Ferroelectric AlixScxN 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 processes?®#. A timeline for the evolution of ferroelectric materials and
relevant ferroelectric devices was shown in Fig. 1.4.
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Figure 1.4 | Timeline of the evolution in ferroelectric materials and ferroelectric memory
devices. Adapted from ref. 26,

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 BiFeOs. 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 devices*.



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 dipole®.
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-memory?*, FeRAMs can be used in a wide range of niche applications,
including energy meters, wearable medical devices and microcontroller code storages®.

FeFETSs 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 circuits®#®,
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 architectures*. 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 efficiency!4748,

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 gap*. 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 obtained®. The
FTJ usually operates on small tunneling current density and can be used in massive parallel
operations and synapse fabrications for neuromorphic computing systems>*2,

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.



Chapter 2 begins with a brief introduction about the materials that are studied in this thesis, namely,
the oxide electrode, strontium ruthenate (SrRuOs), and the ferroelectric oxide, barium titanate
(BaTiOs). Then the historical challenges in synthesizing idealized BaTiOs 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 SrRuO3s/BaTiOs/SrRuQOs 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 BaTiOs capacitors. Finally,
integration of SrRuOs3/BaTiOs/SrRuOs heterostructures onto Si substrate is demonstrated and
fatigue and retention experiments are performed to assess the performance of Si-based BaTiOs
capacitors.

Chapter 5 explores the effect of fabrication processes on the SrRuOs/BaTiOs/SrRuQOs
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 BaTiOs 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.



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 (SrRuQOz) and
the classic ferroelectric oxide barium titanate (BaTiOs). Challenges are also discussed regarding
producing BaTiOs thin films with comparable properties with BaTiOs 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.



2.1 Material model systems
2.1.1 SrRuO3

Strontium ruthenate (SrRuQs), is a common complex oxide perovskite first known for its itinerant
ferromagnetism below its Curie temperature of ~160 K>3, Later, the transport properties in SrRuOs
have also drawn researchers’ attention®*. Because of the relatively good conductivity in SrRuOs
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
SrRuOs in epitaxial film stacks. The relatively good chemical stability of SrRuOs also offers
benefits to the synthesis and characterization of the relevant heterostructures®.

At room temperature, the SrRuQOgs structure (i,e., in the bulk) has orthorhombic symmetry with
lattice parameters a = 5.5670 A, b = 5.5304 A, and ¢ = 7.8446 A (Fig. 2.1a). A pseudocubic form
of the SrRuOs 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 A)%.
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Figure 2.1 | Properties of SrRuOa. a, Crystal structures of SrRuOs lattice. Thin black lines
represent the orthorhombic lattice cell, and the thick black lines represent the pseudocubic unit
cell. b, Resistivity of SrRuOs as a function of temperature. Adapted from ref. %,

As an electrode material, and like many other metals, the resistivity of SrRuOz increases with
temperature (Fig. 2.1b). At high temperatures (T > 500 K), the resistivity of SrRuOs increases
beyond the loffe-Regel limit and the material behaves like a “bad metal”®"*8, At low temperatures
(T < 15 K), SrRuOs behaves like a Fermi-liquid, where conventional metallic behavior can be
observed®®. The drop in resistivity at T = 160 K corresponds to the ferromagnetic transition®>.

SrRuOs can be readily grown via a variety of deposition techniques on substrates with a wide range
of lattice parameters (e.g., SrTiOs, DyScOs, GdScO3)®. Growing on different substrates will
induce different strain states in the SrRuOs thin films>. For example, if the SrRuOs is grown on
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SrTiOs (001) substrates (i.e., a = 3.905 A, & = -0.59%), then it will be in the compressive strain
state. If the SrRuQs is grown on DyScOs (110) substrates (i.e., apc = 3.940 A, &5 = +0.41%) and
GdScOs (110) substrates (i.e., ape = 3.964 A, & = +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 SrRuOs films®. SrRuOs films grown epitaxially on SrTiOs (001) adopt
orthorhombic crystal structure and have low resistivity. On the contrary, SrRuQOs films epitaxially
grown on DyScOs (110) and GdScOs (110) adopted a more symmetric “tetragonal” crystal
structure and have higher resistivity®®%!, 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 material®®.
Albeit with the slight reduction in conductivity resulted from the tensile strain when grown on
DyScOs (110) and GdScOs (110) substrates, SrRuQs 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 substrates®?4,

2.1.2 BaTiO3

BaTiOs is another member in the perovskite family. It was first synthesized during a study focused
on doping BaO into TiO2 in 1941, In the beginning, BaTiO3z was used as a ceramic material for
its high dielectric constant at room temperature (Fig. 2.2). Later in 1945, ferroelectricity was
demonstrated in BaTiOs, making it the first reported metal oxide to show ferroelectric behavior®®.
The ferroelectricity in BaTiOs results from the displacement of the center titanium cation from its
balancing position (i.e., the body center of the cubic perovskite unit cell). BaTiOs 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)®’. Starting from low temperature, the
polarization direction of the BaTiOs 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 BaTiOs 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 BaTiOs will vanish and a totally
symmetric, cubic crystal structure will form (i.e., Ps = 0). This phase of the BaTiOs 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 transformation®8°,

At room temperature, the BaTiOs single crystal has tetragonal phase (a = 3.992 A, ¢ = 4.036 A),
and the direction of the polarization is along the c axis. When an electric field is applied to the
BaTiOs 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
event’®t, The polarization versus electric-field loop (P-E loop) are measured for BaTiOs single
crystals and BaTiOz ceramics’? (Fig. 2.3). In bulk, single-crystal BaTiOs, the remanent
polarization is ~25 uC cm, and the ferroelectric switching process is accomplished with a small
applied field (i.e., coercive field ~1 kV cm™). The work of switching (i.e., the switching energy),
which is the area enclosed by the P-E loop, is ~0.1 J cm™ for a BaTiOs single crystal.
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Figure 2.2 | Phase transition in BaTiOs single crystals. From low temperature to high
temperature, BaTiOs single crystal will go through rhombohedral, orthorhombic, tetragonal and
cubic phase symmetry. Dielectric anomaly occurs at each phase transition temperature.
Adapted from ref. ¢,

a B wC/em2 b B uC/em?
— 25 - 25
y
/20 420

15

Ho

1 /
—t—t —+— —— +—+—t
5 10 15 oOf5 10 15
L E,kV/cm

1 E,kV/cm

Crystal Ceramic

Figure 2.3 | Ferroelectric properties of BaTiOs. Polarization - electric field loop for a, (001)-
oriented BaTiOs single crystal plate, and b, high quality BaTiOs ceramic. From ref. ’2,

BaTiOs ceramics exhibits slightly larger coercive field ~3 kV cm™, and a lower remanent
polarization ~15 uC cm™. This is attributed to the fact that the grain boundaries in the BaTiOs3
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
energies”®.
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Figure 2.4 | Electrical performance of different ferroelectric materials. a, Remanent
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Compared with other common ferroelectric materials, such as PbZrxTi1-xOs, Sr2Bi2Ta209, HfOz,
Al1xScxN, polyvinylidene fluoride, etc, ferroelectric BaTiOs 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 BaTiOs is excellent among all ferroelectric materials (Fig. 2.4b).
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Figure 2.5 | Enhancement of ferroelectricity in BaTiOs thin films by compressive strain.
a, Thermodynamic analysis of the Curie temperature in BaTiOs films under biaxial in-plane
strain. b, Lattice constant as a function of temperature for BaTiOs 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. 2,
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Last but not least, BaTiOs does not contain toxic elements such as lead, and is therefore
environmentally friendly. As a result, BaTiOs has drawn much attention to be used for beyond-
CMOS ferroelectric switching devices.

Like the SrRuQOz discussed in the previous section, strain can also affect the ferroelectric properties
of BaTiOs films. Previous studies have shown that compressive strain can be used to increase the
Curie temperature of BaTiOs (Fig. 2.5a), as well as enhance the tetragonality and ferroelectric
polarization of the material®?%4, The BaTiOs lattice will be compressed if grown on DyScOs (110)
and GdScOsz (110) substrates, with a compressive strain of -1.7% and -0.99%, respectively®. 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 BaTiOs films grown epitaxially grown on GdScOs (110) and DyScOs (110) are
~400 °C and ~680 °C, respectively (Fig. 2.5b).

2.1.3 Challenges in BaTiO3 thin-film synthesis

BaTiOs has the smallest coercive field among common ferroelectric materials and the strain
induced in BaTiOs 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
BaTiOs thin films since the 1970s™, and more recently, various methods have been used to
synthesize BaTiOs thin films, including radio frequency magnetron sputtering”®2, molecular
beam epitaxy®28388 pulsed-laser deposition®?6487112 activated reactive evaporation''311° sol-gel
methods!®®, hydrothermal reaction'!’, polymeric precursor methods!!®, etc. The ferroelectric
properties of these resulting BaTiOs 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/field®6478.8384,100109.112.116 "greatly increased work of switching (i.e., the
energy required to cycle through the ferroelectric hysteresis loop), and greatly diminished (or
nearly zero) remanent polarization8l-94105113.117.118 " 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 BaTiOz 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 (Al203) requires a hydrostatic stress value as high as 4.7 GPa''®, 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 strain®?°.
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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 BaTiOs films strained on SrTiOs (001) substrates!?t. With the strain induced in the materials,
researchers can easily alter the crystal and domain structures®'?? and achieve novel physical
properties that cannot be realized in the bulk form?%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, &ip) is defined as

_ Qsub—Aafilm :

Eip = e Equation 2.1
where asub and asiim 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., asu» = afiim),
then the epitaxial structure is called homoepitaxy (Fig. 2.6a). If the film differs from the substrate
in composition or lattice parameter (i.e., asio # arfim), then the epitaxial structure is called

heteroepitaxy*?* (Fig. 2.6b).

a Homoepitaxy b Pseudomorphic (heteroepitaxy)

y—| Epitaxial film |

Figure 2.6 | lllustration of epitaxial relations between substrates and films. a, Homoepitaxy,
and b, Heteroepitaxy. Adapted from ref. 124,

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

1 2v .
€oop = ¢ (Uoop —VOip — VUip) =——7Oip Equation 2.2
_1 _1-v .
€ip = E(Uip —VOjp — VUoop) =% Oip Equation 2.3

where v is the Poisson’s ratio, E is the Young's modulus, &;, is the aforementioned in-plane strain
and &,,,, is the out-of-plane strain which is defined as

Crilm—Cbulk

€oop = Equation 2.4

Cbhulk

where crim and Couik represent the out-of-plane lattice parameter of the thin film and its bulk
counterpart, respectively. oip is the in-plane stress assuming the in-plane anisotropy can be
neglected, and ooop is the out-of-plane stress (i.e., under the condition of an epitaxial film, goop =
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0). With the above equations, the out-of-plane lattice parameter of the film, crim, can be expressed
as

2v asub_afilm>

1-v afiim

Critm = Cbuik ( - Equation 2.5
It can be seen from Eq. 2.5, that if the film is under compressive strain (i.e., asu» < asiim), then its
out-of-plane lattice parameter will get expanded (i.e., Cfim > Cbuk), as compared to its bulk
counterpart. Otherwise, if the film is under tensile strain (i.e., asub > asiim), then its out-of-plane
lattice parameter will get compressed (i.e., Ciim < Cbulk). For example, if BaTiOs thin films are
grown epitaxially on GdScOs (110) substrates, we can calculate

Critm = 4.067 A Equation 2.6
where v = 0.35'%, agup = 3.964 A, asim = 3.992 4, cou = 4.036 A.

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 substrates!?*. 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 1 = 248 nm;
each pulse usually only lasts 10-20 ns'?%) 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 requirements?” or to synthesize alternating superlattice
structure where the thickness of each layer needs to be precisely controlled!?. 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 substrate®* (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)
vacancies%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 equation'®

a; = a, +acos(6) Equation 2.7
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Figure 2.7 | Schematics of pulsed laser deposition (PLD) system. From ref. 124,

where a, a1, and o 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 @ represents the wetting angle.

If
a,>a, +a 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, 9, is greater than zero, then

a<a,+a 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 VVolmer-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 SrRuOs and BaTiOs thin films are listed in Table 2.1.

The substrate is first heated to 690 °C at a rate of 20 °C min, then the bottom SrRuOs layer was
deposited using the condition provided in Table 2.1. Afterwards, the stack is cooled at a rate of
10 °C min* to 600 °C where the BaTiOs layer is deposited. Then the stack is heated back to 690 °C
at a rate of 15 °C min, where the top SrRuOs 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™,
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C d

Figure 2.8 | Hlustration 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. ¢, Volmer-Weber (island) growth mode. d, Stranski-Krastanov (mixed) growth

mode. Adapted from ref. 13,

Materials SrRuOs3 BaTiOs
Target type Ceramic Ceramic
Target composition Sr1.00RU1.0003.00 Ba1.00Ti1.0003.00
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 cm? 0.0922 cm?
Laser fluence 1.34Jcm? 1.52Jcm
Laser frequency 15 Hz 2 Hz
Target-substrate distance 55cm 55cm

Table 2.1 | Growth conditions for SrRuOz and BaTiOs 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, SrRuQOs, and BaTiOs, as
well as the epitaxial synthesis mechanisms in PLD process. The advantages of BaTiOs 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 BaTiOs thin films
has long been a challenge to researchers, and to some extent has slowed down the applications of
BaTiOs in next-generation devices. In this chapter, the growth parameters for high quality
SrRuO3/BaTiOs/SrRuOs 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/BaTiOs/SrRuO3/GdScOs3(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 BaTiOs 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 BaTiOs films.

20



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, 14 and 4B, respectively, in the Ewald
sphere®! (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 6, and therefore, the angle between two

wavevectors is 26. If the difference vector, T4 — AB, between the two beams is equal to one of the

reciprocal lattice vectors, dj,;, 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 spectrum?32133,

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), § = w, where w 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 8 # w. By
scanning a wide range of 6-20 values, one can obtain a spectrum in one-dimension, which is
usually referred to 6-26 line scan. 6-26 line scan is the most straightforward scan type in X-ray
diffraction. The relation between the angle ¢ and the distances between the characterized planes,
d, is described by the Bragg’s law:

2d sin(0) = na Equation 3.1

where 4 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 « axis and 26 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,

gy = 7 {cos(w) — cos(20 — w)} Equation 3.2
and

q,. = %{sin(a)) —sin(20 — w)} 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).

Diffracted beam b
a Scattering vector
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Figure 3.1 | Hlustration of X-ray diffraction on thin film analysis. a, Relation between
incident beam, scattered beam and crystal reciprocal lattice vector. b, Symmetric measurement
setup. ¢, Asymmetric measurement setup. Reciprocal relation between the substrate and d,
strained film and e, relaxed film. Adapted from ref. 31133,

Another type of measurement using X-ray diffraction is the rocking-curve scan (i.e., the w scan).
In this measurement, the 26 axis is fixed at the Bragg’s condition, while the @ axis was scanned in
the vicinity of the Bragg angle, 6. 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 layer'*. 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 6-26 line scans and RSM scans on SrRuOs/BaTiOs/SrRuOs/GdScOs (110)
heterostructures were performed using a Panalytical X’Pert> MRD 4-circle diffractometer with Cu
Ka X-ray with a wavelength of 1.54 A.
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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
SrRuOs/BaTiOs/SrRuOs/GdScOs (110) heterostructures. While with the development of
transmission electron microscopy, the resolution of such techniques have reached atomic level in
recent years**>1% 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 SrRuOs/25
nm BaTiO3/30 nm SrRuOs/GdScOs (110) heterostructure with BaTiOs layer grown at 60 mTorr
02 pressure®® (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 lon
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 | 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 SrRuOs electrodes and the BaTiOzs 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 SrRuOs3/25 nm BaTiO3/30 nm
SrRuO3/GdScOs (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 fields®. In the process of measurement, a DC bias is
applied to the STRuO3/BaTiO3s/SrRuOs 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, etc'®) is added on
top of the DC signal to measure the capacitive response (i.e., the capacitance, C) from the capacitor.
The dielectric constant, er, is then extracted from the capacitance via the relationship,

P
LA

Equation 3.4

where d is the thickness of the BaTiOs 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 BaTiOs 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.

A

& Time

Voltage

Y

Figure 3.3 | Ferroelectric measurement of the heterostructure. Double-bipolar DC signal
applied to measure the polarization switching in ferroelectric materials.

24



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

_ |EE-Ec|
2

E; Equation 3.5

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

ES+EC .
Elmprint = Cz < 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

_ |P&|+IPg]|

Py 5

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, Ve, and same width, tr. The delay time
between pulses is denoted as to. 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, Ps.

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

P = % Equation 3.8
Similarly, the remanent polarization of the negative pulses, Pr is calculated using
py =25 Equation 3.9

2

where P4 presents the switching and non-switching polarization from the fourth pulse, and Ps
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, Ve, and width, te. In the n'" measurement cycle, while the
delay time between the second and the third pulse is fixed at to, the delay time between the first
pulse and the second pulse, ton, 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, Ps, 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 tox was set to equal to (i.e., to1 = to). The initial
remanent polarization value is calculated using

pivitial — % Equation 3.10
where P2 and P3 are measured from the first retention cycle. In the nth retention cycle, a different
delay time, ton, are applied, and the remanent polarization value is calculated using

P. = P, — p, — pjnitial Equation 3.11

where P2 and Pz are measured from the nth cycle, and PrR™"! is calculated from Eq. 3.10. In this
work, Ve issetto be 1V, tpis setto be 0.15 ms, and tp1 and to are both set to be 1 ms.

to1 to tho o b3 t > Time

Voltage

' tp tp tp

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 growth’.
To measure the switching transient of the heterostructure, a sequence train of three pulses is applied
to the SrRuOs/BaTiOs/SrRuOs 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 oscilloscope'®. 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

AP = f0+°°(P2 —P;)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 researches™®®, tsw is defined as the time needed to reach
90% of the saturation polarization, Ps,

tew = t(90% Ps) Equation 3.13

while in other studies'®, 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.

tow = t(90% Ps) — t(10% Ps) Equation 3.14
A
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Figure 3.6 | Switching time measurement of the heterostructure. Pulse train used to measure
the switching time of the heterostructure.

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 us. Both switching pulse and non-switching pulse
have a width of 0.5 us. The definition of 90% Ps - 10% Ps is used to extract characteristic switching
times in BaTiOs capacitors.
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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 BaTiOs 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.

A Pre-pulse

& Time

Voltage
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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.

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 films41:142,
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
materials!*3. 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 properties'®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
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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 value*3. 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 changes'** (Fig. 3.8). At a certain temperature,
Twm, C(t1)-C(t2) will reach a maximum value for the given time window (i.e., t1 to t2), corresponding
to a maximum emission rate!%®143 which is related to the characteristic thermal emission properties
of the trap state and can be used to extract the trap activation energy*®.
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Figure 3.8 | Basic principles of deep-level transient spectroscopy. Capacitance transient
as a function of temperature.

Different ways can be used to set up time windows, such as (1) fixing t: while varying tz, (2) fixing
t2 while varying t1 and (3) varying t1 and t2 while keeping ti/t2 fixed®3143, In this work we chose to
keep ti/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
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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., ti/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 6-
26 line scan and reciprocal space mapping, from which one can extract both in-plane and out-of-
plane lattice parameters for SrRuOs/BaTiOs/SrRuOs/GdScOs (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 SrRuOs/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
BaTiOs 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 BaTiOs heterostructures.
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Chapter 4
Effect of Growth Parameters on BaTiOs3 properties

This chapter focuses on the effect of growth parameters, especially the growth pressure on the
SrRuO3/BaTiOs/SrRuOs heterostructures. First, a discussion is made on how the growth pressure
affects the structural properties of the BaTiOs layer. Then the effect of growth pressure on the
ferroelectric properties of BaTiOs layer is discussed. By carefully adjusting the growth pressure,
one can achieve single-crystal-like epitaxial BaTiOs 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 BaTiOs
layer. Finally, trials to integrate BaTiOs material onto silicon-based substrates are made, showing
the potential for BaTiOs to be used in actual ferroelectric devices.
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4.1 Growth pressure control of BaTiOsz heterostructures

As has been discussed in Chapter 2, great challenges have been encountered when synthesizing
BaTiOs thin films with idealized structural and ferroelectric properties. Since BaTiOs single
crystals have low coercive field (~1 kV cm™) and low switching energies (~0.1 J cm), while
maintaining relatively large remanent polarization (~26 uC cm) it makes this material an ideal
candidate for next generation beyond-CMOS applications such as ferroelectric memories, logics,
and logic-in-memories®. However, when BaTiOs 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 uc Cm-2)81,94,105,113,117,118’
making it unsuitable for use in actual devices. Therefore, investigations are made into BaTiOs 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 concentration®*®*. The defect level inside the material can
impact the physical properties of the synthesized films, including the lattice parameter, the imprint
and the leakage current®®84198 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 BaTiOs/30 nm SrRuOs/GdScOs
(110) heterostructures is investigated. While the top and bottom SrRuOs layers are grown using
the same growth conditions, the growth pressure for the BaTiOs 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 BaTiOs 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.,
PbTiOs%, BaxSr1xTiO3M¢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 plasma®®146147 "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 film®1%, In our case, the BaTiOs 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 BaTiOs thin films under various Oz pressures.
Increasing the Oz growth pressure from 20 mTorr to 60 mTorr does not change the strain state of
the BaTiOs layer, with all BaTiOs layers epitaxially strained on the GdScOs (110) substrate (Fig.
4.1b).

The level of lattice expansion is quantitively expressed using the equation

CL % x 100% Equation 4.1

where | represents the actual out-of-plane lattice parameter of the BaTiOs layer and can be
extracted using Bragg’s law (Eq. 3.1). lo represents the theoretically predicted out-of-plane lattice
parameter of the BaTiOs materials calculated using biaxial stress-strain relations (Eq. 2.5).
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Figure 4.1 | Effect of growth pressure on the structural properties of the heterostructures.
a, 6-20 line scans of 30 nm SrRuOs/100 nm BaTiO3/30 nm SrRuOs/GdScOs (110)
heterostructures grown under different Oz 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 BaTiOs films on GdScOs (110) substrates. b, Reciprocal
space mapping of 30 nm SrRuOs3/100 nm BaTiOs/30 nm SrRuOs/GdScOs (110)
heterostructures grown under different Oz pressure. The red dots represent the peak positions
for both bulk and strained version of BaTiOs. ¢, Comparison of out-of-plane lattice expansion
in BaTiOs thin films between the work in this thesis and previously reported ones. d, Rocking
curves about the 002- and 220-diffraction conditions of the BaTiOs films grown under different
O2 pressure and the GdScOs (110) substrate, respectively.

A comparison is made between the out-of-plane lattice expansions in the BaTiOs 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 BaTiOs out-of-plane lattice expansion data from previously reported studies,
including BaTiOs films synthesized using various physical and chemical deposition methods. The
out-of-plane lattice expansion in other BaTiOs thin films is significantly larger than the values in
current study, in which carefully growth control is implemented in synthesizing BaTiOs 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 #-26 line scan, with the peak showing
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at lower and higher angle representing the strained and the relaxed BaTiOs layers, respectively
(Fig. 4.1a). The strain relaxation is further confirmed with RSMs, with the BaTiOs peak
broadening and expanding towards the bulk position (Fig. 4.1b). Rocking curve studies are
performed around the 002-peak of the BaTiOs 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 BaTiOs layer in the heterostructure. The FWHM of the 70
mTorr BaTiOs, however, shows a somewhat larger FWHM value indicating a slight reduction in
the crystallinity because of the partial relaxation, which is consistent with the 6-26 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 BaTiOs layer. Careful
control of the growth conditions must be implemented to achieve BaTiOs 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 BaTiOs 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 BaTiOs heterostructure (Fig. 4.2a).
This, may also be related to the defect level inside the BaTiOs 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 motion®48 and as a result, they hinder the ferroelectric switching and
increase the electric field needed for polarization reversal**®. In our case, the BaTiOz films grown
at pressure of 20 mTorr, 40 mTorr and 60 mTorr have coercive filed of 49 kV cm™, 30 kV cm™?
and 16 kV cm?, respectively. A large imprint (> 1 V) is observed for BaTiOs films grown at 20
mTorr (Fig. 4.2a). While some studies suggest that the strain gradient in BaTiOs films can lead to
a horizontal imprint in the PE loops!*®*0, however, this is not the case in our work since all the
BaTiOs films grown between 20 mTorr and 60 mTorr are epitaxially strained on the GdScOs (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., SrRuOs/BaTiOs/SrRuOs/GdScOs (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 loops®*1%, Therefore, it is suggested
that the imprint observed in the BaTiOs 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 BaTiOs heterostructure any further. BaTiOzs 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™. The
remanent polarization value also decreases from 26 pC cm? to 19 uC cm, probably because of
the decrease of the crystallinity in the BaTiOs films. A comparison is made between the
ferroelectric properties (i.e., coercive field, remanent polarization) in the BaTiOs films grown in
this thesis and those grown in previous studies via different types of synthesis methods (Fig. 4.2b).
An ideal BaTiOs film would be located in the middle to upper, left-hand region of this diagram
and the worst-case scenario would be a BaTiOs 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

34



and reasonable remnant polarization reported to date. A reference standard is the single-crystal
version of BaTiOs (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 BaTiOs films synthesized in this study, however, can show
commensurate polarization (> 10 uC cm2) while achieving this with a coercive voltage that is an
order of magnitude or more lower (50-100 mV).
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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/GdScOs (110) heterostructures grown under different Oz 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 BaTiOs thin films between the current work and those in
previously reported literature. Half-filled symbols represent the ferroelectric properties of 100-
nm-thick BaTiOs layers grown under different growth pressures shown in a.

To summarize, by carefully controlling the growth condition in PLD process, the growth pressure
of 60 mTorr offers BaTiOs 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 BaTiOs 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 BaTiOs heterostructures. The easiest way to
reduce the coercive voltage of the BaTiOs thin film is to reduce the thickness of the film. Therefore,
thickness scaling is performed on the SrRuO3/BaTiOs/SrRuOs/GdScOs (110) heterostructures.

4.2.1 Coercive fields and voltages

BaTiOs films are synthesized within heterostructures of 30 nm SrRuOs/x nm BaTiOs/30 nm
SrRuOs/GdScOs (110) with x ranging from 12.5 nm to 225 nm. X-ray #-26 line scans are
performed on the heterostructures (Fig. 4.3a,b). For all thicknesses, the BaTiO3 peaks are located
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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 BaTiOs heterostructures.
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Figure 4.3 | 6-20 line scans of 30 nm SrRuOs/x nm BaTiO3/30 nm SrRuO3/GdScOs (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 BaTiOs, and the dotted lines show the
theoretical peak positions for the fully strained BaTiOs films on GdScOs (110) substrates.

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 BaTiOs thickness (Fig. 4.4b). The evolution
of coercive field as a function of thickness reveals two different regimes. For BaTiOz 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) law®!

2
E;oxd 3 Equation 4.2

1
Ve =Ecd « ds Equation 4.3
where d is the thickness of the BaTiOs film, Ec is the coercive field, and Vc is the coercive voltage.

However, in BaTiOzs 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
systems151152 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 process® leading to a power index larger than 2/3 (e.g., Ec « d?, 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 dependence®®?. 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
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thickness dependence in the coercive field (i.e., Ec = constant, Vc o« d). However, this is not the

case for the BaTiOs films shown in this study as the thickness of the BaTiOs 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 electrodes®®153:154,
and therefore, lead to a measured coercive field that is smaller than the actual coercive field inside
the ferroelectric films®,
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Figure 4.4 | Ferroelectric properties of 30 nm SrRuOsz/x nm BaTiO3/30 nm
SrRuO3/GdScOs (110) heterostructures. a, Polarization-electric field loop as a function of
BaTiOs thickness. b, Extracted coercive field (squares, left y axis) and coercive voltage (circles,
right y axis) as a function of BaTiOs 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.

4.2.2 Depolarization field

Depolarization field can cause a reduction in the measured coercive field smaller than the actual
value in SrRuOs/BaTiOs/SrRuOs heterostructures. One can correct for the depolarization field
value inside the ferroelectric materials and obtain the actual value of the coercive field!>. Using
the continuous condition for the electric displacement at the ferroelectric/electrode interface, we
have

Ds =D, 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, ¢, and
spontaneous polarization, Ps, we have

gEr — Ps = &.E, 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 applied®%. The electric field,
Ee, in the metal close to the interface cannot be fully screened out and therefore has a non-zero
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value®. In addition, the dielectric constant, ee, in the metal will consist of two different parts®.
One part is the contribution from free Drude carriers which can be described using a series of
Lorentz oscillators®®® (as in the case of a theoretically-perfect metal), while the other part is the
contribution from bound charges such as bound electrons and phonons®®’, 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 e in Eq 4.5.

The voltage drop, V, across the heterostructure, can be expressed as
Efd + 2E, A=V Equation 4.6

where A represents the characteristic Fermi-screening length in the SrRuOs electrodes. Combining
Eqg. 4.5 and Eq. 4.6, we can write the actual electric field inside the BaTiOs film as

B V+2P5(é)
b = )

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.

Equation 4.7

A=0 Equation 4.8
and Eq. 4.7 will simply reduce to

Ef = g 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 BaTiOs 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 uC cm2. A screening
length 4 of 0.5 A is used for SrRuOs top and bottom electrode, which is similar in magnitude to
other common metal electrodes™*. The dielectric constant of the SrRuOs electrode is set as ee =
10¢0 («0 is the dielectric permittivity of the vacuum), which is the dielectric contributions from
bound charges in the SrRuOs crystal structures®®%*. The dielectric constant of the BaTiOs film, e,
however, can vary from a few hundreds to a few thousands depending on the applied electric
field®*>*%" (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™
in 200 nm film, > 75 kV cm™ in 50 nm film, > 150 kV cm™ in 25 nm film and > 250 kV cm ™ in
12.5 nm film), the dielectric constant of the film was estimated to be a relatively small value®
(i.e., &r = 360¢0).

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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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 BaTiOs
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 BaTiOs films with various thickness.

nm*>3, while other experimental studies further confirmed the existence of polarization in films of
just a few unit cell thick™>®%°, 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
depolarizing®. However, the depolarization field from the incomplete charge compensation at the
ferroelectric/electrode interface can be so large that previous simulation studies'®® have suggested
that even for BaTiOs films epitaxially grown on SrTiOs (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 SrRuOs/BaTiOs/SrRuOs/GdScOs (110) heterostructures with various BaTiOs thickness (Fig.
4.5b). The Tc Curie temperature for heterostructure with 100-nm-thick BaTiOs layer is 390 °C,
which closely matches the value reported in previous studies®419816% \When the thickness of the
BaTiOs layer reduces, the Tc Curie temperature also decreases. For the thinnest BaTiOs layer
thickness of 12.5 nm, the Tc Curie temperature reduces to 150 °C, which is very close to the Tc of
bulk BaTiOs single crystal (~ 127 °C)%*®° indicating the huge impact of the depolarization field
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in thin BaTiOs film, almost eliminating the Tc enhancement introduced by the -0.99% compressive
strain from the underlying GdScOs (110) substrate.
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Figure 4.6 | Dielectric constant-voltage measurements. Dielectric constant as a function of
applied electric field measured on a, 100-nm-, b, 50-nm-, ¢, 25-nm-, and d, 12.5-nm-thick
BaTiOs thin films.

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 BaTiOs 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 uC
cm2 (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 operations®®! or
FeRAMSs where robust polarizations are needed for binary information storages®*.

In addition, the switching energy is also calculated for BaTiOs capacitors, and a comparison is
made between the BaTiOs films in this study and other ferroelectric thin films in previously
reported studies (Fig. 4.7a). The switching energies of the BaTiOs films grown under 60 mTorr
are < 2 J cm, corresponding to < 2 aJ per bit in a 10x10x10 nm? device. In comparison, the
BaTiOs films in other studies, as well as PbZrxTi1xO3 thin films, have shown much larger
switching energies, as well as bigger coercive voltages. This, in turn, has further indicated the
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advantages of the BaTiOs 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.
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Figure 4.7 | BaTiOs thin films for device applications. a, Switching energies of the
SrRuO3/BaTiOs/SrRuQOs capacitors. A comparison is made of the switching energies between
the BaTiOs films in the current work and BaTiOs films in previous reported studies, as well as
those from PbZrxTi1-xOs thin films. b, Evolution of gate oxide thickness in MOSFET scaling.
Adapted from ref. 162,

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)'®2. 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 BaTiOs films. The magnitude of the depolarization field depends
on the Fermi-screening length and therefore, on the free electron densities inside the electrode
materials'®3. 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 BaTiOs films using oxide metals with higher electron densities to
maintain a robust remanent polarization in BaTiOs films < 25 nm thick. A detailed discussion is
provided in Chapter 6.

4.3 Lateral scaling in BaTiOs3 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 field™
(Fig.4.8a) and the lateral size of the ferroelectric capacitor®>® (Fig. 4.8b). The effect of applied
electric field on the switching time can be expressed using Merz’s law

a

tew X €E Equation 4.11

where tsw is the characteristic switching time of the ferroelectric capacitor, « 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
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opposite  polarization®®®.  Switching-transient measurements were performed on our
SrRuO3/BaTiOs/SrRuOs/GdScOs (110) heterostructures using the method discussed in Chapter 3,
where an switching of time ~ 2 ns can be achieved in 25-nm-thick BaTiOs films when increasing
the applied electric field to ~ 2000 kV cm™ (Fig. 4.8c), which is a switching time slightly faster
than other ferroelectric materials with similar thickness (~2.4 ns for 20-nm-thick BiFeOs and
~2.7ns for 20-nm-thick Bio.ssLao.1sFeOs). However, at low applied electric field region, a much
faster switching time is observed in BaTiOs capacitors than in BiFeOs and BiossLao.1sFeOs
capacitors, indicating the advantage of BaTiOs over other ferroelectric materials.
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Figure 4.8 | Switching speed properties of the ferroelectric heterostructures. a, Switching
time as function of electric field for 20-nm-thick BiFeOs films. b, Lateral scaling of switching
time for 20-nm-thick BiFeOs films. ¢, Switching time as a function of electric field for common
ferroelectric materials, including 25-nm-thick BaTiOs, 20-nm-thick BiFeOs, and 20-nm-thick
Bio.ssLao.1sFeOs films. Dashed curves are fits to Merz’s law of ferroelectric switching. d,
Lateral scaling of switching time for 25-nm-thick BaTiOs 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. *°.
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 process'*°. Therefore,
for the purpose of reaching < 1 ns for ultrafast applications®, 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/BaTiOs/SrRuOs heterostructure (Fig. 4.8d). Shown together is the switching
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speed data on lateral scaling for other common ferroelectric materials. While the BaTiOs 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 BaTiOs capacitor is reduced to 10 um?, which
corresponds to a diameter of 3.5 um (orange star, Fig. 4.8d). This has indicated the potential for
BaTiOs 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) model*®* (i.e., the switching process is completed through domain
nucleation and the following unrestricted growth until they coalesce with other domains),
nucleation limited switching model*® (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
systems®%166 In KAI model, the switched polarization follows®®

t\" .
AP « [1 — exp (— (;) )] Equation 4.12
where to 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).
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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 BaTiOs films on a 5 um capacitor) and fitting using KAl model (green dashed curve). b,
Characteristic switching time as a function of capacitor area measured on 25-, 50-, and 100-
nm-thick BaTiOs 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.

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
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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 longer.
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 process!®. As a result, the
heterostructures with different BaTiOs 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 BaTiOs 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 circuits'*° as well as intrinsic limits in the switching of ferroelectric materials!*
and requires further study, which is discussed in Chapter 6.

4.4 Integration onto silicon-based substrates

If BaTiOs 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 platform?*. Previous studies have shown BaTiOs
films grown on silicon platform that show “good” quality in TEM images®® but demonstrated
poor ferroelectric properties. Some of them have large coercive fields®384+190.109 \while other have
almost zero remanent polarizations®, which puts the real utilization of BaTiOs films into question.
Here, we explored the possibility of integrating BaTiOs films onto the 20-nm-thick SrTiOs
buffered silicon substrate, which is readily available and manufacturable by the industry-scale
molecular beam epitaxy®®’. Because of the large difference in thermal expansion coefficients
between the perovskite BaTiOs and the underlying silicon substrate, as well as the large lattice
mismatch between the BaTiOs and the SrTiOs buffer layer'®%8 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 BaTiOs films and the 6-26 line scan
shows a mixture of strained BaTiOs phase, relaxed bulk-like c-oriented BaTiOs phase and the
relaxed bulk-like a-oriented BaTiOs phase (Fig. 4.10a,b). The existence of multiple phases inside
the BaTiOs films is an indication that such BaTiOs films contain high defect concentration, which
manifest themselves as an imprint in the PE loop®1%148 (Fig. 4.10c). The coercive field for the
heterostructure grown on silicon-based substrates (~16.5 kV cm™), however, is very similar to that
grown on GdScOs (110) substrates (~16.0 kV cm™), and is only slightly larger than that of the
freestanding heterostructure transferred onto silicon (~13.0 kV cm™).

While the large compressive strain introduced into the BaTiOs layer by the SrTiOs can increase
the coercive field®?1%, 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 field'*®, the
formation of the relaxed bulk-like BaTiOs phase, which intrinsically has a low coercive field®? of
~1 kV cm™, 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™. To assess
the performance of the heterostructure as an actual device on Si platform, fatigue and retention
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measurement is performed on the 30nm SrRuO3/100nm BaTiOs/30nm SrRuOs/20nm SrTiOs/Si
(001) heterostructure (Fig. 4.10d,e).
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Figure 4.10 | Structural and ferroelectric characterizations of the heterostructures grown
on SrTiO3z buffered Si substrate. a, Long range 6-26 line scans of 30 nm SrRuOs/100 nm
BaTiO3/30 nm SrRuOs3/20 nm SrTiOs/Si (001) heterostructure. b, Short-range scan for the
heterostructure measured in a. ¢, 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.

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 Ve =1V, tp = 0.15 ms, to = 1 ms in fatigue setupand Ve =1V, to =
1 ms and a varying ton 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 BaTiOs films to be applied to actual ferroelectric
devices.

45



4.5 Conclusion

By carefully adjusting the growth parameters in the synthesis of SrRuOs/BaTiOs/SrRuOs
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 BaTiOs
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 BaTiOs films with thicknesses
ranging from 25-50 nm being best candidate for ferroelectric applications. Depolarization field
starts to manifest in relatively thick BaTiOs films and has the effect of helping to reduce the
coercive voltage and the switching energy. Lateral scaling on the SrRuOs/BaTiOs/SrRuQOs
capacitors is performed to explore the smallest switching speed, with a projection area of 10 um?
for nanosecond switching speed. Finally, integration of BaTiOs 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 BaTiOs over other common ferroelectric
materials in terms of ferroelectric applications and the great potential of BaTiOs 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 STRuO3/BaTiOs/SrRuQOs 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, | discuss two different types of in situ growth followed by etch processes, namely, wet
etching of the top contact using NalO4 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
SrRuOs/BaTiOs/SrRuOs 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
BaTiOs 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 SrRuOs/BaTiOs/SrRuOs 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 ways?*. While different fabrication processes can be implemented, these processes can
introduce defects at different locations within the capacitor structures, including the electrode/film
interface®®®, as well as the body of the ferroelectric films itself!’%17t, 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/BaTiOs/SrRuQOs capacitor structures is
to utilize an ex situ grown MgO hard mask (Fig. 5.1). This process was developed in 2012, 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 um in lateral size and can be used to define top contact in nanoscale
ferroelectric devices'®®. In this process, instead of growing the tri-layer SrRuO3/BaTiOs/SrRuO3
heterostructure in situ, the first step is to grow only the 30-nm-thick bottom SrRuQgs layer and the
ferroelectric BaTiOs 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 SrRuOs 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 BaTiOs surface. Then the
heterostructure is returned to the PLD chamber and a 30-nm-thick top SrRuOs layer is deposited
using the condition provided in Table 5.1, which is the same growth condition used to deposit the
bottom SrRuOs layer. After the growth, the heterostructure is dipped into a 15% phosphoric acid
(i.e., H3POa) solution to selectively remove the remaining MgO hard mask and the unwanted top
SrRu03,

Spin coat Expose inverse pattern of

Ferroelectric/Piezoelectric/ Develop PR, leave behind

Multiferroic Thin Film photoresist device structurs inverse of device
Bottom
electrode LN ,—‘\ “)T/
Wy~ ( e——

Epitaxial high-T = Deposit MgO
top electrode ‘ - o ? Hard-mask
Layer at RT
= S -- -
\ | ,
Remove MgO layer Deposit epitaxial high- PR lift-off, leaves
with H;PO, etch T oxide top contact hard-mask in place

Figure 5.1 | Process flow for ex situ MgO hard mask in SrRuO3/BaTiOs/SrRuOs capacitor
fabrication. From ref. 169,

48



Materials MgO Top SrRuOs
Target type Ceramic Ceramic
Target composition MgO SrRuOs
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 cm? 0.0744 cm?
Laser fluence 2.89 Jcm™? 1.34 Jcm
Laser frequency 15 Hz 15 Hz
Target-substrate distance 55cm 55cm

Table 5.1 | Growth conditions for MgO hard mask and top SrRuOs electrode in PLD.

Following the growth processes, the ferroelectric properties are measured for the 30 nm
SrRuOs/100 nm BaTiOs3/30 nm SrRuOs/GdScOs (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
BaTiOs 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 BaTiOs surface is not exposed to the environment, which will be discussed in the
next section.
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Figure 5.2 | Ferroelectric properties of 30 nm SrRuO3/100 nm BaTiO3/30 nm
SrRu03/GdScOs (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 SrRuO3s/BaTiOs
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/BaTiOs/SrRuOs 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 Lao.s7Sro.33MnOsz and SrRuOs are widely used as electrodes material
in ferroelectric capacitors for their good conductivity and high compatibility with the perovskite
ferroelectric material lattice®+1%8152172 - Additionally, their resistance to moisture and alkaline
aqueous solutions to which they can be exposed during photolithography makes them good
candidates for ferroelectric capacitor fabrication”®. After photolithography, selective chemical
etching methods can be used to remove the top electrode materials to define circular capacitor
structures!™ (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 Laos7Sro33MnOs, for example, the Mn**, as in insoluble MnOz2, needs to be reduced to
Mn?*, which is soluble in water. Different reducing agents can be used to achieve this purpose,
such as HCI solution with KI"2, and NHs-buffered HF solutions!™. In this dissertation, both the
bottom and top electrodes are SrRuQOs, and to etch SrRuQs, instead of using reducing agents, the
Ru*, as in insoluble RuOz2, needs to be oxidized to Ru®*, as in RuO4, which is volatile and can
easily be dissolved by water molecules®’,
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top SrRuO;,
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PR removal

Figure 5.3 | Process flow in SrRuO3/BaTiOs/SrRuOs capacitor structure fabrication using
wet chemical etching.
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The oxidizing agent used in this study is a 0.1 mol L NalOa solution and the most common
reaction during the etching process is*’*:

STRu05(s) + 2H;0% (aq) + 210, (aq) - Sr?*(aq) + Ru0,(aq) + 3H,0(1) + 2105 (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 SrRuOs layer is etched away. This results in a wet etch rate for SrRuO3
thin films of ~1 nm s in our study. An over-etching of 5 s was performed. After the wet etching,
the ferroelectric properties are measured for 30 nm SrRuOs/100 nm BaTiOs/30 nm
SrRuO3/GdScOs (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 BaTiOs layer and top/bottom SrRuOs electrodes in the process.
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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
BaTiOs3/30 nm SrRuOs/GdScOs (110) heterostructures fabricated by wet etching top SrRuOs,
ion milling to BaTiOs and ion milling to bottom SrRuOs. b, Room temperature leakage current-
voltage/electric field measurements for the corresponding heterostructures.

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 devices!’®1’’ Hall bars!’®, as well as wire bonded
structures used for in operando X-ray diffraction'’® and, looking forward, realistic devices in
commercial electronics. In the fabrication of these devices, not only the top electrode, but also the
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ferroelectric films need to be etched?*. 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 devices'’.

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 structures®®. In this study, after the photolithography, the
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Figure 5.5 | Process flow in SrRuO3/BaTiOs/SrRuOs capacitor structure fabrication using
dry-ion milling. Two different milling depth, namely, ion milling to BaTiOs layer and ion
milling to bottom SrRuOs are shown.

SrRuO3/BaTiOs/SrRuOs 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 SrRuOs/GdScOs (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 SrRuOs/BaTiOs interface at around t = 135 s and, in turn, reaches the
BaTiOs/bottom SrRuOs interface at t = 605 s (Fig. 5.6). It should be noted that anomalous peaks
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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
BaTi03/30 nm SrRuO3/GdScOs (110) heterostructure. A polar milling angle of 45° is used, and
the sample stage spins at a constant speed of 15 rounds per minute.

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 signals*8'82, These anomalous features
have been widely observed!®1183184 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 SrRuOs layer
into the BaTiOs layer and t = 645 s for the heterostructures that are milled entirely through the
BaTiOs layer into the bottom SrRuOs layer. Atomic force microscopy scanning on capacitors
reveals an over-milling depth of ~8 nm into the BaTiOs layer and ~10 nm into the bottom SrRuQOs
layer, respectively.

Ferroelectric properties of the ion-milled SrRuOs/BaTiOs/SrRuOs 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), the
ion-milled capacitors show a slightly increased imprint in the polarization-electric field hysteresis
loop measurements, where upon milling to the BaTiOs layer and milling to bottom electrode the
loops are shifted by ~0.03 V (3 kV cm™) and ~0.22 V (22 kV cm™), 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 SrRuOs 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?; 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
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thicknesses exhibit very wide polarization-electric field hysteresis loop widths (|[E} — EZ |; e.g., >
140 kV cm™ in BaTiO3%41%, > 200 kV cm™ in PbZro2Tios03*%28 > 300 kV cm™ in BiFeO3%,
etc.). In these cases, an imprint of ~22 kV cm™ would not cause significant impact on the
polarization-electric field hysteresis loop symmetry (and remnant polarization values). In our case,
however, since the BaTiOs films grown at the optimal growth pressure of 60 mTorr shows a very
small coercive field (~23 kV cm™ at 10 kHz), even an imprint of 22 kV cm™ 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) 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)*® and both can introduce knock-on defects (i.e., point defects, defect dipoles, etc.)
into the heterostructures!’*8":188 previous studies have suggested the degradation of electric
properties in ferroelectric capacitors caused by the Ar*-ion-milling process, including increased
coercive field!8%1% increased imprint!®*1% and suppressed remanent polarization®3%, Imprint >
0.8 V was reported in PbZrixTixO3 capacitors fabricated using Ar*-ion milling'®®1:1%% and is
thought to be caused by charged defects (and defect dipoles) and charge-carrier traps introduced
by Ar* bombardment!®+1%, The imprint was also observed to increase with the milling depth®®,
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., Vi, — V5", V45, etc.)®*1% 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 loops®#1%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 emission®*'. The simplest mechanism is Ohmic conduction where the leakage current
density, J, is directly proportional to the applied electric field, E,

] =oE Equation 5.2

where o 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 as**

] = %EZ Equation 5.3

where u is the charge carrier mobility, «o is the electrical permittivity of the vacuum, &r is the optical
relative dielectric constant of the material and d is the film thickness.
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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 SrRuQs, e, ion milling to BaTiOs
and f, ion milling to bottom SrRuO:s.

In the above two cases, since J is a power function of E, In(J) should be a linear function of In(E),
and for Ohmic conduction, the slope between In(J) and In(E) should be 1, while for space-charge-
limited conduction, the slope between In(J) and In(E) should be 2. Therefore, In(J) is plotted as a
function of In(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 by

q3E

2 —q¢p+ aTEQE .
] = AT?exp (————) Equation 5.4
kgT

where A is the effective Richardson constant, T is the absolute temperature, g is charge of an
electron, @&s is the Schottky barrier height at the interface, and ks is the Boltzmann constant. From
Eq. 5.4, it can be seen that In(J) should be a linear function of E¥2 and the optical relative dielectric
constant, er, can be extracted. Linear functions are indeed obtained by plotting the data (Fig. 5.7b),
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however, the extracted er 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 BaTiOs (i.e., &r = 5.9)1081%,
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 mechanism*! as governed by the equation,

q3E

_q¢T+ TTEQE -
] = quN Eexp (————) Equation 5.5

T'kBT

where Nc is the effective energy of states of the energy band, &t 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 Eqg. 5.5, it can be seen that In(J/E) should be a
linear function of EY2. The data is plotted (Fig. 5.7c) and scaling factors are extracted from the
slopes (i.e., the er 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 BaTiOs 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. In(J) is subsequently plotted as a function of 1000/T and
the trap energy, @r, 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 BaTiOs films. This is logical since
the BaTiOs films are all identical and only have been processed into device structures differently.
Since BaTiOs is commonly reported to be p-typel®®1% 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 BaTiOs. Previous studies have reported different types of defects that
can exist in BaTiOs films, including Vg, — V;°, Vg,, and Vg, which are thought to be located at
~0.4 eV, ~0.6 eV, and ~1.2 eV above the valence-band edge, respectively®200:201 while others
such as V,; and V,;° are thought to be located ~0.1 eV and ~1.3 eV below the conduction-band edge,
respectively??2%1 etc. Therefore, the ~0.38 eV trap state observed in this study is proposed to be
of the type Vg, —V;°, which can likely give rise to an internal bias (i.e., imprint) in the
polarization-electric field hysteresis loops®+1%,

5.2.4 Deep-level transient spectroscopy

To further differentiate and understand how the processing impacts our films | 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 SrRuQs, 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, NalOa, is high selectively and it does
not attack and cause damage in the BaTiOs layer (a point which is supported by the DLTS). As a
result, only a minimal level of defects exists in the BaTiOs film (i.e., the as-grown defects which
are relatively low in concentration). For the heterostructures that are ion milled to the BaTiOs layer
(only through the top SrRuOs), two weak trap-state peaks can be observed in the DLTS, suggesting
a slight increase in the defect concentration in the BaTiOs films. For this heterostructure, because
of the over-milling at the top SrRuO3/BaTiOs interface to ensure the top SrRuOs layer is fully
removed, some of the BaTiOs film is also bombarded by the Ar* ions, leading to a slight
introduction of defects in the BaTiOs layer. For the heterostructures that are ion milled to the
bottom SrRuOs (entirely through the BaTiOs) two relatively strong trap-state peaks are observed

a 0.5 T T T T T b 0.5 T T T T T
5-10 ms Wet etch top SRO 5-10 ms lon mill to BTO
04} 10-20 ms 4 04} 10-20 ms ]
20-40 ms 20-40 ms
O 0.3f O 0.3}
2 2
S &
5 0.2F s o2}
_C o
(@] (@]
01} L 0.1}
0.0
100 150 200 250 300 350 400 100 150 200 250 300 350 400
Temperature (K) Temperature (K)
Cos : : d
5-10 ms
04k 1020 ms |10} 1.20 eV
20-40 ms Q
SR ¥ 0.38 eV
G 03} 1.20 eV <
2 T 8}
o =
o 0.38 eV e
o Ng
0.1 = 6f
=
5 5
0.0
1 1 1 1 1 4 1 1 1 1
100 150 200 250 300 350 400 2 3 4 5 6 7

Temperature (K) 1000/Ty, (K'1)

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 SrRuQOs, b, ion milling
to BaTiOs, and c, ion milling to bottom SrRuOs. d, Fittings to extract the trap state energies
inside the heterostructure fabricated by ion milling to bottom SrRuOs.
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in the DLTS, suggesting a relatively high concentration of defects in the BaTiOs layer, probably
because of the milling in the BaTiOs film in order for the Ar* ion to reach the bottom SrRuOQsa.

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 rate!®®43 e(Tw), which is related to the
characteristic thermal emission properties of the trap states!4°,

in(2)

e(Ty) = p— Equation 5.6

Egq

e(Ty) = oyThexp (— ) Equation 5.7

kpTm
where o is trap capture cross section, y72, as a whole, represents the product of the density of states
in the energy band and the thermal velocity of the charge carriers, Eq is the trap energy of the
defects, and ks 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 In(Tw?/e(Tm)) should be a linear function of 1/Tw (or 1000/Twm). 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 V5, — V;° defect-dipole and Vj, vacancy in previous studies!®®200201 For the
heterostructures that are ion milled only to the BaTiOs 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-SrRuOs heterostructure, implying the same type of
defects (i.e., Vg, —V5® and Vg, ) inside the BaTiOs layer, but present in considerably lower
concentrations.

In conclusion, as the milling depth increases, the defect concentration in the BaTiOs films
increases. Previous studies have also suggested the increase of imprint in polarization-electric field
hysteresis loops with increasing defect density®+1981961%7 "which matches the observation in our
study (Fig. 5.4a), with the heterostructures that are ion milled to the bottom SrRuOs (through the
entire BaTiOs 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
carrier®®108292 ‘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, | explored different post-fabrication
treatments that could effectively “fix” the imprint which could be applied to alleviate this concern.
Here, | focused on the heterostructures that were ion milled to bottom SrRuQs (through the entire
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Figure 5.9 | Post-fabrication treatment. a, Evolution of polarization-voltage/electric field loop
for the heterostructure fabricated by ion milling to bottom SrRuOs, 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. ¢, Comparison of room temperature leakage current-
voltage/electric field measurements for heterostructures with different fabrication and treatment

processes.

BaTiOs 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 Vg, and V;* in the formation of energetically-favorable Vg, — V;°
defect-dipoles due to electrostatic and strain considerations?®*-2%7, 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 BaTiOs films!%® and has also been used to counter
lead loss in PbZrixTixOs films grown with sol-gel methods?®2%, here, the heterostructure was
placed in an Al203 ceramic boat at the end of the hot zone in a tube furnace while another Al203
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 to 700°C, stay at 700°C for 60 min.
and cool down to room temperature at 5°C min. The heterostructure was then sonicated in 0.1 M
HCI 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™ to ~2.5 kV cm™*; Fig. 5.93).
Subsequent DLTS measurements also reveal the suppression/removal of the trap-state peaks (i.e.,
V. — Vo© and Vg,) (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 current3108202
The post-fabrication treatment method shows the possibility of repairing the defects introduced by
Ar*ion milling in ferroelectric capacitors.

&
S
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5.3 Conclusion

Different processing methods for STRuOs/BaTiOs/SrRuOs heterostructures have been investigated
as an effort to explore the best way to fabricate idealized BaTiOs3 capacitor structure with idealized
ferroelectric properties. Ex situ MgO hard mask methods have been found to contaminate the
BaTiOs surface and introduce defects at the top SrRuO3/BaTiOs 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.
Animprint as large as 22 kV cm™ (which fully shifts the loops) is observed for the heterostructures
that are ion milled to the bottom SrRuOs (through the entire BaTiOs 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.

60



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 BaTiOs 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 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-FETSs, 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 BaTiOs stands out because of its low switching field (~ 1 kV
cm™), low switching power (~ 0.1 J cm) and a relatively large remanent polarization (~25 pC cm™
2), making it a perfect candidate for next-generation ferroelectric applications. However, great
challenges are met when downscaling materials such as BaTiOs 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 BaTiOs thin films and how to fabricate idealized
capacitor structure.

In this dissertation, | present a systematic study on the SrRuQOs/BaTiO3/SrRuOs 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, | investigate the growth parameter, especially the growth pressure, in the PLD process, and
the effect it can bring to the BaTiOzs 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 BaTiOs 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 BaTiOs 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 BaTiOs capacitors, which is comparable to its single-crystal
counterpart. Thickness scaling was performed on the BaTiOs films to explore the lower limit of
the coercive voltage. At BaTiOs thickness < 150 nm, depolarization fields start to impact the
coercive-field scaling, leading to a constant coercive field (i.e., Ec = constant, Vc o thickness).

The depolarization field results from the imperfect screening at the ferroelectric/electrode interface,
where the SrRuOs 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 BaTiOs films. From a practical perspective, for BaTiOs 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 uC cm2, which makes them idealized candidate
for ferroelectric applications. As the BaTiOs 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 uC ecm™), making them not suitable for real applications.

In addition, lateral scaling was performed on the SrRuO3/BaTiOs/SrRuOs capacitor structures to
explore the fastest switching speed. With the capacitor areas becoming smaller, the switching time
of BaTiOs capacitors becomes shorter. To achieve a switching time < 1 nanosecond in BaTiOs3
capacitor, a lateral size < 10 pm? (< 3.5 um in diameter) is needed. In addition, compared to other
common ferroelectric materials such as BiFeOs and BiossLao.1sFeOs, the fast switching time
measured in BaTiOs capacitors has revealed the great potential for it to be applied into real
ferroelectric devices. Moreover, the integration of BaTiOs 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 STRuOs/BaTiO3/SrRuOs 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
BaTiOs and PbZr«xTi1xOs 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 BaTiOs heterostructures under the ion beam can introduce
defects inside the BaTiOs 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 BaTiOs 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 Vg, — V" 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 Oz 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 BaTiOs 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 PbZro.2Tio.sO3 thin films via
orientation control*>2. When PbZro2TiosOs films are deposited with a (001) out-of-plane
orientation, it takes the form of tetragonal phase. However, if the PbZro.2Tio.sOs 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 PbZro.2Tio.sOs3
films than their (001)-oriented counterpart. Therefore, compared to (001)-oriented PbZro.2Tio.sOs
films, the (111)-oriented PbZro2TiosOs films show smaller coercive fields. Because of the
structural resemblance between BaTiOs and PbZro2Tio.sOs, here | propose a hypothesis that the
coercive field of the BaTiOs thin films can also be reduced via orientation control. This study can
likely be focused on multiple SrRuOs/BaTiOs/SrRuQs/substrate heterostructures synthesized
using pulsed laser deposition with different BaTiOs 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 PbZro.2Tio.sOs films, another
exotic switching behavior, the multistate switching, can also occur'?. In (111)-oriented tetragonal
PbZro.2Tio.sOs3 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 PbZro.2Tio.sO3
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 PbZro2TiosOs, here | propose a study on the switching behavior in (111)-oriented BaTiOs
films. As has been proposed above in 6.2.1, (001) and (111)-oriented SrRuOs/12.5-t0-250-nm-
BaTiOs/SrRuOs/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 BaTiOs films

Metal oxide electrodes, such as SrRuQOs, 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 devices®*. However, the free electron concentrations inside these
materials are not very high®® (i.e., ~1.2x10%2 cm) and are considered to be rather poor metals
when compared to common metals such as platinum or gold?!® (with free electron densities 6 to 7
times larger than that in SrRuO3). When using SrRuOz as an electrode for BaTiOs 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 layer*®’. 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 ~9.2x10%2 cm™ in SrMoOs films?+?12 which is ~8
times as large as that in SrRuQOs 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, 4, and the free electron density, ne, follows!®?

1

1\s .
A (n—e) Equation 6.1
In the meantime, the magnitude of depolarization field, Eq, inside the BaTiOz films follows*>®
E; « % 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 SrMoOs were used as top and bottom contact for BaTiOs films, it is possible to
reduce the Fermi screening length by ~30%, which corresponds to a 30% decrease in the minimal
BaTiOs thickness (i.e., if 25 nm with SrRuOs electrodes, then ~18 nm with SrMoQs electrodes)
before the depolarization field becomes large enough to suppress the remanent polarization. In
addition, SrMoOs has a cubic lattice parameter of 3.975 A%, which matches closely with that of
BaTiOs film and GdScOs (110) substrate, making it a potential candidate to replace SrRuOs
electrodes. Therefore, it is interesting to study what actual benefits the SrMoO3 electrodes would
likely bring to the BaTiOs capacitor. The study can be focused on synthesizing multiple
SrMoOs3/BaTiOs/SrMoOQs/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 BaTiOs 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 polarization®®2%4, The
RuO2-BaO termination sequence at the SrRuO3/BaTiOs interfaces can have detrimental effect on
the polarization stability. At the SrRuOs/BaTiOs interfaces, the large Ba®* in the BaTiOs unit cell
can displace the Ru*" in the adjacent SrRuOs unit cell??, 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
SrTiOs layer between the SrRuOs/BaTiOs interfaces?®. 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 BaTiOs 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 BaTiOs3
films with ultrathin thickness (i.e., < 25 nm). SrTiOs layers with various thicknesses (i.e., 2-10 unit
cells) can be inserted between top or (and) bottom SrRuOs/BaTiOs 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 BaTiOz capacitors

Another future study I propose is to study the further downscaling in the lateral size of BaTiOs3
capacitors. Previous studies have reported the switching time of the ferroelectric capacitor
decreases linearly with reducing capacitor areas**"13%14, 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)!3*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)%%¥_ 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 layers®*®2% 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 BaTiOs capacitors laterally, as well as to explore the switching speed limit in
ultrasmall BaTiOs capacitors. The study can likely be focused on BaTiOs 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 BaTiOs capacitors of each size.
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