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ABSTRACT

Oxide materials possess unique functionalities which when combined with
semiconductors will enable a variety of novel device applications. They have properties
that include high dielectric constant, ferromagnetism, and ferroelectricity. This research
will focus on two major topics: (a) Materials/structure optimization of
CaCusTisO12/LiNbO3 (CCTO/LNO-Dielectric/Ferroelectric) based Voltage Controlled
Capacitors (varicaps) and (b) deposition of ferroelectrics on 111-V semiconductors or
compound semiconductor based devices. Varicaps are electronic components with a
capacitance that is tunable using a DC bias signal. The DC tunable dielectric constant of
ferroelectric materials makes them a potential candidate for varicap applications. The
frequency-dependent dielectric constant is a drawback for ferroelectric varicaps. This
research investigates the frequency dependence of ferroelectric-based varicaps in
combination with a large dielectric constant capacitor through the optimization of film
deposition process and/or structures. Integration of ferroelectric oxide materials with high
mobility 111-V semiconductors is an attractive research topic albeit challenging due to the
dissimilarity of the systems. The deposition and characterization of Pb(ZrxTi1x)O3 (PZT)
ferroelectrics on GaAs substrates is addressed in this research. The issue of gallium and
arsenic diffusion and their reaction with lead atoms is mitigated using a buffer layer and
employing a novel modified pulsed laser deposition technique to deposit the PZT films

directly on GaAs/STO substrate.
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CHAPTER I. INTRODUCTION

1.1. Background and Motivation

Modern technologies on semiconductor electronics is mainly based on silicon and
compound semiconductors for high frequency application. The global market size for
semiconductor industries was $333.2 billion in 2014 with an annual growth rate
forecasted to be about 9% for 2014, 3.4% for 2015, and 3.1% for 2016 [1].
Semiconductor structures, because of their high electron mobility properties, provide a
platform for novel electronic devices. Oxide materials possess functionalities when
combined with semiconductors enable many novel device applications. One functionality

is ferroelectricity.

Since the discovery of Ferroelectricity in 1921 [2], there has been tremendous
progress in composition, properties, deposition and fabrication techniques,
characterization methods, and applications of ferroelectric-based devices. Ferroelectrics
are used in memories [3-6], transistors [7-9], sensors [10-12], actuators [13-15],
microwave devices [16-18], optical switches [19-21], waveguides [22-24], optical

modulators [25-27], and energy conversion [28-30].

Ferroelectric materials have a spontaneous electric polarization (dipole moment)
which is switchable by an applied external electric field. In ferroelectric materials, the
mechanical stress applied in the spontaneous polarization direction, induces a secondary
polarization and surface charge due to the piezoelectric effect. The spontaneous electric

polarization is temperature dependent. Net electric polarization of a ferroelectric material



depends on the temperature changes due to the pyroelectric effect. Ferroelectric materials

have both pyroelectric and piezoelectric effects.

The dipoles that are all aligned in the same direction make different regions of a
ferroelectric material, ferroelectric domains. Ferroelectric domains are separated by
domain boundaries. Above the Curie temperature, ferroelectric materials lose their
spontaneous electric polarization and enter paraelectric phase. Cooling the material below
the Curie temperature forms domains that minimizes the total energy of the system,

Figure 1.1.a.

Figure 1.1: a: Ferroelectric domains and domain boundaries;

domains are formed in an orientation that minimizes the total surface

enerqy, b: Periodic domain in LNO

Electrical polarization of a ferroelectric material is switchable by applying an
external electric field. The polarization switching loop is dependent on the current
external electric field and its history. This history effect is called the hysteresis loop. In
figure 1.2, a polycrystalline ferroelectric material has zero net polarization (A). Zero net

polarization at zero electric field is the result of the ferroelectric domains oriented in



random directions. The external electric field switches the domains that are aligned
parallel to the electric field direction (B). Alignment of all domains in the electric field
direction saturates the net polarization (C). Decreasing the external electric field to zero,
does not return the polarization to zero (D). Polarization at this point is called remnant
polarization. Applying a negative external electric field switch the domains in the
opposite direction. In the presence of a strong negative field, negative saturation occurs
(F). Decreasing the magnitude of the negative field to zero, reduces the net polarization to
the negative remnant polarization value (G). A positive electric field is required to reduce

the net polarization to zero (H).

G

F
Figure 1.2: Ferroelectric polarization hysteresis loop

The existence of hysteresis in the P-E curve is proof of the ferroelectric effect.
Polarization hysteresis loop measurements (P-E measurements) are one of the most
useful characterization techniques to evaluate the quality of a ferroelectric material. An

ideal ferroelectric material will have large remnant polarization.



This research is focused on two ferroelectric materials: LiNbOs, Lithium Niobate
(LNO), and Pb(ZrxTi1x)Os3, Lead Zirconate Titanate (PZT). Lithium Niobate, the silicon
of optics, was discovered as a ferroelectric material in 1949 [31]. It has a trigonal lattice
structure. It is a ferroelectric, piezoelectric, electro-optic and nonlinear optical material.
LNO is an artificial material that does not exist in nature [32]. As a ferroelectric, LNO
has two possible electrical polarization orientations. LNO has only 180-degree domain
boundaries (see Figure 1.1.b). Utilizing the piezoelectric properties of LNO, this material
is used for surface acoustic wave (SAW) devices [33- 35]. Its high Curie temperature
provide for its use in high-temperature ultrasonic transducer applications [36]. LNO is a
key material for optical systems. These include electro-optical modulators [19, 20],

waveguides [22-24], and optical frequency converters [37, 38].

Lead Zirconate Titanates (PZT) are one of the most used ferroelectric materials in
research and industrial applications. PZT exhibits a cubic structure at temperatures above
Curie temperature (Tc). The material has no electric dipole moment (a paraelectric
phase). The curie temperature of PZT depends on its composition. It is typically in the
range of 230-480°C. The ferroelectric behavior of PZT at temperatures below Tc depends
on its Zr/Zr+Ti ratio. In figure 1.3 [39], when the Zr/Zr+Ti ratio is below 0.53, PZT
shows a tetragonal structure. Tetragonal PZT has polarization along the (001) direction.
Increasing the Zr content where x>0.53, PZT transforms to rhombohedral phase with
polarization along (111) direction. PZT with x=0.53 has its highest piezoelectric

coefficient. PZT with low Zr content is used in memory applications because of its high



T value. Ferroelectric materials with the tetragonal structure similar to PZT have 90

degree and 180-degree domain boundaries.
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Figure 1.3: The phase diagram of PZT as a function of its composition factor
(x) and temperature

The excellent piezoelectric properties of PZT makes this material a potential
candidate for MEMS application [40]. High remnant polarization [41] and dielectric
constant [42], electro-optical [43] and pyroelectricity [44] effects, enable variety of
applications for PZT based materials. PZT films have attracted attention in device
applications when integrated with semiconductors [45]. It requires the deposition of high-

quality PZT films.



1.2 Dissertation Overview and Research Objectives

This research will be focused on two major parts: CCTO/LNO based varicaps and

deposition of ferroelectrics on I11-V semiconductors.

Chapter I, includes the introductory topics, following the motivations for this
research. The importance of the ferroelectric materials and their application is also
emphasized in this chapter. The dissertation overview and research objectives are also

detailed in Chapter I.

In chapter 11, the deposition techniques employed to fabricate the ferroelectric-
based devices and the characterization techniques used are explained. This chapter
introduces two oxide deposition techniques used during this research. Sol-Gel spin
coating and thermal annealing for deposition of oxide thin films is described at the
beginning of this chapter. This cost-effective deposition technique is employed for the
fabrication of frequency-stabled varicaps. Pulsed Laser Deposition (PLD), as a precise
deposition technique for oxide materials, is explained. PLD is employed for fabrication of

high-quality thin films used for optical applications.

In chapter 111, CCTO/LNO hetero-structures used for fabrication of stable
frequency varicaps is introduced. Varicaps are electronic components with the
capacitance that is tunable using a DC bias signal. The DC tunable dielectric constant of
ferroelectric materials makes them a potential candidate for varicap applications such as
frequency multipliers, tunable filters, and RF matching networks. The frequency-

dependent dielectric constant is a drawback for ferroelectric varicaps. This chapter



investigates the frequency dependence of ferroelectric varicaps through the optimization
of the film deposition process and/or structures. A discussion follows on the
improvement of the electrical properties of a CCTO capacitor using a combination of a

ferroelectric/dielectric; CCTO/LNO heterostructures.

Variation in dielectric constant of polycrystalline CCTO under exposure of UV
light makes this material a potential candidate for fabrication of dynamic UV tunable
capacitors or UV detectors. The use of CCTO material as a UV tunable capacitor or UV
detector has two drawbacks: temperature dependence and frequency dependence of its
dielectric constant will limit the applications of the fabricated device. Chapter 1V
explains a mechanism to reduce the frequency and temperature dependence of the CCTO-
based UV tunable capacitor employing an LNO layer. The idea started from the
observation of two interesting behaviors in CCTO capacitors. Above room temperature,
increasing the frequency from 100kHz to 1MHz results in an increase in the dielectric
constant of the CCTO. This behavior is totally different for lower frequencies. For
frequencies above 100kHz, the sensitivity of CCTO capacitor to UV light is different
than its behavior at lower frequencies. Below 100kHz the dielectric constant increases
with UV illumination and above 100kHz the dielectric constant decreased with UV
illumination. These two behaviors for CCTO at frequencies higher than 100kHz are
different from the behavior of LNO which is opposite to those observed with CCTO. A
combination of LNO and CCTO capacitors if selected with proper thickness ratio can
compensate the frequency dependence of the CCTO. Close to the room temperature, the

dielectric constant of the LNO shows a very low dependence on the temperature,



especially at higher frequencies. This fact can also be used to compensate for a large
temperature dependence of CCTO dielectric constant at high frequencies. Fabrication of
CCTO/LNO for optical applications requires the deposition of high-quality films with
precise thickness. To achieve a single crystalline CCTO/LNO hetero-structure pulsed

laser deposition technique is employed.

Challenging subjects behind the deposition of PZT ferroelectrics using PLD
technique is the main focus of chapter V. PLD, as a versatile deposition technique, allows
for a cost-effective, high quality film deposition of a variety of complex compounds
including PZT. PLD deposition is based on the assumption of target material vaporization
in a plasma plume and its stoichiometric transfer to the substrate. This is more
challenging when depositing materials including volatile elements such as lead. This
chapter reports the issue of Pb depletion in PLD deposition of PZT under a wide range of
oxygen background pressure. The chapter shows a mechanism to control the Zr/Ti ratio
of the PZT film using the pressure of the oxygen during the deposition. Zr/Ti or Zr/Zr+Ti
ratio is important parameters affecting the electrical properties of PZT. The lattice
parameters and electrical properties of PZT films deposited using the oxygen pressure as

a control parameter for Zr/Zr+Ti ratio are compared in this chapter.

Chapter VI is focused on the integration of ferroelectric oxide materials with
high mobility 111-V semiconductors. The deposition and characterization of PZT
ferroelectrics on GaAs substrates is addressed in this chapter. The issue of gallium and
arsenic diffusion and their reaction with lead atoms mitigated with a buffer layer is
developed. A novel modified pulsed laser deposition technique to deposit the PZT films

8



directly on a GaAs substrate with a thin buffer layer of STO is identified. A rapid thermal
annealing process was developed to enable the deposition of high quality PZT films on

GaAs/STO substrate using a sol-gel technique.

Chapter V11 is the conclusion of the performed research, results, and suggestions

for future work on this topic.



CHAPTER Il. DEPOSITION AND

CHARACTERIZATION TECHNIQUES

This chapter introduces the techniques for oxide thin film deposition and

characterization.

2.1 Deposition Techniques

This section introduces two oxide deposition techniques used during the present
research. Sol-Gel spin coating and thermal annealing for deposition of oxide thin films is
described at the beginning of this chapter. This cost-effective deposition technique is
employed for the fabrication of frequency-stabled varicaps. Pulsed Laser Deposition
(PLD), as a precise deposition technique for oxide materials, is then explained. PLD is

employed for fabrication of high-quality thin films used for optical applications.

2.1.1 Spin Coating and Thermal Annealing

A spin coating process utilizes a small amount of coating material (in a solvent at
a certain temperature) applied to the center of the wafer. Spinning the sample at high
speed spreads the material on the wafer surface due to the centrifugal force. Neglecting
the evaporation of the solution, when the fluid flow is small enough to neglect the
Coriolis Effect and the film layer is thin enough to make a uniform gravitational normal
force, spin coating results in a uniform film coating. Evaporation significantly affects the
spin coating process [46-48]. Most of the ferroelectric spin coating solutions in the

market are composed of the nano-particles of oxide materials dissolved in alcohol. The
10



high evaporation rate of the alcohol affects the uniformity of the deposited film. The
variety of oxide solutions used in the present research requires minimization of the
evaporation rate. Evaporation rate is reduced by lowering the temperature. Pure argon
gas is cooled using a Peltier cooling element and introduced into the process
environment. This modified spin coating setup is shown in figure 2.1 The process
temperature can be reduced to 3°C. This new setup results in significantly improved
coatings of PZT solution comparing with the room temperature spin coating of the same

solution.

4 Cool Argon
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Figure 2.1: Spin coater with temperature controlled argon atmosphere

Deposition of oxide thin films using the spin coating process requires three

annealing steps: solvent evaporation, pyrolysis, and post annealing. The first annealing
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step dries the film after spin coating. Depends on the oxide material and its solvent, a
temperature in the range of 80°C-250°C is a function of the oxide material and the

solvent. The film shrinks due to the elimination of the excess solvent.

In the second step, pyrolysis, a higher temperature removes the organic
compounds. Pyrolysis temperature is often below the oxide material’s crystallization
temperature. A temperature in the range of 300°C-500°C is a function of the oxide
material employed. Pyrolysis eliminates the organic compounds by evaporation or
decomposition. This chemical process often needs to be carried out in a controlled

atmosphere of an inert gas.

The sample is then annealed at a higher temperature for crystallization of oxide
material. This step determines the property of the oxide films. The temperature ramp rate,
maximum temperature value, and annealing duration are the key parameters that

determine the quality of the deposited material.

A tube furnace with controlled argon and oxygen feeds (figure 2.2.a), a small box
furnace (figure 2.2.b), and a box furnace with controlled argon and oxygen feeds (figure
2.2.c) were used. The employed single zone tube furnace provides a controlled ambient
for annealing small samples up to 850°C. The small box furnace is not ambient
controlled. It allows for faster temperature ramps up to 1050°C. The larger box furnace

has a controlled ambient for annealing the large-size samples up to 1200°C.
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Figure 2.2: a. Tube furnace with controlled argon and oxygen ambient, b. Small box furnace, c. Box

furnace with controlled argon and oxygen ambient

2.1.2 Pulsed Laser Deposition

Pulsed Laser Deposition (PLD) is a vapor deposition technique where a high-
powered UV laser pulse ablates the target material that is being deposited. A UV laser
with the wavelength of 200nm-400nm is normally employed for PLD systems because of
the high absorption of different materials. The focused nanosecond pulse laser beam
penetrates into the target material. The electric field generated by the high power laser
accelerates the electrons in the penetrated region, then removes them from the bulk
material. The free electrons oscillate under the effect of the electromagnetic field of the
UV laser. The collision between the oscillating free electrons and the atoms of the target
material results in the conversion of the energy into the thermal, chemical and mechanical
forms. This process results in the evaporation of the material, ablation, and formation of

plasma [49]. The main reason for using a short laser pulse for PLD process is to minimize

13



the dissipation of energy beyond the ablated region, resulting in less damage to the

remained target material.

The temperature of the PLD chamber is close to room temperature. The plasma
plume comprises high energy electrons, ions, atoms, and molecules with the temperature
in the order of several thousand Celsius. The vaporized material in the plasma plume is
deposited as a thin film on a heated substrate located in front of the target. This process
may occur in an ultra-high vacuum chamber or in the presence of a background gas. For
many oxide materials, to prevent the oxygen loss, the process is done in the presence of

the oxygen gas.

In PLD system, the nucleation and growth of the deposited film on the substrate
are affected by the laser flux, substrate temperature, substrate surface parameters,
background gas, and pressure. A simplified diagram of the pulsed laser deposition system
is shown in figure 2.3. The laser emitter is located outside the chamber. It provides
significant flexibility in the design of the PLD system. The laser beam is focused on the
target surface using a system of optical lens. The formed plume is directed perpendicular
to the target surface. The substrate is located parallel to the target plane. The mechanical
design of the PLD systems allows for adjusting the distance between the substrate and the

target.
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Figure 2.3: The simplified diagram of the pulsed laser deposition system

The target, normally built in a disk shape, is often rotated during the laser
exposure period. It allows for a uniform illumination over the entire surface of the target,
resulting in less roughening of the target surface. The physical and chemical stability of
the target material is an important factor in PLD technique. Ball milling, hot press, and
sintering of the oxide material is the most common method to prepare a target for the
PLD system. The density of the ceramic targets is as high as possible because of the high
absorption rate of the dense materials and their low thermal conductivity due to the grain

boundaries.

Laser flux; The laser energy per surface area in a PLD process should be high
enough to cause the ablation of the target material. The use of laser flux more than
required causes ejection of particles. The laser flux can be used as an effective parameter

to control the stoichiometry of the deposited material.
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Laser Frequency; The laser frequency is an important parameter affecting the
deposition rate of PLD system. Higher deposition rate, resulting in faster growth, is
ideally desired. The formation of defects during the rapid PLD growth is
counterproductive. A proper time between laser pulses allows for the crystallization

process to occur, minimizes defect formation and improves the crystal quality.

Target-substrate distance; The distance between the target and the substrate is
an effective parameter determining the kinetic energy of the arriving species to the
surface of the substrate in the presence of a background gas, influencing the nucleation
and growth of the deposited film. A proper distance can prevent species segregation

while traveling to the substrate.

Substrate temperature; The quality of the deposited film in pulsed laser
deposition system is dependent on the temperature of the substrate during the deposition

and the temperature of the post-annealing process.

Background gas and pressure; to avoid oxygen depletion during the growth of
oxide thin films, the presence of oxygen in the vacuum chamber is necessary. The gas
pressure is an effective parameter determining the kinetic energy of the arriving species
to the surface of the substrate. The background pressure significantly affects the
expansion of the plume. Higher background pressure concentrates the plume into a

smaller area.

The pulsed laser deposition system employed for this research is located in

Electroceramics lab at Texas State University It is manufactured by NBM Systems. A
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COHERENT 248nm KrF laser with the maximum energy of 600 mJ and the maximum
frequency of 10Hz is coupled with an ultra-high vacuum chamber. The optical setup for
guiding the laser beam into the chamber window is shown in figure 2.4. The aperture
passes the highest energy area of the laser spatial profile. The first 45° mirror guides the
laser beam to a vertical path. The laser lens converges the laser beam and the second
mirror guides the focused beam on the surface of the target through a fused silica

window.

Second Sy
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]  Window |
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‘; 2 il {‘ "
ptical setup for guiding the laser beam into

Figure 2.4: Te 0 the PLD chamber :

The PLD chamber consists an ultra-high vacuum chamber coupled with an
isolated load-lock unit. The main chamber is evacuated using a speed-controlled turbo
pump with a backing rough pump resulting in a base pressure of 2.7x10° Torr. The
chamber can also be isolated from the pump path using a mechanical valve. The main

chamber is normally isolated from the load lock unit using a pneumatic gate valve. The
17



load lock unit is evacuated using a small turbo pump with a backing rough pump

resulting in a base pressure of 4.8x10°8 Torr.

The design of this PLD chamber allows for the mounting of the target and
substrate in the level plane. The substrate, oriented in the horizontal plane, is loaded in a
manipulator mounted on top of the chamber. The mechanism allows for adjusting the
target-substrate distance using a flexible bellows. Speed controlled DC motor rotates the
substrate during the deposition period to achieve a uniform deposited film. A heating
element located behind the substrate can heat up the substrate during the PLD process.
The temperature is monitored and controlled via a thermocouple located in the proximity
of the substrate surface. The setup allows for a maximum temperature of 850°C on the

surface of the substrate in the presence of the background gas.

The target holder has the capacity for six 1” targets. A DC motor coupled with an
absolute encoder mechanism was designed and built to switch the targets. The PLD setup
can be used for deposition of oxide hetero-structures without the need for venting the
chamber to the atmosphere to change the targets. The background pressure in the PLD
chamber can be increased with oxygen and argon gas. A mass flow meter is employed to
adjust the pressure of the chamber through controlling the flow of the gas. The pressure
of the chamber can also be adjusted by changing the speed of the turbo pump. This setup
allows for increasing the pressure up to 300mT. Figure 2.5 illustrates the PLD instrument
located in Electroceramics lab at Texas State University. The chamber is equipped with a

Reflection High Energy Electron Diffraction (RHEED) instrument for in-situ film growth
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monitoring. A differential turbo pump is employed to maintain a pressure lower than the

chamber pressure in the RHEED gun.
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Figure 2.5: the PLD instrument located in Electro-ceramics lab at Texas State University
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2.2 Characterization Techniques

This section introduces the implemented characterization techniques and instruments

during the present research.

2.2.1 X-RAY Diffraction (XRD)

The short wavelengths of X-Ray that is in the same order of magnitude as the
lattice constant of the functional oxides, make this electromagnetic waves a potential
candidate to study the lattice structure of oxide crystals. Atoms scatter X-Ray waves,
producing the secondary spherical waves that make interference patterns in different
directions. There are a few directions in which an array of scattered patterns from an

array of atoms makes a constructive interference determined by Bragg's law:

2d Sin(8) = ni

Where d is the lattice spacing, © is the grazing angle, n is an integer number, and
A is the wavelength of the X-Ray beam. Employing an X-Ray detector to measure the X-
Ray intensity in different angles, yields unique X-Ray intensity peaks representing the
lattice spacing of the under-test material. The position of the intensity peaks can be

translated to the relative lattice spacing using the Bragg's law.

Considering the high penetration rate of the X-Ray, XRD is a powerful instrument
to characterize the crystal structure of different film layers in a hetrostructure. BRUKER
D8 ADVANCE (figure 2.6.a) and BEDE D1 System (figure 2.6.b) XRD instruments are

employed during this research.
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Figure 2.6: a. BRUKER D8 ADVANCE, b. BEDE D1 System XRD instruments employed

during this research

2.2.2. Scanning Electron Microscopy (SEM)

SEM is a high resolution imaging technique using electron beams focused by an
array of electromagnetic lenses in a vacuum chamber. The narrow electron beam is
scanned on the sample surface using scanning coils. High energy electrons emitted from

the sample after scattering are captured using an electron detector. The intensity of the
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detected electrons represents the brightness for SEM image. This way, the topography of
the surface can be measured. FEI Helos Lab 400 scanning electron microscope, as shown
in figure 2.7, was implemented in this research. The system also has the capability for
Energy Dispersive X-Ray Spectroscopy (EDX). EDX is a powerful technique for
elemental analysis of samples. In this characterization technique, a focused beam of
charged particles such as electrons or X-Ray targets the surface of the sample. The beam
excites the electrons of the atoms which are normally in the ground state, resulting the
ejection of electron and formation of an electron hole. An electron from the higher energy
state fills the electron hole and releases an X-ray ray. Knowing the fact that electrons of
an atom may take unique discrete energy levels, the energy and the numbers of emitted
X-Rays, if measured by an energy dispersive spectrometer, can be employed for

elemental analysis.
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Figure 2.7: FEI Helos Lab 400 scanning electron microscope

instrument employed during this research

2.2.3. Atomic Force Microscopy (AFM)

Atomic force microscope is a type of scanning probe microscopes with sub-
nanometer resolution used for topography measurement, and nano-scale manipulation. In
AFM, a sharp tip cantilever that is oscillating by a piezoelectric element is loaded on a
precision XYZ stage. When the cantilever tip is in the proximity of the sample surface, its
deflection, amplitude, or oscillation frequency may be affected by the atomic scale force.
A variety of optical or electro-mechanical techniques may be used to monitor the
situation of AFM tip. Scanning the sample surface using the AFM tip, while controlling a
constant force between the tip and the sample, provides the sample topography
measurement. PARK Systems XE7 AFM instrument, as shown in figure 2.8, was

implemented during this research. The system also has the capability for Piezoresponse
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Force Microscopy (PFM) allowing for ferroelectric domain manipulating and imaging. In
PFM, an ac current is applied to the sample through a conductive tip. The ac signal
excites the piezoelectric sample. The deformation in the sample is extracted from the
cantilever deflection using a lock-in amplifier. In result, the ferroelectric domains can be
imaged. The ferroelectric domains of the under test sample can also be switched by

applying a dc signal during the PFM measurement.

Figure 2.8: PARK Systems XE7 AFM instrument

employed during this research

2.2.4. Ferroelectricity measurement (P-E measurement)

P-E hysteresis loop measurement as explained in Chapter 1 is an important
evidence for ferroelectricity behavior of materials. Remnant polarization, as an important

factor to compare the ferroelectricity quality of the materials is also extracted from P-E
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hysteresis loop. The RADIANT ferroelectric analyzer, as shown in figure 2.9, was
employed for ferroelectricity measurements during the present research. The analyzer is
capable of carrying out P-E measurements up to £9V. The system is also coupled with a
high-voltage (H. V.) power supply and amplifier that enables ferroelectricity

measurement on thick ceramic samples up to 2.5kV.

Figure 2.9: RADIANT ferroelectric analyzer instrument employed during this research

2.2.5. LCR Measurements

Impedance analyzers and LCR meters often work by applying a known ac voltage
to the under test component while measuring the amplitude and phase of the current
passing through the component. Knowing the amplitude and phase of the voltage and
current, the complex impedance can be calculated. The complex impedance measured at
different frequencies can be used for calculating the unknown resistance, capacitance,

and inductance if the electric model and equivalent circuit of the component is known. A
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WAYNE KERR 6500B precision impedance analyzer, as shown in figure 2.10, was

employed for LCR measurements during this research.

PRECISION Samp]e Holder

Figure 2.10: WAYNE KERR 6500B precision impedance analyzer employed during this research
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CHAPTER IIl. CCTO/LNO VARICAPS
3.1 Introduction

Varicaps (Varactors) are voltage controlled capacitors. These are electronic
components with the feature that their capacitance is tunable employing a DC voltage.
Varicaps are used in variety of applications including frequency multipliers [50], Voltage
Controlled Oscillators (VCO) [51, 52], tunable amplifiers [53, 54], Tunable filters [55-
57], tunable phase shifter [58, 59], Tunable antennas [60, 61], and RF matching networks
[62, 63]. Ferroelectric materials, because of their DC tunable dielectric constant, are
widely used in varicap applications. The influence of frequency on the dielectric constant
of ferroelectric materials affects the functionality of ferroelectric-based varicaps. In this

study, LiNbOs (LNO) ferroelectrics are used for varicap application.

The electrical behavior of a ceramic capacitor can be modeled as a series
combination of a resistor, capacitor, and inductor. The capacitor is represented by the
dielectric properties of the ceramic material; the resistor is represented by the resistive
behavior of the materials, and the inductor is represented by the parasitic inductance [64].

The impedance of a series RLC circuit is calculated as:
Z =R+ ( L ! ) 3.1

Any series RLC circuit has a resonance frequency of wo where:

(3.2)
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Considering a very small value for frequency, o, in equation (3.1), the impedance
is dominated by the capacitor. At high frequencies, impedance is dominated by the
inductor. Figure 3.1 illustrates the magnitude and phase components of the impedance for

the series RLC circuit.
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Figure 3.1: the magnitude and phase components of the impedance for the
series RLC

An LCR meter to measure the capacitance of a ceramic capacitor results in an
interesting result as shown in figure 3.2. The negative value measured by LCR meter at
frequencies above the resonance frequency may be confusing. This result can be

explained by the inductive behavior of the series RLC circuit.

The LCR meter calculates the amplitude and angle of the impedance by
measuring the phase and angle of the voltage and current. When LCR meter measures the
capacitance, while experiencing an inductive component, it calculates a negative value
for the impedance phase of the under-test component. It calculates and shows a negative

capacitance value.
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Figure 3.2: Frequency dependence of the dielectric constant of

a ceramic capacitor

The dielectric constant depends on the measurement frequency. The dielectric
constant of the ferroelectric materials decreases with the increase of the frequency. The
capacitance measurement of a ferroelectric capacitor looks like the image below.
Approaching the resonance frequency from low frequencies, the capacitance measured by
the LCR meter decreases. In the proximity of the resonance frequency, the measured

capacitance increases.
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Figure 3.3: Measured capacitance using an LCR meter

The performance of a ceramic capacitor may be limited because of the variation
of its dielectric constant with frequency. The issue is more serious when using a capacitor
for wideband circuits. The simplest solution for this problem is choosing a working
frequency in which the component has the smallest variation in capacitance with respect
to frequency (dC/dF). w1, as shown in the image above, is a good candidate for smallest
dC/dF value. Three parameters determine the value of w1, the frequency dependent
dielectric constant, the total capacitance, and the parasitic inductance. Neglecting the
parasitic effects, any dielectric material has an identical @1 which depends on its
capacitance value. Using the dC/dF minima is limited to very specific capacitance-

frequency points.

Adding another capacitor with a different dielectric material provides more
freedom in tuning the position of dC/dF minima. In this research, a ferroelectric/

dielectric heterostructure is employed to build a series of two capacitors. The position of
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o1 in this ferroelectric/ dielectric heterostructure can be tuned changing the ratio of the

ferroelectric/dielectric capacitors or changing the total capacitance.

Fabrication of miniaturized capacitors for wideband electronic systems requires
the use of materials with high dielectric constants. CaCusTisO12 (CCTO) has a high
dielectric constant and temperature stability. In this study, a cost-effective procedure is
employed to fabricate frequency stabled CCTO/LNO hetero-structure varicaps. CCTO
and LNO films are deposited on HF terminated Si wafer using chemical solution

deposition.
3.2 LNO/CCTO hetro-structure

Focus was on the fabrication of Si/LNO/CCTO structure. To fabricate the
SI/LNO/CCTO structure, the Si (100) wafer was cleaned in 5% HF acid for 7 minutes
and rinsed. This removed the oxide layer. The wafer was moved to the spin coater
chamber. After HF treatment, SiO, will grow on the wafer with the rate of 0.06A/min at
room temperature [65]. The transfer time was minimal. The spin coater chamber was

filled with pure Argon gas.

The Chemat LNO solution has 2-Methoxyethanol as the solvent. It was employed
for spin coating of LNO thin film. The optimized spin coating recipe experimentally
determined for deposition of this solution is illustrated in figure 3.4. The spin coating
recipe comprises a two-step process. The wafer is rotated at 500 RPM for 6 seconds to

coat the entire surface of the wafer with the solution. In the second step, the wafer rotated
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at higher speed (3000 RPM) for 30-seconds. This smooths out the surface with a thin film

of LNO solution on the wafer’s surface.
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Figure 3.4: LNO spin coating recipe

The spin coated wafer was transferred to a tube furnace with a controlled
atmosphere. After a pyrolysis step at 300°C for 30 min in a pure argon atmosphere, the
sample was annealed at 500°C in a 5%-0xygen/95%-argon environment for 60 minutes.
The LNO crystallization occurs at this annealing temperature [66-68]. The LNO

annealing recipe is illustrated in figure 3.5.
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Figure 3.5: LNO annealing recipe

The thickness of the films was measured with Woollam M2000 Ellipsometer.
Measurements were performed from 200nm to 1000nm at 65°, 70°, and 75° angles.
Complete Ease software was used to determine the film thickness. The ellipsometry
indicates a 20.78nm LNO film on the wafer. Capacitance-Voltage (C-V) measurements
of the coated wafer are illustrated in figure 3.6. A Metal/Ferroelectric/Semiconductor
(MFS) behavior is observed [69]. In this experiment, 6mm diameter gold electrodes (with
the thickness of 10nm) are form the capacitor plates. Two important properties of MFS
hetero-structures are observed in this measurement. The DC tunable dielectric constant of
the ferroelectric material (LNO), and band bending in Ferroelectric/ Semiconductor

interface due to semiconductor modulation using ferroelectric polarization charge are

observed.
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Figure 3.6: C-V measurement on Au/Si/LNO/AuU sample

The values above 20 nF are out of the measurement range of the employed C-V

measurement instrument; So, it is indirectly measured using a series reference

capacitor

This MFS structure can be used as a voltage controlled capacitor in the linear
region of the C-V curve. The frequency dependence of the structure compromises the
utility of this component. Figure 3.7 shows the capacitance and the dielectric loss factor
of the fabricated Si/LNO structure in the range of 1kHz-10MHz. Capacitance decreases
by increasing the frequency. At the resonance frequency (=<8.5MHz), the capacitance
starts to increase rapidly. The capacitor at frequencies higher than the resonance

frequency shows an inductive behavior.
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Figure 3.7: Capacitance and loss factor measurement on
AU/Si/LNO/Au sample

The Chemat CCTO solution, composed of source material in 2-Methoxyethanol,
was employed for spin coating of CCTO thin film. The optimized spin coating recipe,
experimentally determined for deposition of this solution, is illustrated in figure 3.8. The
spin coating recipe comprises a one-step process. Rotation the wafer at 3000 RPM for 20

seconds results in a thin film of CCTO solution on the wafer.
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Figure 3.8: CCTO spin coating recipe

The wafer after spin coating process was transferred to a tube furnace with a
controlled atmosphere. After a pyrolysis step at 300°C for 30 min in a pure argon
atmosphere, the sample was annealed at 500°C in a 5%-0xygen/95%-argon environment

for 60 minutes.
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Figure 3.9: CCTO annealing recipe
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The ellipsometry measurement shows 24.16nm CCTO film on the wafer. The

summary of SI/LNO/CCTO fabrication process is illustrated in figure 3.10.

HF Cleaning
7min @ 5% Acid

|
LNO Spin Coating
30s @ 3000 RPM

Pyrolysis
@300 °Cin Argon

Crystallization
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Argon 95% / Oxygen5%

|
CCTO Spin Coating
20s @ 3000 RPM

Pyrolysis
@300 °Cin Argon
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Argon 95% / Oxygen5%

Figure 3.10: Summary of Si/LNO/CCTO fabrication process

C-V measurement result is illustrated in figure 3.11.
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Figure 3.11: C-V measurement on Au/Si/LNO/CCTO/Au sample
The values above 20 nf are out of the measurement range of the employed C-V

measurement instrument; So, it is indirectly measured using a series reference

capacitor

The frequency stability results are compared as capacitance measurements of
SI/LNO/CCTO and Si/CCTO/LNO coated samples in figure 3.12. This figure shows the
capacitance variation range with the average value of the capacitance. The results show a

high-frequency stability for Si/LNO/CCTO heterostructures at 3.25-3.5MHz.
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Figure 3.12: Si/LNO and Si/LNO/CCTO frequency dependent capacitance
response

3.3 CCTO/LNO hetro-structure

The results show an improvement in the capacitance stability in a wide range of
frequency Existing literature show that the dielectric properties of CCTO film can be
improved when crystallized at temperatures far more than 500°C [70]. Annealing the
SI/LNO/CCTO structure at temperatures above 500°C damages the structure with the
presence of surface cracking. The issue is probably due to the differences in the

coefficients of thermal expansion of the different materials. To solve this issue, the
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CCTO films were deposited on the HF-treated wafer, crystallized at much higher

temperature before deposition of the LNO film.

In the Si/CCTO/LNO structure, the CCTO film was deposited on the HF-cleaned
substrate using spin coating recipe explained above. The sample, after the pyrolysis step,
is annealed for 30 minutes at various temperatures from 700°C to 1000°C to identify the
best crystal quality. In figure 3.13, the best XRD measurement result was processed at

900°C.

To verify the conditions for the best crystal quality, annealing was performed
from 10 minutes to 2 hours. The results are shown in figure 3.14. The best CCTO growth
was observed for 1hour annealing at 900°C. At this condition, XRD measurement results
show polycrystalline CCTO formation with preferred (220) and (400) orientations. The
reaction of oxygen with interfacial Si when annealing the sample at 900°C can be
prevented by annealing the sample in the pure argon atmosphere or a using thicker layer

of CCTO (over 100nm).
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Ellipsometry measurement shows that a single spin deposition results in 29-30nm
thick CCTO film on the Si substrate. The polycrystalline structure of the sample can be

observed in SEM measurement illustrated in figure 3.15.

: “

 ——500nm——

Figure 3.15: SEM measurement on polycrystalline CCTO deposited on

Si
In order to improve the printing quality, the contrast and brightness of this

image is modified

EDAX measurements, as illustrated in figure 3.16, shows the differences from

ideal stoichiometric values.
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Figure 3.16: EDAX measurement results on polycrystalline CCTO
deposited on Si

The sample was spin coated with LNO using the spin coating recipe explained
above. The sample after pyrolysis was annealed at 450°C. XRD measurement results for

Si/CCTO/LNO structure is illustrated in Figure 3.17.

CCTO (220)

LNO (012)
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CCTO (400)
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Figure 3.17: XRD measurement on Si/CCTO/LNO sample
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XRD measurement results show the formation of polycrystalline LNO with a
preferred orientation of (012). The summary of Si/CCTO/LNO fabrication process is

illustrated in figure 3.18.

HF Cleaning
7min @ 5% Acid

|
CCTO Spin Coating
20s @ 3000 RPM

Pyrolysis
@300 °Cin Argon

Crystallization
@900°Cin
Argon 95% / Oxygen5%

LNO Spin Coating
30s @ 3000 RPM

Pyrolysis
@300 °Cin Argon

Crystallization
@450°Cin
Argon 95% / Oxygen5%

Figure 3.18: of Si/CCTO/LNO fabrication process

The result of the C-V characterization, illustrated in figure 3.17, shows the

capacitance variation with the applied DC voltage.
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To study the effect of CCTO and LNO film thickness ratio on the frequency
stability of the Si/CCTO/LNO structure, three samples are made with 30nm CCTO film
and 15nm, 60nm, and 120nm LNO layer. Thick LNO layers are made repeating the spin
coating and solvent evaporation by annealing at 120°C for 5 minutes. LNO thickness is
verified using ellipsometry. Capacitance-frequency measurements in figure 3.18 show the
effect of LNO layer thickness on the capacitance minima position. The result shows a
decrease in the frequency of the capacitance minima with increasing the thickness of the

LNO film.
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Figure 3.20: Capacitance measurement on CCTO/LNO structure
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CHAPTER IV. CCTO/LNO UV TUNED CAPACITOR
4.1 Introduction

Tuning the dielectric constant of CCTO by manipulating the structure of grains
and boundaries including varying the calcination or annealing temperature [71-73],
sintering conditions [74-76], using additive materials [77-79], and employing novel
sintering techniques including laser [80] and microwave [81-82]. Masingboon et. al.
reported the variation of the dielectric properties of polycrystalline CCTO under UV light
irradiation [83] are known. They reported an approximate 10% (at 100kHz) variation in
the dielectric constant of polycrystalline CCTO under exposure of a 405nm laser with the
intensity of 0.2 W/cm?. An anomalous variation of dielectric constant under UV exposure
can be employed for fabrication of dynamically tunable capacitors. Development of
oxygen-vacancy induced states results in an induced metallicity at the surface of the
material. This provides an increase in the conductivity of the CCTO under UV exposure

via the chemical reaction [84]:
O (neutral) — Vo2* (Oxygen Vacancy) + 0.5 O,

Surface oxygen vacancies resulted from UV laser exposure explains the capacitance
variation in CCTO layer. Semiconducting grain and insulating grain boundaries create an
Internal Barrier Layer Capacitor (IBLC) that dominates the total film capacitance due to

its small thickness [85].

The use of CCTO material as a UV tunable capacitor or UV detector has two
challenges: temperature dependence and frequency dependence will limit the applications
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of the fabricated device. At temperatures below 300°C, the increase in the dielectric
constant of the CCTO with increasing temperature has been reported in many
experimental studies on bulk and thin film CCTO [86-90]. The dielectric change as a
function of temperature variation is comparable with the sensitivity of the CCTO-based

tunable capacitors to UV light. It significantly affects the performance of the device.

The dielectric constant of the CCTO is a function of measurement frequency.
Below 300°C, increasing the frequency up to 100kHz, decreases the dielectric constant of
the CCTO [86, 90]. The frequency dependent UV sensitivity of CCTO-based capacitors
is also reported in reference [83]. The capacitance, measured at 1kHz and 10 kHz,
increases with UV exposure. The results are different at higher frequencies. A decrease in
the capacitance under UV exposure at the measurement frequency of 100kHz was

observed.

This chapter describes a mechanism to reduce the frequency and temperature
dependence of the CCTO-based UV tunable capacitors employing an LNO layer. In
reference [86], increasing the frequency from 100kHz to 1MHz above room temperature
results an increase in the dielectric constant of the CCTO. This behavior is different for
lower frequencies where the dielectric constant decreases with the frequency. At
frequencies above 100kHz, the sensitivity of the CCTO capacitor to UV light is different
that its behavior at lower frequencies. These two behaviors as a function of frequencies

higher than 100kHz are different from the behavior of LNO.

The dielectric constant of LNO is decreasing with the increase of the frequency

[91-93]. A combination of LNO and CCTO capacitors if selected with proper thickness
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ratio can compensate the frequency dependence of the CCTO. The dielectric constant of
the LNO is temperature dependent [91-94]. Close to room temperature, the dielectric
constant of the LNO shows a very low dependence on the temperature variation
especially in higher frequencies [91-94]. This can be used to compensate for a large
temperature dependence of CCTO dielectric constant at high frequencies. The UV
exposure can affect the dielectric constant of the LNO. An increase in the dielectric

constant of the LNO has been reported by Makram et. al. [95].
4.2 PLD Deposition of CCTO/LNO Structure

Fabrication of CCTO/LNO for optical applications requires the deposition of
high-quality films with precise thickness. To achieve a single crystal CCTO/LNO
heterostructure, pulsed laser deposition technique is employed. Si substrates are used for
the experiments. A thin layer of STO was deposited on Si as described in reference [96].
The deposition of CCTO films with preferred (100) orientation on (100) STO substrate
has been reported by Feng et. al [97]. They employed the chemical solution deposition
technique to deposit CCTO film. The sample after spin coating was transferred into a
furnace preheated at 500°C for 10-minute pyrolysis step, followed by annealing at 850°C

for 2 hours for crystallization.

There are reports on unsuccessful experiments on the direct deposition of CCTO
on STO substrate using the PLD technique. W. Si et. al. [98] explained that a large lattice
mismatch between CCTO (cubic, a/2=3.68 A) and STO (cubic, a=3.905 A) is the reason
for an incorrect phase. A film consisted of more than one orientation of CCTO on the

STO substrate deposited using PLD. They solved the issue using an LaAlO3z (LAO)
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buffer layer. There are several other reports on the deposition of epitaxial CCTO on LAO
Using PLD [99-101]. Based on the literature, the process to fabricate CCTO/LNO hetero-
structure starts with the deposition of LAO on Si/STO substrate. Epitaxial growth of
(001) LAO on (001) STO employing the pulsed laser deposition technique has been

reported [102-104].

The growth of LAO on PZT/STO was optimized by comparing different recipes.
The direct growth of LAO on PZT/STO at 800°C results in extra phases. This was
mitigated by depositing LAO at a lower temperature followed by post growth annealing
at a higher temperature (800°C). The optimized recipe found for LAO growth was
deposition at 400°C in 100 mTorr O, atmosphere using 2.7 J/cm? 10Hz laser followed by
post growth anneal of the sample at 800°C in 100 mTorr Oz atmosphere for 20 minutes.
The XRD measurement in figure 4.1 illustrates the difference between the LAO growth at
high temperature and lower temperature with post-annealing at high temperature. The
sample grown at high temperature shows more than one LAO phase while the sample
grown at lower temperature with post-annealing at high temperature exhibits single

crystal LAO with (001) orientation.
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Figure 4. 1: XRD measurement on a. Si/10nm-STO/LAO deposited at 800°C
and post-annealed at 800°C, b. Si/10nm-STO/LAQO deposited at 400°C and

post-annealed at 800°C

The growth of CCTO on Si/STO/LAO was optimized by exploring different

recipes. The optimized recipe found for CCTO growth was deposition on 700°C in 100

mTorr Oz atmosphere using 2.7 J/cm? 10Hz laser. Then, post-annealing the sample at

700°C in 100 mTorr Oz atmosphere for 30 minutes. The XRD measurement (figure 4.2)

illustrates the formation of epitaxial CCTO with (001) orientation. The results show STO

(001) and (002) peaks, LAO (001) and (002) peaks, and CCTO (002) and (004) peaks in

addition to substrate (Si) peaks.
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Figure 4. 2: XRD measurement on Si/STO/LAQ/CCTO sample

Si/STO/LAO/CCTO sample was employed for electrical measurements and
experiments to study the effect of UV exposure on CCTO capacitance. To perform the
experimental study, Pt bottom electrodes were deposited by sputtering, and ITO top
electrodes were deposited on top of the CCTO by PLD. The growth of ITO on
Si/STO/LAO/CCTO was optimized by exploring the use of different recipes. The best
recipe found for ITO (Sn/In + Sn = 10 %) growth was: deposition at 300°C in 10 mTorr
O atmosphere using 1.3 J/cm? 10Hz laser. This was followed post-annealing the sample
at 300°C in 10 mTorr O, atmosphere for 10 minutes. Petukhov et. al. [105] also reported
an improvement in electrical conductivity of the ITO grown with the PLD technique
when annealing at temperatures above 300°C in oxygen pressures in the range of 5-10
mTorr. The figure 4.3 illustrates the structure of the fabricated device for electrical

measurements.
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Figure 4. 3: The structure of fabricated 40nm-Pt/Si/5nm-STO/15nm-
LAO/70nm-CCTO/80nm-1TO device for electrical measurements

The figure 4.4 shows the capacitance measurement for this sample in the
frequency range of 100Hz-1MHz. The frequency-stable capacitance minima for this
sample is about 150kHz. The sample was exposed to a 405nm laser with the intensity of
25mW/cm?. This wavelength was chosen by considering the bandgap of ITO, which is
about 3.8-4.2 eV [106-109] and the photon energy of 3.06 eV for a 405nm laser. ITO will
transmit most of the laser light. As shown in figure 4.4, the sample shows an anomalous
dielectric change under UV exposure. This experiment is performed at room temperature

of 23°C.
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Figure 4. 4: Room temperature capacitance measurement on the fabricated 40nm-
Pt/Si/5Snm-STO/15nm-LAO/70nm-CCTO/80nm-1TO device in dark ambient and under

laser exposure

To understand the light sensitivity of epitaxial CCTO, the percentage increase in
the capacitance of the device under laser exposure is plotted in figure 4.5. The
measurement was performed at the proximity of the frequency-stable capacitance

minima.
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Figure 4. 5: Percentage increase in the capacitance of the fabricated 40nm-Pt/Si/5nm-
STO/15nm-LAO/70nm-CCTO/80nm-I1TO device under laser exposure

The fabricated device shows about 1.3% capacitance increase at 100kHz under
exposure of a 405nm laser with the intensity of 25mwW/cm?. This result is comparable
with the sensitivity of polycrystalline CCTO. An increase of up to 10% in the capacitance
at frequencies of 100kHz was observed in the polycrystalline CCTO under exposure of a

405nm laser with the intensity of 200mwW/cm? [83].

The effect of the ambient temperature on the performance of this device can be
observed by comparing the capacitance at room temperature with the capacitance at the
elevated temperature of 50°C. The results of this experiment are shown in figure 4.6 and

is measured in the dark.
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Figure 4. 6: Capacitance measurement on the fabricated 40nm-Pt/Si/5nm-STO/15nm-
LAO/70nm-CCTO/80nm-1TO device in dark ambient at room temperature and elevated
temperature

To understand the temperature sensitivity of the fabricated device, the percentage
increase in the capacitance of the device per °C temperature increase is plotted in figure
4.7. The measurement was performed at the proximity of the frequency-stable

capacitance minima.
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Figure 4. 7: Percentage increase in the capacitance of the fabricated 40nm-
Pt/Si/5nm-STO/15nm-LAQO/70nm-CCTO/80nm-1TO device per °C temperature

increase

This result shows a high-temperature sensitivity for the fabricated device when
compared to its light sensitivity values. For an example, just 1°C temperature variation in
the ambient, results about 35% measurement error in capacitance variation at 100kHz
under the exposure of a 405nm laser with the intensity of 25mW/cm?. The temperature
effect becomes more challenging knowing the fact that the light sensitivity of the
capacitor is changing with temperature. The result is a decrease in the light sensitivity of
the device with increasing the temperature. The measurement was performed at the

proximity of the frequency-stable capacitance minima.
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Figure 4. 8: Percentage increase in the capacitance of the fabricated 40nm-Pt/Si/5nm-
STO/15nm-LAO/70nm-CCTO/80nm-1TO device under laser exposure in different

temperatures

The growth of LNO on Si/STO/LAO/CCTO was optimized by using different
recipes. The best recipe found for LNO growth was deposition at 600°C in 100 mTorr O
atmosphere using 1.3 J/cm? 10Hz laser. The sample was post-annealed at 600°C in 100
mTorr Oz atmosphere for 30 minutes. The XRD measurement in figure 4.9 illustrates the
formation of epitaxial LNO with (001) orientation. The results show STO (001) and (002)
peaks, LNO (012) and (024) peaks, and CCTO (002) and (004) peaks in addition to
substrate (Si) peaks. The LAO peaks, because of the low thickness of LAO layer

compared to LNO, are not clearly observed in this measurement.
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Figure 4. 9: XRD measurement on Si/STO/LAO/CCTO/LNO sample

The TEM measurement in the figure 4.10 illustrates a sharp CCTO/LNO

interface. The EDS scan shows that there is no intermixing at the hetero-interface.
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Figure 4. 10: TEM measurement and EDS line scan on Si/STO/LAO/CCTO/LNO

sample

The Si/STO/LAO/CCTO/LNO sample was employed for electrical measurements
and experiments to study the effect of UV exposure on CCTO/LNO capacitance. Pt

bottom electrodes are deposited by sputtering, and ITO top electrodes are deposited on
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top of the CCTO by PLD. ITO (Sn/In + Sn = 10 %) was deposited on 300°C in 10 mTorr
O atmosphere using 1.3 J/cm? 10Hz laser followed post growth annealing at 300°C in 10
mTorr Oz atmosphere for 10 minutes. Figure 4.11 illustrates the structure of the

fabricated device for electrical measurements.

ITO 80 nm
LNO 31 nm
CCTO 70 nm
LAO 15 nm
STO 5 nm
Si
Pt 40 nm
Figure 4. 11: The structure of fabricated 40nm-Pt/Si/5nm-STO/15nm-
LAQO/70nm-CCTO/31nm-LNO/80nm-I1TO device for electrical
measurements

Figure 4.12 shows the capacitance measurement on this sample in the frequency
range of 100Hz-1MHz. The frequency-stable capacitance minima for this sample is about
180kHz. The sample was exposed to a 405nm laser with the intensity of 25mwW/cm?. As
shown in figure 4.12, the sample shows an anomalous dielectric change under UV

exposure. This experiment is performed at 23°C.
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Figure 4. 12: Room temperature capacitance measurement on the fabricated
40nm-Pt/Si/5Snm-STO/15nm-LAO/70nm-CCTO/31nm-LNO /80nm-1TO device in

dark ambient and under laser exposure

To have a better understanding of the light sensitivity of epitaxial CCTO, the
percentage increase in the capacitance of the device under laser exposure is plotted in
figure 4.13. The measurement was performed at the proximity of the frequency-stable

capacitance minima.
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Figure 4. 13: Percentage increase in the capacitance of the fabricated 40nm-
Pt/Si/5nm-STO/15nm-LAQO/70nm-CCTO/31nm-LNO /80nm-1TO device under

laser exposure

The CCTO/LNO capacitor shows about two times more sensitivity to the laser
exposure at the frequency-stable region when compared with the percentage increase in

the capacitance of CCTO under UV exposure.

The effect of the ambient temperature on the performance of this device can be
observed by comparing the capacitance at room temperature and the capacitance at the
elevated temperature of 50°C. This experiment, as shown in figure 4.14, is performed in

the dark.
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Figure 4. 14: Capacitance measurement on the fabricated 40nm-Pt/Si/5nm-
STO/15nm-LAO/70nm-CCTO/31nm-LNO /80nm-I1TO device in dark ambient at
room temperature and elevated temperature

To understand the temperature sensitivity of the fabricated device, the percentage
increase in the capacitance of the device as a function of °C temperature increase is
plotted in figure 4.15. The measurement was performed at the proximity of the

frequency-stable capacitance minima.
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Figure 4. 15: Percentage increase in the capacitance of the fabricated 40nm-
Pt/Si/5Snm-STO/15nm-LAO/70nm-CCTO/31nm-LNO /80nm-I1TO device per °C

temperature increase

The CCTO/LNO capacitor shows about six times less sensitivity to the
temperature variation at the frequency-stable region when compared with the percentage
increase in the capacitance of CCTO. The light sensitivity of the CCTO/LNO capacitor at
the proximity of the frequency stabled area, as shown in figure 4.16, is almost

independent of the temperature variation.
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Figure 4. 16: Percentage increase in the capacitance of the fabricated 40nm-

Pt/Si/5Snm-STO/15nm-LAO/70nm-CCTO/31nm-LNO /80nm-1TO device under

laser exposure in different temperatures
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CHAPTER V. PULSED LASER DEPOSITION OF PZT ON Si

5.1. Introduction

Techniques employed for PZT deposition, include: Sol-gel [110-113] deposition,
Ink Jet Printing [114], Sputtering [115-118], Chemical Vapor Deposition [119-122]
(CVD), and Pulsed Laser Deposition (PLD) [123-125]. PLD is a cost-effective, high
quality film deposition of a variety of complex compounds including PZT. PLD
deposition is based on target material vaporization in plasma plume and its stoichiometric
transfer to the substrate. PLD is more challenging when depositing materials that include
volatile elements such as lead. A significant decrease in the lead content is achieved by
increasing the temperature of the substrate above 630°C [126, 127]. The most common
way to compensate for this issue is using a PZT target with more Pb content. Lead
depletion in PLD deposition of PZT has been reported in 2010 [128, 129]. Mukherjee et.
al. reported a decrease in the Pb ratio of the PZT target when the laser flux was increased.
They observed a saturation in the Pb content at fluxes above 3J/cm?. The Zr and Ti ratios

remain almost constant in their experiments.

This chapter reports the issue of Pb depletion in PLD deposition of PZT under a
wide range (10mT-400mT) of oxygen background pressure. The chapter also shows a
mechanism to control the Zr/Ti ratio of the PZT film using the pressure of the oxygen

during the deposition.

Zr/Ti or Zr/Zr+Ti ratio are important parameters affecting the electrical properties
of PZT. Yokoyama et. al [130] explained the effect Zr/Zr+Ti ratio on the remnant
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polarization and coercive field of the deposited PZT films. Lonkar et. al. [131] reported
that the decrease in the Zr/Ti ratio results in the increase of the dielectric constant and a
decrease in the dielectric losses. They observed variation of the piezoelectric charge
constant and piezoelectric voltage constant with the change of the Zr/Ti ratio. In this
chapter the electrical properties of PZT films deposited using the oxygen pressure as a

control parameter for Zr/Zr+Ti ratio are compared.

5.2. Deposition of PZT using PLD Technique

PZT target with the chemical compound of Pb1.1Zro53Tio.4703 manufactured by
PLASMA-MATERIALS is used in this study. As illustrated in figure 5.1, The XRD
measurement on the clean (mechanically polished) PZT target shows the polycrystalline

PZT with minor ZrO2 and PbO phases.
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Figure 5.1: XRD measurement on clean PZT target
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EDAX analysis of the target material also showed the differences from ideal

stoichiometric values (see Figure 5.2).

60

=R 40
2
£
2 20
) I I
0
Pb Ir Ti 0
m Nominal 21.57 10.39 9.22 58.82
u Target 18.56 12.05 14.21 55.19
Deviation -3.01 1.66 4.99 -3.63

Figure 5.2: EDAX measurement on PZT target; Nominal values belong to

ideal Pb11Zro53Ti0.4703

When the target is exposed to the Nanosecond UV laser, the color of the PZT
target surface is changed to dark gray, and the structure of its surface is modified. The
XRD measurement of the target, as shown in the figure 5.3, shows the presence of Pb,
ZrO,, and PbO after exposure to 10Hz, 1j/cm? laser beam for 10 minutes in Oz (Figure
5.3.a) and Ar (Figure 5.3.b) atmosphere with the pressure of 100mT. The measurement

clearly shows that the ratio of the PbO to Pb is increased in the presence of Ox.

71



PZT

Pb
PbO

A
o
®
0

Intensity (a.u.)

20 (Deg.)

R ~r PZT
”; = Pb
E’; *  PbO

o ZrO2
g 30 31 32
=
L
'E [u]
N ox o A A A I:I,-\I:| A M AA A

15 25 35 45 55 65 75 85 95
20 (Deg.)

Figure 5.3: a. XRD measurement on PZT target after 10m laser exposure in

100mT O2, b. XRD measurement on PZT target after 10m laser exposure in
100mT Ar

The XRD results predicted that the deposited PZT films have Pb and Zr depletion.
To verify this prediction, the PZT films grown using different laser energy are analyzed
with EDAX. 200nm of PZT film is deposited on HF-cleaned Si wafer at the temperature
of 100°C. The experiments were carried out in an oxygen atmosphere of 200mT. This can
potentially be an issue with using an Oz exposed PZT target for the initial growth of PZT

thin films using PLD.
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Figure 5.4: EDAX measurement on PZT target, PZT film grown under exposure of

248nm 10Hz laser with different fluxes

The EDAX measurements of figure 5.4 clearly show maxima for Pb/Zr+Ti ratio
about 1.7 J/cm?. The lead content is saturating at fluxes above 3J/cm?. Zr/Zr+Ti and

Ti/Zr+Ti ratios have a small variation in different laser fluxes.

Figure 5.5 below illustrates the variation of Pb/Zr+Ti, Zr/Zr+Ti, and Ti/Zr+Ti of

deposited PZT films employing 1.7 J/cm? laser at different oxygen pressures.
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Figure 5.5: EDAX measurement on PZT films grown using 248nm, 10Hz 1.7 J/cm? laser at

different oxygen pressures

In an oxygen ambient above 200mT, the Pb/Zr+Ti content is increased with an
increase in the pressure. The Zr/ Zr+Ti and Ti/ Zr+Ti ratio is almost uniformFor oxygen
pressure below 200mT, the Zr/ Zr+Ti and Ti/ Zr+Ti ratio is changing with the change of
the atmosphere pressure. The Pb/ Zr+Ti ratio is almost the same from 50mT to 200mT.
Two important facts can be concluded from this observation: (i) An increase in the
oxygen pressure is required to deposit PZT films with high lead content [128,129]. The
EDAX measurement results as illustrated in Figure 5.6 indicates the similarity between
the elements of the film grown in 400mT O and the target. (ii) The Zr/Ti or Zr/Zr+Ti
ratio which is an important parameter affecting the electrical properties of PZT [130-131]

can be tuned by oxygen pressure when pressure is below 200mT.
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Figure 5.6: EDAX measurement comparing the PZT target and the PZT film grown
on 400mT oxygen atmosphere using 1.7 J/cm? laser.

To verify the tunability of the PZT properties, three samples were prepared using
the identical growth parameters except oxygen pressure. XRD measurements as shown in
figure 5.8, illustrate the formation of (001) PZT on the Si/5nm-STO/30nm-SRO
substrate. Single crystalline SRO with (001) orientation, as shown in figure 5.7.a, was
deposited in the oxygen atmosphere with the pressure of 300mT using 10Hz laser with
the flux of 1.7 J/cm?. The high angle XRD measurement on the 40nm single crystalline
PZT (001) deposited on SRO layer is illustrated in figure 5.7.b. The tunability of the PZT
lattice constant varying the oxygen pressure is verified using the oxygen pressure of
100mT (Figure 5.7.c), 125mT (Figure 5.7.d), and 150mT (Figure 5.7.e). Combining the
EDAX measurement results shown in figure 5.6 with the reported results on the lattice
constant of the PZT as a function of Zr/Zr+Ti ratio [131], an approximate lattice constant

(a) variation of 3.96A-4.02A is expected.
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Figure 5.7: a. XRD measurement on: a. Si/5nm-STO/30nm-SRO sample, b. Si/5nm-STO/30nm-
SRO/40nm-PZT sample grown in oxygen pressure of 100mT, c. Si/5nm-STO/30nm-SRO/40nm-
PZT sample grown in oxygen pressure of 100mT, d. Si/5nm-STO/30nm-SRO/40nm-PZT sample
grown in oxygen pressure of 125mT, e. Si/5nm-STO/30nm-SRO/40nm-PZT sample grown in

oxygen pressure of 150mT.

Capacitance and P-E measurements were carried out on four Si/STO/PZT samples

with 40nm PZT films deposited using 10Hz, 248nm 1.7 J/cm? laser in Oxygen ambient

with the pressure of 125mT, 150mT, 175mT, and 200mT employing Pt electrodes.

The capacitance measurement was carried out at 1kHz. The results show a

decrease in the dielectric constant by increasing the pressure of the oxygen during the

growth. The loss factor, Tan 8, is also increasing with the increase of the Oz pressure. The
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relative dielectric constant, as shown in figure 5.8, can be controlled in the range of 29-

130 when changing the oxygen pressure from 200mT-125mT.

0.4
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Q.1

Relative Dielectric Constant
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05 Pressure (mT) 0, Pressure (mT)

Figure 5.8: Tuning the relative dielectric constant and Tan § in PZT films grown on
different oxygen pressures

The P-E measurements as shown in figure 5.9 are carried out using two top Pt
electrodes. The results show a wider hysteresis loop at higher oxygen pressure. The P-E
measurement shows an increase in the P, value when increasing the oxygen pressure
during the PZT growth. The P, can be tuned in the range of 6.6 pC/cm? to 42.2 uC/cm?
varying the oxygen pressure from 125mT to 200mT. Figure 5.9.e illustrates the Py/Psat

value that is increasing when increasing the oxygen pressure.
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Figure 5. 9: P-E measurement on PZT films deposited on Si/STO substrate using 10Hz,

248nm 1.7 J/cm? laser in Oxygen ambient with pressure of a. 125mT, b. 150mT, c. 175mT, d.

200mT, e. Pr and Pr/Psat value versus the Oxygen pressure.
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CHAPTER VI. DEPOSITION OF FERROELECTRIC THIN FILMS ON

I11-V SEMICONDUCTORS

6.1 Introduction

Deposition of PZT thin films on Silicon/SrTiOz (Si/STO) structures has been
reported [132]. Epitaxial STO layer deposited on the single crystal Si substrate with (001)
orientation is used as a virtual substrate for PZT growth. Integration of ferroelectric
materials with high mobility substrates including I11-V semiconductors represents a
useful research topic. Improving the electrical properties of semiconductor/ dielectric/
ferroelectric structures for device applications is the purpose of this research. The
deposition of PZT on a GaAs substrate with a thin layer of STO buffer was found to be
problematic due to the diffusion of gallium and arsenic atoms and their reaction with lead
atoms at the interface. Arscott et al. [133] reported a sol—gel derived PZT thin films
fabricated on a platinized GaAs substrate. A silicon nitride barrier layer was used to
isolate the PZT from the GaAs. Rapid Thermal Processing (RTP) technique was

employed to minimize the gallium and arsenic diffusion.

In this chapter several mechanisms to prevent the gallium and arsenic diffusion
into the STO layer are investigated. The deposition of single crystalline PZT on
GaAs/STO substrate employed these mechanisms. Sol-Gel spin coating and thermal

annealing, and pulsed laser deposition techniques are used for PZT deposition.

6.2 Spin Coating Deposition of PZT on GaAs

In PZT spin coating process, after spin coating and solvent evaporation step, the
film requires a pyrolysis step at 400°C where the PZT film is still amorphous. Annealing
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the sample at 500°C results in pyrochlore Pb2TioOs PZT phase. The transition from
pyrochlore to perovskite phase occurs at higher temperatures; at 600°C PZT exhibits in
the perovskite phase [134]. A similar process was employed for deposition of PZT on
GaAs/STO structure. The spin coating process as shown in Figure 6.1 was carried out in

a 25°C argon atmosphere.

3500

3000

2300

2000

RP M5

1500

Tieme (s}

Figure 6.1: Spin coating recipe for PZT

The sample was then annealed in Argon/Oxygen (95/5) atmosphere at 600°C for

30 minutes after pyrolysis in pure argon gas.
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Figure 6.2: Annealing recipe for PZT

Experimental results show that deposition of PZT on GaAs/STO structure is more
challenging than deposition on Si/STO substrates. Practically, annealing the sample at
any temperature above 400°C destroys the surface. The sample after annealing has a very
rough surface with cracks. The XRD measurement shows some weak PZT phases with

preferred (001) and (221) orientation.

GaAs/STO/PZT Si/STO/PZT

Figure 6.3: Optical microscope image from the surface of Si/10nm-STO/50nm-PZT

and GaAs/10nm-STO/50nm-PZT deposited with spin coating and annealing using
the same recipe
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Rapid thermal annealing can minimize the As and Ga diffusion during the
annealing process. So, it enables the growth of PZT on GaAs/STO substrate. The same
spin coating recipe as shown in figure 6.1 is employed to deposit PZT film on GaAs/STO
substrate. The sample is then annealed in an RTA process. The temperature raised to
600°C with the rate of 30°C/s; then the sample is kept at that temperature for 30 minutes.
XRD measurement result as shown in figure 6.4 illustrates the formation of single

crystalline PZT with the preferred orientation of (001).

PZT (001)
PZT (002)

Intensity (a.u.)

15 25 35 45 55 65 75 85 95
20 (Deg.)

Figure 6.4: XRD measurement on GaAs/5nm-STO/50nm-PZT sample deposited using

spin coating and RTA

The ferroelectricity behavior of PZT film deposited on GaAs/STO substrate with

spin coating and RTA process is verified using P-E measurement technique.

82



100

Plarization (uC/cm?2)

-100
Normalized Voltage
Figure 6.5: P-E measurement on GaAs/5nm-STO/50nm-PZT sample deposited using

spin coating and RTA

RTA process affects the surface roughness of the PZT film. As shown in AFM
measurement result below, the film deposited by this method has a roughness (Ra) of

22.8nm. This high roughness value limits the application of the device.

Figure 6.6: AFM measurement on GaAs/5nm-STO/50nm-PZT sample deposited

using spin coating and RTA
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6.3 Pulsed Laser Deposition of PZT on GaAs

In this section the deposition of PZT on GaAs/STO substrate employing two
different techniques: using the buffer layer and direct deposition is explained. The STO
film with a thickness below 10nm, deposited by MBE, is called thin STO. The STO films
with a thickness above 10nm, which were deposited by PLD on top of thin STO films are

named thick STO.
6.3.1. Deposition of PZT on GaAs/STO Using a Thick STO layer

As with spin coating, in pulsed laser deposition, direct deposition of PZT on a
GaAs substrate with a thin layer of STO buffer is not possible due to the diffusion of
gallium and arsenic atoms and their reaction with lead atoms. The XRD measurement
results as shown in figure 6.7 compares the results for deposition of PZT on Si/STO and
GaAs/STO substrates. For both growths, all deposition parameters were the same. The
sample temperature is 600°C during the deposition using 1.7 J/cm? laser at oxygen
atmosphere with the pressure of 100mT. The process was then completed with a
10minute post-annealing step at oxygen atmosphere with the pressure of 100mT. The
PZT film grown on Si/STO substrate shows single crystal PZT with (001) orientation.
However, the PZT film grown on GaAs/STO substrate shows no PZT peak in the 260

scan.
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Figure 6.7: XRD measurement on a. Si/10nm-STO/25nm-PZT, b. GaAs/5nm-
STO/25nm-PZT

The TEM results as shown in figure 6.8 illustrates the formation of non-

crystallized PZT with a thin layer of gallium oxide formed below the STO layer.
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Figure 6.8: TEM-HAADEF image from GaAs/STO/PZT sample

The diffusion of gallium and arsenic atoms and their reaction with lead atoms can
be eliminated using a thicker layer of STO. To verify this fact, GaAs/STO substrates with
different STO thicknesses were used to grow PZT. In this experiment, an extra layer of
STO was deposited on top of the GaAs/5nm-STO substrates using PLD just perior to
PZT deposition. To find the optimum parameters for STO deposition using PLD
technique, several experiments are carried out using GaAs/STO substrates. The pressure
of oxygen was the key parameter affecting the deposition of high-quality STO using PLD

system. As shown in figure 6.9, the deposition of STO on GaAs/STO substrate in an
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ambient with high O pressure (100mT) results in more than one STO phase. The issue

was solved using a lower oxygen pressure (1x10T). For STO growth, the 60nm film was

grown using a substrate temperature of 600°C and 2.7 J/cm? 10Hz laser.

STO (001)
STO (002)

Intensity (a.u.)

15 25 35 45 55 65 75 85 95
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STO (002)

STO (001)

Intensity (a.u.)

20 (Deg.)
Figure 6.9: XRD measurement on GaAs/STO sample. The STO layer is
deposited at, a. 100mT Oz atmosphere, b. 1x10* Torr O, atmosphere

The optimum recipe found for STO growth was a deposition at 600°C in 1x10*
Torr Oz atmosphere using 2.7 J/cm? 10Hz laser followed by post growth annealing at
600°C in 1x10* Torr O, atmosphere for 10 minutes. This recipe was then used to deposit
different thickness of STO to be used for PZT deposition. Figure 6.10 illustrates the

effect of STO thickness on the deposition of single crystalline PZT.
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The experimental study shows that when a thin layer of STO was used, the PZT
film has weaker XRD peaks for PZT (001) and (002). Increasing the STO thickness
above 23nm, a single crystalline PZT film can be deposited on the substrate as seen the
sharp (001) and (002) PZT peaks in figure 6.10. However, a Semiconductor-Dielectric-
Ferroelectric structure with a thick dielectric layer is not practically useful for device
applications. The ferroelectricity behavior of PZT film deposited on GaAs/Thick-

STO/PZT was verified using P-E measurement technique.

The diffusion of gallium and arsenic atoms and their reaction with lead atoms can
also be eliminated employing another buffer layer such as LaAlOs (LAO) or La-

xsernO3 (LSMO)
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Figure 6.10: XRD measurement on a. GaAs/10nm-STO/25nm-PZT, b. GaAs/13nm-
STO/25nm-PZT, c. GaAs/17nm-STO/25nm-PZT, d. GaAs/23nm-STO/25nm-PZT
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Figure 6.11: P-E measurement on GaAs/23mn-

STO/25nm-PZT

6.3.2. Deposition of PZT on GaAs/STO Using an LAO Buffer layer

The growth of LAO on PZT/STO was carried out using different recipes. The
direct growth of LAO on PZT/STO at 600°C results in extra phases. The issue can be
solved depositing LAO in a lower temperature followed by a post growth annealing in
higher temperature. The best recipe found for LAO growth was a deposition at 400°C in
100 mTorr Oz atmosphere using 2.7 J/cm? 10Hz laser followed by post growth annealing
at 600°C in 100 mTorr Oz atmosphere for 20 minutes. The XRD measurement shown in
figure 6.12 illustrates the difference between the LAO growth at high temperature and
lower temperature with post-annealing at high temperature. The LAO film deposited at
lower temperature followed by a post growth annealing at higher temperature exhibits
(001) and (002) peaks while the LAO film deposited at high temperature exhibits other

phases.
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Figure 6. 12: XRD measurement on a. Si/10nm-STO/LAQO deposited at high
temperature, b. Si/10nm-STO/LAQO deposited at 400°C and post-annealed at high
temperature

The XRD measurement on GaAs/STO/LAOQO/PZT sample is illustrated in figure
6.13. The experimental study shows that an LAO layer with over 6nm thickness can
prevent the Ga and As diffusion. The XRD measurement shows single crystalline PZT
growth for 6nm and 30nm LAO layer. However, decreasing the LAO layer to 4.2nm

results in PZT peaks with less intensity. There is no PZT peak observed when 3nm LAO

was used.
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Figure 6. 13: XRD measurement on a. GaAs/5nm-STO/3nm-LAO/25nm-PZT, b.
GaAs/5nm-STO/4.2nm-LAO/25nm-PZT, c. GaAs/5nm-STO/6nm-LAO/25nm-PZT, d.
GaAs/5nm-STO/30nm-LAO/25nm-PZT
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The TEM measurement result as shown in figure 6.14 illustrates a sharp
STO/LAO interface. The structure also has a thin layer of gallium oxide at the GaAs/STO

interface.

25nm PZT (100)
10am LAO (100)
Snm STO (100)

p-GaAs (100}

Figure 6. 14: TEM-HAADF image

The ferroelectricity behavior of PZT film deposited on GaAs/STO/LAO substrate

was verified using P-E measurement technique.
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Figure 6.15: P-E measurement on GaAs/5nm-STO/30nm-LAO/25nm-PZT

sample

6.3.2. Deposition of PZT on GaAs/STO Using a LSMO Buffer layer

The growth of LSMO on PZT/STO was developed using various recipes. The
optimized recipe found for LSMO growth was deposition on 600°C in 100 mTorr O
atmosphere using 1.3 J/cm? 10Hz laser followed by post growth annealing at 600°C in

100 mTorr O atmosphere for 20 minutes.

The XRD measurement on GaAs/STO/LSMO/PZT sample is illustrated in figure
6.16. The experimental study shows that an LSMO layer with over 48nm thickness can
prevent the Ga and As diffusion. The XRD measurement shows single crystalline PZT
growth for 48nm and 60nm LSMO layer. However, decreasing the LSMO layer to 43nm

results in no PZT peaks.
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Figure 6. 16: XRD measurement on a. GaAs/5nm-STO/12nm-LSMO/25nm-PZT, b.
GaAs/5nm-STO/ 43nm-LSMO/25nm-PZT, c. GaAs/5nm-STO/48nm-LSMO /25nm-
PZT, d. GaAs/5nm-STO/60nm-LSMO /25nm-PZT
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The TEM measurement result as shown in figure 6.17 illustrates a sharp

STO/LSMO interface. The structure also has a thin layer of Gallium oxide under STO

layer.
25nm PZT (100)
38nm LSMO (100)
Snm STO (100)
p-GaAs (100)

N

rheve e
$or el

sharp STO/
LMSO interface

~6 nm Ga oxide
buffer layer
between GaAs
and STO

Figure 6. 17: TEM-HAADF image

The ferroelectricity behavior of PZT film deposited on GaAs/STO/LSMO

substrate is verified using P-E measurement technique.
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Figure 6. 18: P-E measurement on GaAs/5nm-STO/60nm(3000P)-LSMO /25nm-PZT

sample

6.3.4. Direct Deposition of PZT on GaAs/STO

To investigate the deposition of PZT directly on GaAs/5nm-STO structure the
deposition was carried out in an argon atmosphere using a pressure of 100 mT. The
temperature of the sample was 600°C during the 40m deposition. The sample was then
post-annealed in the vacuum for 20m. It was expected that the absence of O2 will not
solve the issue of Ga and As diffusion. However, this experiment was set up to compare
the results with the ambient atmosphere to provide more data for understanding the
chemical reactions. Surprisingly the result was promising. The XRD measurement result

as shown in figure 6.19 illustrated a single crystalline PZT with (001) and (002) peaks.
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Figure 6. 19: XRD measurement on GaAs/STO/PZT sample grown on Argon atmosphere

As shown in figure 6.20, the result of this experiment was not reproducible. The

XRD measurement result exhibits no strong PZT peak.

After all growth parameters were carefully verified, and the experiment was
repeated several times, no PZT peak was observed. To investigate the measurement
tolerance, the experiment was repeated with minor change in the growth parameters
including temperature, pressure, and laser energy. The result was no PZT phase being
present. Further investigation noted that before the first experiment, the PZT target has
not been used for several weeks. The possibility of a chemical reaction on PZT target
during that period was concluded from this fact. The research was then focused on the
behavior of the PZT target under UV laser exposure, resulting an extensive study on PZT

deposition using PLD technique as explained in the previous chapter.
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Figure 6. 20: XRD measurement on GaAs/STO/PZT sample grown on Argon atmosphere

A strong lead phase on the surface of the target was found to be the main reason
preventing the growth of PZT on GaAs/STO structure. As explained in the previous
chapter, after exposure to the laser, a thin layer of Pb is formed on the target surface.
Because of the high absorption of lead for UV light, when this target is employed for
PZT deposition on the GaAs substrate, the material transferred to the substrate in first
few seconds of the deposition, is lead. Lead atoms can chemically react with Gallium and

Arsenic atoms that are diffused to the surface of the sample or vice versa.

The use of a mechanically cleaned target enables the growth of the PZT on
GaAs/STO sample. Figure 6.21 illustrates the XRD measurement result of deposition of
PZT films on GaAs/STO substrate in the oxygen atmosphere with the pressure of 100mT
using 10Hz laser with the fluence of 1.7 J/cm?. The PZT target used for this experiment is

mechanically polished and has a clean surface.
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Figure 6. 21: XRD measurement on GaAs/STO/PZT sample. PZT film is deposited using

1 J/cm? Laser, in O, atmosphere with pressure of 100mT using a mechanically cleaned

target

The ferroelectricity behavior of PZT film deposited on GaAs/STO substrate using

a mechanically cleaned target is verified using P-E measurement technique.
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Figure 6. 22: P-E measurement on GaAs/STO/PZT sample. PZT film is deposited

using 1 J/cm? Laser, in Oz atmosphere with pressure of 100mT using a mechanically

cleaned target
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A mechanically cleaned target can be used once for PZT film deposition. After
several minutes of laser exposure on the target, the formation of the lead on the target
surface prevents subsequent growths using the same target. The process to remove the
target from the vacuum chamber, mechanical cleaning, and returning the target is highly
time-consuming. The idea of integrating a system to clean the target mechanically after
each deposition is not also easy to implement because of the risk of contamination spread

all over the chamber. So, other alternative solutions are investigated.

Annealing the target is another alternative method to prevent the formation of lead
on the surface of the target. Annealing the target in air minimizes the Pb phases and
converts it to PbO. For this the target was placed in a furnace. The XRD measurements

for the PZT target after annealing in 400°C for 30 minutes is illustrated in figure 6.23.
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Figure 6. 23: a. XRD measurement on PZT target after 10m laser exposure in 100mTorr

O2and annealing in 400°C for 30 minutes b. XRD measurement on PZT target after

10m laser exposure in 100mTorr Ar and annealing in 400°C for 30 minutes

The use of the annealed target to deposit PZT in PLD chamber results in single

crystalline PZT film with (001) orientation as shown in figure 6.24.
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Figure 6. 24: XRD measurement on GaAs/STO/PZT sample. PZT film is deposited
using 1 J/cm? Laser, in Oz atmosphere with pressure of 100mT using an annealed

target
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The ferroelectricity behavior of PZT film deposited on GaAs/STO substrate using

an annealed target was verified using P-E measurement technique.
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Figure 6. 25: P-E measurement on GaAs/STO/PZT sample. PZT film is deposited

using 1 J/cm? Laser, in O2 atmosphere with pressure of 100mT using an annealed

target
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The idea of using a built-in heater for the PZT target can enable the growth of
PZT film on multi-substrates without the requirement to removing the target from the
vacuum chamber. The dimension and structure of our PLD chamber are not conducive
for a target heater installation. So, the surface heating using a high power UV laser was
investigated. As shown in figure 6.26, a 6W 450nm laser diode was installed on one of
the chamber windows. The continuous laser beam was focused on the target surface,
providing the fluence of 75 W/cm?. This energy is sufficient to remove most of the Pb
from the target surface. To sweep the focused laser beam on the surface of the target, a
servo motor was employed to guide the beam over the target. Rotating the target during

this process, the laser beam covers the whole area of the target.

Laser Diode
& Optics

hamber Windo

‘~

LD chamber Window

Figure 6. 26: 6W 450nm laser diode intalled o'nAP

In order to improve the printing quality, the contrast and brightness of this image is modified
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The XRD measurement result on the target after exposure to the 10Hz 1.7 J/cm?
laser for 30 minutes in an oxygen atmosphere with the pressure of 300mT, followed by

exposure to 450nm laser, shows no strong Pb phase.

N
A~ PZT
*  PbO
o ZrO2

15 25 35 45 55 65 75 8 95
20 (Deg.)

Figure 6. 27: XRD measurement on PZT target exposed to 450nm laser

The use of this target for PZT deposition, as shown in XRD measurement below,

results in single crystalline PZT film with (001) orientation.
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Figure 6. 28: XRD measurement on GaAs/STO/PZT sample. PZT film is deposited using 2.7

J/cm? Laser, in Oz atmosphere with pressure of 100mT using a laser cleaned target

The ferroelectricity behavior of PZT film deposited on GaAs/STO substrate using
a laser cleaned target is verified using P-E measurement technique (Figure 6.29.a).
Atomic Force Microscope (AFM) equipped with Piezoelectric Force Microscope (PFM)
is also employed to measure the piezoelectric responses of the film. AFM topography
measurement, as illustrates in figure 6.29.b, shows the roughness (Ra) value of 2.33nm.
PFM out-of-plane (OP) amplitude (Figure 6.29.c) and OP-phases (Figure 6.29.d) were
measured for +10V polarized, -10V polarized, and non-polarized regions. The

polarization voltage was chosen 10V for saturation of polarization.
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Figure 6. 29: A. P-E measurement on GaAs/STO/PZT sample. PZT film is deposited using 2.7 J/cm?

Laser, in O2 atmosphere with pressure of 100mT using a laser cleaned target, b. AFM topography

measurement, dimensions are um, c. PEFM OP-phase, dimensions are pm, d. PEM OP-amplitude,

dimensions are yum

In order to improve the printing quality, the contrast and brightness of this image is modified

EDAX measurement as shown in figure 6.30 illustrates the effect of mechanical

polishing and 405nm laser exposure on the compound of deposited PZT films.
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Figure 6. 30: EDAX measurement comparing the compound of PZT target (Target) with

the PZT film deposited using mechanically cleaned target (MCT) and laser cleaned target
LCT

The EDAX measurement shows Zr deficiency on the deposited film using laser
cleaned target and mechanically cleaned target. To keep the compound of PZT film
similar to the target, the deposition process can be started using a mechanical cleaning
process or a 405nm laser exposure. Then, the normal deposition in continued using the

optimum condition as explained in the previous chapter.
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CHAPTER VII. CONCLUSION AND RECOMMENDATION FOR FURTHER

RESEARCH

This chapter presents an overall conclusion on the performed research and results,

followed by suggestions for future work on this research topic.

7.1. Results and Conclusion

Semiconductor structures, because of their high electron mobility properties,
provide a platform for novel electronic devices. Oxide materials possess unique
functionalities which when combined with semiconductors will enable a variety of novel
device applications. They have properties that include high dielectric constant,
ferromagnetism, and ferroelectricity. This research was mainly focused on two

ferroelectric materials: LNO and PZT.

The frequency dependence is an important drawback for the functionality of
ferroelectric-based varicaps. The presented research investigated the effect of frequency
on the capacitance and loss factor of LNO-based varicaps. A process to improve the
frequency dependence of the LNO capacitor employing a thin layer of CCTO dielectric
has been explained. Si/LNO/CCTO heterostructure fabricated using a cost-effective spin
coating and thermal annealing process, shows over 15 times better frequency stability in
comparison with Si/LNO structure in the range of 3.25-3.5MHz. The research also
explains how the crystal properties of the CCTO thin film can be improved annealing the
sample at higher temperatures. So, the structure has been changed to Si/CCTO/LNO to

allow for annealing the Si/CCTO structure at 900°C before the deposition of LNO. The
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research shows the effect of CCTO/LNO thickness ratio on the frequency stability of

Si/CCTO/LNO heterostructure.

The presented study shows that the application of CCTO/LNO heterostructure is
not limited to the varicap and stable capacitor application. This novel structure can also
be used in UV tuned capacitors and capacitive UV detectors. The frequency and
temperature dependence of conventional CCTO-based UV tuned capacitors were
investigated in this research. The study shows how the temperature and frequency
dependence of epitaxial CCTO-based UV tuned capacitors were minimized using
epitaxial CCTO/LNO heterostructure. The fabricated CCTO/LNO heterostructure
showed about two times more sensitivity to the laser exposure at the frequency stabled
region comparing with the CCTO-based capacitor. On the other hand, the CCTO/LNO
structure was almost six times less sensitive to the temperature variations at the frequency

stabled region compared to the CCTO-based capacitor.

Challenging subjects behind the deposition of PZT ferroelectrics using PLD
technique was addressed in this dissertation. The results show when depositing materials
including volatile elements such as lead, the stoichiometry of the deposited film in PLD
procedure can be affected by deposition parameters. The research reported the optimum
condition for stabilizing the Pb content of the deposited PZT while the Zr/Ti ratio varies
by the oxygen pressure. A significant variation in the Zr/Zr+Ti ratio was employed to
deposit PZT films with different crystal structures and electrical properties. The relative
dielectric constant of the deposited film, when using the PZT target with the chemical

compound of Pb1.1Zro53Tio4703, was controlled in the range of 29-130 when changing
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the oxygen pressure from 200mT-125mT. The remnant polarization was tuned in the

range of 6.6 pC/cm? to 42.2 uC/cm? varying the oxygen pressure from 125mT to 200mT.

The deposition of PZT ferroelectrics on GaAs substrate was addressed in this
research. The issue of gallium and arsenic diffusion and their reaction with lead atoms
were mitigated using a buffer layer as well as employing a rapid thermal annealing
process. The extensive study on the deposition of PZT ferroelectrics using PLD technique
resulted in a better understanding of the behavior of PZT target under the exposure of
high power UV laser. It has been observed that the free lead atoms, formed on the surface
of the PZT target after laser exposure, was the main reason preventing the direct growth
of PZT on GaAs/STO substrate. The study showed that employing a novel modified
pulsed laser deposition technique, allows for direct deposition of PZT films on

GaAs/STO substrate.
7.2. Recommendation for Future Research
7.2.1. High Frequency Behavior of CCTO/LNO Structure

The CCTO/LNO heterostructure fabricated by employing spin coating, and the
thermal annealing process was used as a frequency stabilized varicap. The experimental
study showed amazing very good frequency stability for Si/LNO/CCTO and
Si/CCTO/LNO structures around the frequency of several MHz. However, the
application of this structure in higher radio frequencies is not verified yet. The design and
fabrication of CCTO/LNO capacitors, stabilized in much higher frequencies, can be an

interesting research topic to employ this structure in RF-electronics.
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7.2.2. Negative capacitance in CCTO/LNO hetro-structures

The CCTO/LNO heterostructures fabricated by employing PLD process showed a
high-quality epitaxial CCTO/LNO interface. A high-quality ferroelectric/dielectric
structure is also important for its negative capacitance behavior. Ferroelectric materials
have negative capacitance value in a specific range of charge, around where charge
equals zero. This unstable state can be biased using a dielectric capacitor [135]. Consider
a positive capacitor (Cp) and a negative capacitor (Cy) in series connection. Using the
series capacitors equation, the series combination of these two capacitors has a
capacitance larger than either C, or C,. We know that: C = dg/dv, so, in comparison with
individual capacitors, less voltage is required to produce the same amount of charge on
the series combination. Integrating this interesting fact with the current Field Effect
Transistors (FET) technology can improve the sub-threshold slope of the transistor. Using
a lower voltage to provide the same charge to switch the FET channel results in new

FETSs for low-voltage low-power applications.

Considering the Curie temperature of both CCTO and LNO, the negative
capacitance behavior of CCTI/LNO is supposed to happen in an elevated temperature
much higher than the room temperature. Such a structure is probably not proper for
transistor applications. However, considering the stability of CCTO and LNO at high
temperatures, this structure can be used as a high-temperature ultrasonic transducer. It is
predicted that the degradation of transducer performance, due to the effect of the high
temperature on piezoelectricity effect of the LNO, can be compensated by the negative

capacitance effect. Selecting a proper functionality temperature, the voltage in the
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CCTO/LNO interface can be boosted, resulting in a stronger signal delivered to the

piezoelectric material.

7.2.3. Modified PLD System for Deposition of Other Oxides

The effect of free lead atoms, formed on the surface of the PZT target after laser
exposure, was the main reason preventing the direct growth of PZT on GaAs/STO
substrate. The issue was solved by converting the lead to PbO in two ways: annealing the
target at 400°C or employing a second laser source for heating the target surface.
Investigating the use of this mechanism for deposition of other oxide materials can be an

interesting research topic.
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APPENDIX SECTION

APPENDIX A: ACRONYMS AND PHYSICAL QUANTITIES

PLD
XRD
SEM
EDX
TEM
AFM
STO
LAO
CCTO
LNO
LSMO
ITO
SRO

EDS
PFM
Pr

Pulsed Laser Deposition

X-Ray Diffraction

Scanning Electron Microscopy
Energy-Dispersive X-ray Spectroscopy
Transmission Electron Microscopy
Atomic-Force Microscopy

SrTiO3

LaAlO3

CaCusTisO12

LiNbO3

Lanthanum Strontium Manganite
Indium Tin Oxide

Sr2RuUO4

Wavelength

Energy-Dispersive X-ray Spectroscopy
Piezo-response Force Microscopy

Remnant Polarization
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