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Abstract

Two types of transparent oxide thin film, namely, transparent ferroelectric thin film and transparent
conductive oxide thin film has been studied. These transparent oxide thin films are commonly used
in electro-optics applications. In this thesis, these two types of thin films were fabricated by various
deposition methods such as pulsed laser deposition (PLD) and magnetron sputtering. Their

structural, optical and electrical properties have been investigated.

In the first part of the thesis, strontium barium niobate Sr0.5Ba0.5Nb206 (SBN) films doped with
gadolinium (111) oxide were fabricated. These SBN films were grown epitaxially on either (100)
MgO substrates or Pt-coated MgO (100) substrates. The effects of the Gd-doping concentration
on the structural and ferroelectric properties of these films were investigated. Besides, the optical
properties of the prepared Gd-doped SBN thin films i.e. the refractive index and extinction
coefficient were characterized by UV-Vis spectrometer and spectroscopic ellipsometry to retrieve
the thickness dependent effects on the optical properties of these films. The thickness dependent
optical properties were also studied to fully evaluate the potential application of these films on
various optoelectronic devices. The ferroelectric properties of SBN with different Gd-doping
concentration were measured by using Pt bottom electrode and Au top electrode. The ferroelectric
measurements showed that the 4%-Gd-SBN films had good ferroelectric properties. Ramanent
polarization of +Pr =1.36 uC/cm? and -Pr =-5.73 pC/cm? and coercive field of +Ec=158.0kV and
-Ec=-30.8kV were obtained. Two values of ramanent polarization are reported due to the

asymmetric electrode materials has been used, causing the central shifting hysteresis loop.

In the second part of the thesis, transparent conductive oxide Indium Tin Oxide plasmonic devices
formed by inserting a thin gold spacer layer in between two ITO thin film i.e ITO/Au/ITO trilayer
structure were fabricated. Symmetric Devices (i.e. have same top and bottom ITO layer thickness)
with different top and bottom ITO thicknesses were fabricated in this thesis. The structural

characterizations showed that the top and bottom ITO layers have different crystallinity due to the
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effect of inserted gold spacer. The electrical properties including the carrier concentration,
mobility and resistivity were measured by using Van der Pauw configuration, and the optical
properties such as refractive index, extinction coefficient and absorption spectra were studies by
using spectroscopic ellipsometry and UV-Vis-NIR transmittance measurement. The results
showed that increasing ITO thickness can tune the crossover wavelength from the near visible
range (830 nm) to near infrared range (1490 nm), corresponding to over 600 nm of plasmonic
tuning ability. The performance in different types of plasmonic devices using such multilayer

structures were also being evaluated and reported.

Finally, using the asymmetric structure (different in top and bottom ITO thickness in the trilayer
structure), we differentiated the thickness contribution on bottom and top ITO layer to the trilayer
structure on its electrical and optical properties. The asymmetric structure on the plasmonic

properties can be fine-tuned on the epsilon-near-zero (ENZ) regimes.
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1 Introduction

1.1 Background

Optoelectronic devices are a new branch of electronic devices based on the quantum
mechanical behavior of light on electronic materials which is usually an interplay between
electronic and optics, for example, photodiode, photodetector, photovoltaic device, optical
modulator, light emitting diode(LED) and laser diode.[1] The dominated role on the photonic
and optoelectronic devices in modern electronic applications, increase demand of the
transparent and optical active materials. Beside the basic functions, the optoelectronic devices
also required multifunctionalities nowadays. The addition of new functional material should
not perturb the light transmission on the devices, which shows the importance of the transparent
functional materials.[2, 3]. The transparent conductive oxides have long been used as an
electrode on LED and solar cell instead of metal due to their electrical conductivity and optical
transparency. Recent researches have suggested the integration of transparent piezoelectric
ceramics on glass transducer which opens a new area of research on the transparent

ferroelectric devices.[4]

The transparency is a fundamental physical property related to the light absorption by the
materials. In modern physics, due to the wave-particle duality principle, the electromagnetic
wave can be quantized as a photon incident on a solid-state material, the absorption of photon
with certain wavelength is governed by the bandgap. If the photon energies are not large enough
to excite the electron to occur the interband transition, the photon will pass through the material

and the material appears to be transparent at that wavelength.

Strontium barium niobate SrxBaixNb2Os (SBN:Xx) is a transparent ferroelectric material
possessing tungsten bronze structure with wide range of dielectric, piezoelectric, pyroelectric
and ferroelectric properties that applied into various electronic devices such as pyroelectric
infrared sensor [5] and pyroelectric nanogenerator [6].Apart from electronic applications, SBN
is a promising material to be applied into optical applications, for example, optical

waveguide[7] and electro-optic modulator[8] due to its extraordinary large electro-optic
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coefficient[9-12] and photorefractive properties[13]. The advantage of transparent ferroelectric
is that the optical characteristics can be controlled by applying electric field or any external

action such as induced strain[14].

Moreover, the SBN crystal shows a great variability in the physical properties by controlling
the structural properties such as changing the Sr/Ba ratio[15, 16] or doping rare earth
elements.[17-19] To achieve better optical and ferroelectric properties of SBN, single crystal
usually maintains better properties, however, fabricating process of single crystal SBN is
challenging and costly, the product has poor mechanical strength make it difficult for practical
applications. To address this problem, most of the studies will investigate the properties of
ceramic and thin film SBN.[20, 21]

This project will focus on the fabrication of thin film heterostructure on gadolinium doped
SBN50. The effects of rare earth dopant introduced into SBN bulk ceramic in improving the
ferroelectric and pyroelectric properties had been widely investigated. Yao et al. reported that
the Gd dopant can extraordinarily improve the pyroelectric coefficient of SBN ceramic by three
times compared with other rare earth dopants at room temperature range.[17] The Gd dopant
chosen not only showed an enhancement on the ferroelectric properties, but we also explored

the optical properties modification by introducing Gd ions.

On the other hand, another type of transparent materials that extensively used in electronic and
optoelectronic devices is the transparent conductive oxide (TCO). Comparing with
conventional metal-based electrode, TCO preserves two key parameters strongly related to the
performance of a device i.e. electrical conductivity and optical transparency. Even though the
optical transparency can still be achieved by depositing an ultra-thin metal layer, there will be
a trade-off between its electrical conductivity. According to the Lambert-beer law T = e™*t,
the optical transparency T can be increased by reducing film thickness, where a and t are the

absorption coefficient of the material and its film thickness respectively. However, the reduced
thickness will generally increase the sheet resistance, according to Ohm’s law Rgpeer = i [22]

Here Rgpeer 1S the sheet resistance and o is the conductivity. Furthermore, the electrical
conductivity of most of the metals such as copper will be degraded for long time exposure in
air due to the oxidation process; while using noble metal such as gold and platinum will rapidly
raise the costs of electronic devices. Those properties of metals will limit their application in
optoelectronic devices.
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Therefore, transparent conductive oxide is another choice for most of the optoelectronic device
because of the optical transparency, electrically conductivity and oxidation resistance
properties. The most common TCOs are the doped metal oxide such as Aluminum or Gallium
doped Zinc oxide (AZO or GZO)[23, 24], Fluorine or Indium doped Tin Oxide (FTO or
ITO),[25, 26] and Indium doped Magnetism Zinc oxide (IMZO) etc. [27, 28] These TCOs
usually have a wide bandgap (> 3 eV), so that they have a high transparency in visible spectral
range. Their electrical conductivities stem from the generation of oxygen vacancies, defects
from interstitial site and the assisted carrier transported by introducing the metal dopants.[22]
Especially, ITO has been used commercially for large-scale application and becomes a
dominant role in most of the optoelectronic devices such as flat panel displays[29].

Even though TCO can reduce the overall cost from the materials viewpoint, it is still costly in
the deposition processes of TCO. Since a high quality TCO thin film required various high
energy deposition process such as pulsed laser deposition and magnetron sputtering. Also,
usually TCO shows poor mechanical properties and environmental stability, and this limits the
TCO to be applied into flexible optoelectronic devices. To address these problems, Fan et al.
first proposed the multilayer structures to further improve the properties of TCO. [30] Then,
TCO/Metal/TCO structures have been extensively studied on various TCO structures to obtain
electrodes with better performance. An ultra-thin noble metal layer (e.g. Au and Ag) inserted
between two TCO layers can introduce more free carriers for TCO electrode to reduce the
resistivity of the whole structures, and at the same time the transparency can also be preserved.
[31-33] Additionally, the ductility of metallic layer can give extra mechanical flexibility to this

TCO structure, so that these structures can be applied into flexible electronic.[34, 35]

This thesis aims to explore the transparent oxide material individually including transparent
ferroelectric oxide SBN and transparent conductive oxide ITO in the dielectric, ferroelectric
and electrical properties by rare earth element doping and geometrical modification. From the

result, the potential application will be further elaborated.

1.2 Outline of thesis

In chapter 1, an overview on the modern optoelectronic devices and the role of transparent
oxide including the optoelectronic usage, the problem encountered current situations will be

discussed. Then, a brief introduction will focus on transparent ferroelectric SBN and
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transparent conductive oxide ITO. Finally, the possible outcomes on this project will be

covered.

In chapter 2, the literature review on the topics related to the research project, for example, the
structural properties of SBN, the origin of the ferroelectricity. The ITO crystal and the
conduction mechanism of TCO will be introduced. Also, the optical properties related to basic

electronic and the plasmonic properties will also be discussed.

In chapter 3, the experimental method will be discussed including the fabrication method of
the materials such as Gd-doped SBN ceramic target prepared by solid-state reaction method,
thin films deposited by pulsed laser deposition and magnetron sputtering, and devices
fabricated by various microfabrication techniques like UV-lithography. Also, the common
structural characterization methods will also be included in this chapter, for example the X-ray
diffractometry (XRD), X-ray reflectometry (XRR), atomic force microscopy (AFM), scanning
electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) and transmission
electron microscope (TEM), the working mechanisms and the operation procedures of each
instrument will be covered in the discussion. Finally, the physical mechanism and procedure
of post-fabrication physical properties measurement will also be covered. Furthermore, the
measurement of thin film electrical properties by hall measurement with Van der Pauw
configuration, optical properties characterization by spectroscopic ellipsometry and UV-Vis-
NIR spectrometry and the ferroelectric hysteresis measurement will be covered.

In chapter 4, the experimental result of transparent ferroelectric SBN will be presented. The
structural and composition characterizations of ceramic target are included. Then, the
discussion will be focused on the SBN thin film by constructing the optical model of SBN film
using spectroscopic ellipsometry. The SBN films have been fabricated as a heterostructure
ferroelectric capacitors to measure the ferroelectric properties. The in-plane relationship of

these heterostructure were investigated by XRD phi scan.

In chapter 5, the scope of discussion will be focused on the ITO, a type of transparent
conductive oxide. The electrical and optical properties were modified by inserting an ultra-
thin gold layer and characterized by using electrical measurement and spectroscopic
ellipsometry. And the potential application on various plasmonic devices will also be
discussed.
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2 Literature review

2.1 Ferroelectric materials

The terms ferroelectric comes from the analogy of ferromagnetic because the ferroelectric
materials have similar properties as the ferromagnetic materials. Under external magnetic field,
a ferromagnetic material will exhibit spontaneous magnetization due to the special electronic
configuration of iron atom or any element with unpaired electronic orbital, where the prefix
Ferro- means iron in Latin. However ferroelectric material does not require iron atoms,
ferroelectric only borrow the concept which exhibit spontaneous electric polarization under
external electric field. The spontaneous polarization means that the ferroelectric material will
gain a net dipole moment and align along external electric field. The net dipole will still exist
even the electric being removed. [36] The ferroelectricity stem from the crystal structures.
There are 32 classes of the crystal symmetry point groups and 21 of them are non-
centrosymmetric, the rest are centrosymmetric. Only 10 groups of non-centrosymmetric
structures will show the ferroelectricity. The common material that exhibit the ferroelectric
properties have: i) perovskite structure, ii) bismuth oxide layered structure or iii) tetragonal

tungsten bronze structure.

1 kHz
10 kHz
100 kHz

Temperature

Figure 2-1 the dielectric permittivity ¢ and spontaneous polarization against temperature for (a) first-order and (b) second-

order and (c) for a relaxor ferroelectric.[37]
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The material only shows its ferroelectricity below the Curie temperature T¢. Beyond the Curie
temperature, the ferroelectric material will become paraelectric and no longer exhibits
ferroelectricity as shown in Figure 2-1, which is called the ferroelectric phase transition. The
spontaneous polarization Ps will drop rapidly and the dielectric constant &r attain the

maximum value near Tc. such behaviour can be described by the Curie-Weiss law:

(2.1)
where C is the curie constant.

The ferroelectric materials can be characterized by the hysteresis loop i.e. the ferroelectric
materials are being poled by an AC electric field. The ferroelectric response will be similar to
the hysteresis loop shown in Figure 2-2. The polycrystalline domain will align along the applied
electric field resulted in polarization. When the applied electric field is small, the electric
polarization is proportional to the filed applied. If electric field further increase, the pinning by
grain boundaries on polycrystalline material or the clamping by substrate on thin film will
restrict the alignment of domain, resulting in the saturation polarization and attaining the
maximum polarization attained. After the removal of electric field, most of dipole will restore
to its original directions, some the electric dipole, however, unable to restore its original
orientation, which gives the remnant polarization and the extra external field required to switch
all the dipole into original alignment is called the coercive field.
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Figure 2-2 Hysteresis loop of ferroelectric materials [38]

2.1.1 Crystal structure of SBN

Strontium barium niobite SrxBai-xNb2Os (SBN) is a relaxor ferroelectric material with
tetragonal tungsten bronze (TTB) structure belonging to the P4bm space group. It is a solid
solution of SrNb2Os (SNO) and BaNb2Os (BNO) in the range from x = 0.25 to 0.75
composition. The term relaxor means that SBN possesses a diffused phase transition under
dielectric measurement at different frequency.[39] The general chemical formula of TTB
structure is (Alx, A21-x, C) M206.[15] The Sr?* and Ba?* cations occupy the Al and A2 sites
respectively, and the C sites remain vacant. As shown in Figure 2-3 and Figure 2-4, the A1, A2
and C sites are formed by the oxygen octahedral with Nb atoms at the center. Pentagonal
(square) Al (A2) lattice site formed by five oxygen octahedral occupied either Sr or Ba atoms
surrounded by 15 (12) nearest-neighbour oxygens. The trigonal C lattice site formed by three
oxygen octahedral with 9 nearest-neighbour will remain vacant for pure SBN lattice. The
properties of SBN is strongly dependent on the ratio of Sr/Ba ions, by the continuous variation
of the Sr/Ba ratio, the curie temperature of SBN can be changed from 60 to 250 °C. [40] various
studies showed that the ferroelectric properties of SBN attain the greatest value when the Sr to

Ba ratio approximate to be even.[41] The TTB structure of SBN provides a great variability for
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structural modification by changing the ratio of Sr/Ba cations. It also provides potential
modifications in the designated composition of SBN ceramic by substituting the rare-earth to

the Al and A2 site [18, 19, 42] or adding small cations such as sodium and potassium into the
interstitial C-site.

Q Sr ‘ Sr/Ba

Figure 2-3 Projection of the TTB structure into the x-y plane [43]
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Figure 2-4 3D schematic diagram of SBN Al, A2 and C lattice with oxygens octahedral [13]

2.2 Introduction to the Tin doped Indium Oxide (ITO)

Indium Tin Oxide is a n-type transparent conducting oxide (TCO), which is conductive under
room temperature and pressure. TCO preserves high transmittance in the visible wavelength
i.e. transperent. This two main properties, namely electrical conductivity and optical
transpareany, help ITO being used in different electronic and optoelectronic devices.

Many fabracation techniques have been used to grow ITO thin film, including pulsed laser
depostion (PLD), magnetron sputtering, e-beam evaporation, sol-gel, chemical vapor
deposition and spray pyrolysis. Result showed that ITO properties are strongly depended on
the fabracation techniques and deposition conditions.[44] Using magnetron sputtering as an
example, ITO films show great variability in different sputtering condtions such as chamber

base pressure, sputtering power, film thickness and deposition media gas pressure. [45, 46]

The fundemental conduction mechanism of ITO can be explained by its electronic band
structure. The formation of the conduction band in the ITO is derived from the hybirdization
of Oxygen 2p state and Indium 5s state forming a free-electron like parabolic s state.[47] As
shown in Figure 2-5, The Sn-doping provide additional 5s orbital to further hybirdize the s-
orbital of In and O states, forming a new conduction band minimum which the conduction band
minimum is lower than the Fermi level (Ef) to help ITO becoming a n-degeneracy

semiconductor . [48]
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Figure 2-5 Electronic energy band structure of (a) undoped In203 and (b) Sn-doped In203.[48]

Also, another conduction mechanism is the oxygen vacancies existed inside the non-
stoichiometric indium oxide. The oxygen vacancies band will overlap with the bottom of the
conduction band at high vacancy concentrations. The vancancies can provide at maximum two
electrons to conduct electricity. The vacancies band not only provides the conduction, but also

acts as the mobilied 02~ ions for the conduction.[49]
¥ 1
05 » Vo + 2e +502(g)

2.3 Physical vapor deposition
Thin film deposition moethods are mainly divided into three categories: physical deposition,

chemical deposition and mixed deposition.

The physical vapour deposition process produces the gaseous state vapour using physical
method without changing the materials chemical properties, for example laser ablation, thermal

or electron beam evaporation, and sputtering.

The thin film growth modes are classified into three mechanisms: the Volmer-Weber growth

(the three-dimensional island growth mode), the Frank—van der Merwe growth (the two-

24



de _ _
Literature review
X

The Hong Kong Polytechnic University

dimensional layer growth mode) and the Stranski—Krastanov growth (2D layer growth initially,
then 3D island growth).[50]

The growth mode is determined by the interfacial energy between the deposited material and
substrate. The relation is given below:

Y =Y +Yac0s¢p (2.2)
where v is the substrate tension, y, is the tension of droplet and y* is the interfacial tension
of the droplet and substrate, and the ¢ is the angle between surface and droplet (illurastrated
on Figure 2-6 The schematic diagram of the deposit on the substrate ). If ¢ > 0, which means
Y <Y + V4, the island growth mode will be favoured. On the other hand, if yz = vy* + v4,
the layer growth will take place. Then, the Stranski—Krastanov growth is the combination of
the privious two growth modes. Initially the layer by layer growth is favoured because deposit
relxation reduce the lattice misfit with the substrate. After the substrate surface being covered,
the adhesive force is smaller than the elastic force, the droplets will therefore cluster to favour
island growth. The Frank—van der Merwe growth usually occur on the growth of ultra thin film

and the Stranski—Krastanov growth is usually the growth mode of thick film (>100nm).

ra

7.
7e

-—. Y

LSS

Figure 2-6 The schematic diagram of the deposit on the substrate [50]

2.4 Optical calcualtion

The optical properties of a material stem from the interaction between the electrons and
external electric field. Form Maxwell Equations, the nature of light is the oscillation of electric
field and magnetic field. When light shines on a material, in macroscopic point of view, it will

either be reflected, transmitted or absorbed, those properties depend on the optical properties
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of the meterials such as refractive index and extinction coefficient. In microscopic aspect, the
electrons are actually driven to oscillate by the incident electromagnetic waves. The electron

osicllation model is described by Fox.[51]

For the nearly free electron in metals or free carrier in semiconductors, the dielectric function
is usually described by the Drude-Lorentz model, the dynamic of the electron can be described

by the following equation of motion under an external electric field E,e ¢t :

d?x dx »
Me 7 + meFE + kx = —eE, e %t (2.3)

Here m,, is the effective mass of electron in the material and I" is the scattering term and k is
the comlumbic force constant. Assuming the driving frequency w is far from the band gap
frequency, thus there is no interband transistion. The harmonic osicllator trem kx would be
zero when the motion of electron treated as nearly free electron and did not bounded to

particular atom. The solution of the equation is given by substituting x = x,e~'®t

X(@) = ———2 (2.4)

The polarization of the electron gas is P = —Nex(w), where N is the electron density. By
defination, the electric diaplacment D is related to the electric polrization P and relative

permittivity &,

D =¢&.6,FE =, E+ P

(2.5)
g Ne? E,
~ Sl T, (w2 + iTw)
Therefore the relative permittivity will be given by :
Ne? 1 w2
—1- -2 2.6
&(w) goMe (W2 + il'w) (w? + il'w) (2.6)
Here we define the plasma frequency w,,:
e’N
w, = < ) (2.7)
gome
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The plasma frequency depends on the intrinsic properties of materials including the carrier
concentrations N, the effective mass of electron in such materials m, and the vacuum
permittivitye,. When the driving frequency of external electric field o is equal to plasma
frequency w,, the real part of permittivity will become zero. This is the critical frequency that
all the electrons will oscillate in-phase throughout the materials. However, when w < w,, the

real part permittivity will be negative, the optical properties of materials behave as reflective

as metal.

After obtaining the spectral permittivity of materials, the optical properties such as
transmittance and reflectance can be simulated by the means called transfer matrix
method.[52]

The transfer matrix by one-layer thin film is given:

M= cos(k,7id cosy) P) sin(k,7id cos )

—ificos Y sin(k,7id cos ) cos(k,7id cosY)

(2.8)

Where k, is the wave vector of incident light and v is the angle between the normal of film
and propagation vector. It is taken i = 0 for normal incident wave. 7 and d are the complex
refractive index and the thickness of the film.

The overall transfer matrix for n layers thin film is the product of transfer matrix of each layers:

N
Mmultilayer = 1_[ I\/I] (nj' dj) (29)
j=1

The transmission coefficient t can be calculated by the matrix element of transfer matrix

2
(mqq + myong) + myy + myyng
Where m11, mi2, mp1 and my2 are the matrix elements of overall transfer matrix M
The overall transmittance of the light across n layers thin films is given by
n
T = substrate |t|2
Nair (2.11)
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Figure 5-17(b) is the simulation in the transmittance of trilayer structure by effective
approximation. The light was assumed to be normal incident and the glass refractive index was
set to be constant at 1.5 throughout the whole spectral range. The detailed calculation is given

from Equation (2.8) to (2.11) The calculation was performed by Microsoft excel.
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3.1 Ceramics PLD target fabrication

The PLD ceramic target was fabricated by conventional solid-state reaction through mixing
strontium carbonate (SrCOz), barium carbonate (BaCOs3), niobium pentoxide (Nb2Os) and
gadolinium (III) oxide (Gd20s) with designated compositions. Since the ionic radius of Gd®*
ion is 107.8 pm which is similar to the Sr?* ion 132 pm, the Gd-0s dopant is likely to replace
the Sr?* jon in the reaction. [53] Therefore, the chemical formula of GSBN50 is GdySr x-ayr2

Bai-x Nb20s
The completed chemical reaction is listed below.
(x-3y/2) SrCO3 + (1-x) BaCOz + 2Nb20s + y Gd203 = GdySrx-3y2Baix Nb2Og +(1-3y/2) CO2

The weighted powders were ball-milled for 8 hours in an ethanol medium. After finishing the
ball-milling process, ethanol was removed from the mixture by heating at 100°C in an oven for
overnight. The collected powder was calcinated two times at 1150°C for 10 hours with ramping
rate 5°C/min to undergo the complete chemical reaction. The resultant product was grinded
using mortar and pestle. After that, PVA was added into the grinded powders as the binder.
The powder then was shaped in the 2-inch mold and pressed by an oil-compressor with 200MPa
pressure to form a small pellet. The pallet was first hold at temperature 650°C for two hours to
remove PVA binder completely, then sintered at 1300°C for 10 hours with same ramping rate.
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Table 3-1 the mass of the powder for ceramic preparation.
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Molar mass(g/mol) | 197.34 147.63 265.81 362.50 /
BaCOz(g) SrCOs(g) Nb2Os(g) Gd20s(g) GdySrx-3y2Bai-xNb20e (Q)

SBN50 5.005 3.744 13.483 0 20
1%-GSBN50 5.001 3.630 13.474 0.0918 20
2%-GSBNS50 4.998 3.515 13.465 0.184 20
4%-GSBNS50 4.991 3.286 13.448 0.367 20

3.2 Pulsed laser deposition (PLD)

The pulsed laser deposition is one of the types of physical vapor deposition method employing
the high energy focused laser beam is incident on ceramic materials to produce physical vapor

deposited on a substrate.

Before the thin film deposition process, the substrates were first cleaned in acetone and then
ethanol in an ultrasound bath for 10 minutes respectively and dried by a stream of nitrogen gas.
Then the substrate was mounted on a heater using silver conductive paint. The silver conductive
was painted on the bottom of the substrate as a coupling media to improve the thermal
conductivity, ensuring that the substrate temperature, measured by a thermocouple, was the

same as the heating element.

For thin film deposition, the PLD system (as shown in Figure 3-1) consisted of a simple vacuum
chamber with rotary pump and turbo molecular pump which were used to evacuated to at least
10 Pa high vacuum base pressure measured by an ionization gauge. The heating block made
by a tungsten filament was controlled by a PID controlled voltage source to attain the required
temperature. After the vacuum pressure and temperature were stabilized, a Lambda-Physik KrF
Excimer laser with 248 nm wavelength was employed for deposition. The laser beam was first
focused by a focal lens, then incident on the target through a quartz window. The target was
pre-ablated in 10 Hz repetition rate for two minutes to smooth the surface and remove

impurities. In the deposition process, target was also rotated to avoid local damage.
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Lase,r\ beam
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Rotating
target
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Figure 3-1 Schematic illustration of the pulsed laser deposition (PLD) setup[54]

3.3 Magnetron sputtering

Another type of physical vapor deposition method used in our experiments was magnetron
sputtering (Denton sputtering system with Direct Current (DC) and Radio Frequency (RF)
(13.56MHz) power supplies.) The ITO and Au thin films were deposited on Corning glass
substrates (Corning Eagle XG AMLCD glass) and SiO2/Si substrates of dimension 10 mm x
10 mm and thickness 0.7 mm by a DC and RF magnetron sputtering respectively. The
magnetron sputtering system consisted the vacuum chamber with rotary pump and turbo
molecular pump similar to PLD system to evacuate the chamber to 10 mtorr before begin
deposition. In the deposition process, Argon gas was introduced into chamber to maintain
chamber pressure to 1 mtorr for plasma generation. A negative voltage was applied to the

sputtering gun to generate the electric field. Under the electric field, the Ar gas was being
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ionized and attracted by the cathode bombarding on the target and sputtering out the target
materials from the surface. The sputtered material travelled throughout the chamber and
deposited on the substrate. The magneton was used to generate magnetic field to move the

charged ions in helical path increasing the probability of the ionized gas sputtering the target.

The substrates were first cleaned in acetone and ethanol in an ultrasound bath for 10 minutes

respectively and dried by a stream of nitrogen gas.

After loading the substrates in the chamber, it was evacuated to a base pressure of 2 x 107 torr.
A flow of 30 sccm argon gas was then kept in the deposition process. The substrates were
heated to 100°C during the deposition process, as ITO films deposited at moderate temperatures
showed lower resistivity compared with those deposited at room temperature of 100 °C, thus
bringing better electrical performance for the ITO thin films.[55] Also, the temperature was
not high enough for the Au layer to cluster, which ensured the deposited ultrathin gold layer is
uniform and continuous.[56] The DC power of 80 W was applied to indium-doped tin oxide
(ITO, In203/SnO2 90/10 wt%, Kurt J. Lesker Co.) target and RF power of 80 W was applied to
the Au target (purity:99.99%) during deposition. All the three layers were deposited without
breaking the vacuum to avoid interface contamination. By controlling the deposition time, the
position of the insertion gold layer was varied in between the bottom ITO and top ITO layers.
The substrates were rotated during the deposition process to obtain better thickness uniformity
of the layers.
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3.4 Structural characterization method
3.4.1 X-ray diffractometry (XRD)

The structural properties of the thin films and ceramics were characterized by X-ray diffraction
method using Rigaku x-ray diffractometer operated at a CuK, source with wavelength 0.154nm.
X-ray diffraction (XRD) is one of the most widely used non-destructive material

characterization methods.

The basic X-ray diffraction theory is based on Bragg’s Law. When the electromagnetic wave
incident on an atom, the electron clouds of the atom will be driven by incident wave. The
movement of the electrons will re-radiate the electromagnetic wave with the same frequency
of the incident wave. This effect is called elastic scattering. When the parallel X-ray incident
on a lattice plane with regular array of atoms. The lattice plane will become a three-dimensional
diffraction grating, the diffracted wave will produce constructive and destructive interference

pattern at certain angular positions.

For the strongest intensities of constructive interference, the Bragg’s law of Bragg’s conditions

must be fulfilled, i.e.

2dy;,; Sin@ = ni
it (3.12)

Where d},;; is the interplanar spacing between two successive crystallographic planes of the
crystalline lattice, 6 is the diffracted angle and A is incident wavelength with the positive

integer n indicate the order of diffraction peaks.

The interplanar spacing of different lattice plane can be calculated by the lattice constant of
unit cell and Miller indices of corresponding lattice plane. The interplanar distance of different

structures can be calculated as follow:
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Table 3-2 The interplanar spacing of different lattice system

Cubic 1 (KP+k*+1%)
i - a?
Tetragonal 1 (h?*+k?» 12
z 2 T3
di a c
Orthorhombic 1 n N k? N 12
d?, a? b? c?
Hexagonal 1 4h*+hk+k* 2
dZ, 3 a? c?

Where h, k and | are the Miller indices of the lattice plane and a, b, ¢ are the lattice constant of

the cell.

?
=

Incident X-ray beam Detector

7}

Figure 3-2 Schematic diagram of the XRD system with different axis of rotations.

The 0-20 scan is the most common used scan of the X-ray diffractometry, which can be used
to analyze the phase structure, grain size and stress in either powders or thin film materials. In
the 0-20 scan, the X-ray source is fixed at certain angle. When the sample is rotated an angle
0 with respect to the X-ray beam propagation direction, the detector will follow the sample

rotation and rotate two times of the angle 0 to detect the reflected X-ray beam by the lattice
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plane of the sample. For certain angle of the lattice which fulfill the Bragg’s diffraction
conditions, the strongest signal intensities will be detected due to constructive interference. The
resultant XRD spectra will be plotted as the diffracted intensities against the 26 angle, each
material will produce its unique XRD profile, hence by comparing the XRD pattern with XRD

profile of the standard material, the phase of the materials can be confirmed.

The omega scan, known as rocking curve measurement, is usually used to analyze the
crystallinities of thin film materials. The w angle is defined as the angle between the wave
vector or propagation direction of the X-ray source and the sample. The rocking curve
measurement is first fixed the 6-20 angle according to certain diffraction peak of the film
observed in the 6-20 scan, then rocked few degrees relative to the diffraction peak. The obtained
result can indicate the crystallinities of the target film orientation by analyzing the Full Width
Half Maximum (FWHM) of the peak, the better crystallinities will result in a smaller FWHM
value i.e. the more grains in the same orientation, the higher peak intensities will result a

narrower peak width.

For the phi (¢) scan, the in-plane alignment relationship of substrate and films can be
determined. The ¢ angle is defined as the angle of rotation along the axis perpendicular to the
lattice plane. To preform 360° ¢ scan, the sample is first tilted to certain x-angle which the
lattice vector of the plane is parallel to the normal axis. Here the X-ray source, the detector and
the lattice vector are lied on the same plane. For instance, to measure the (202) lattice plane on
MgO (001) substrate, the x angle is set to 45° i.e. the angle between (202) and (001) lattice
plane. Also, the angle between (001) and (111) plane will be 54.7°. The angle between lattice
planes are simply described by the dot product of the reciprocal lattice vector with the Miller

indices.

hihy + kik, + 11,
VR + k2 +12\/h2 + k2 + 12 (3.13)

cosf =

Where h, k, | are the Miller indices of the corresponding lattice plane.

3.4.2 X-ray Reflectometry (XRR)
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X-ray reflectometry is another non-destructive method providing the information in nanometer
scale usually used in analyzing thin film materials, by measuring the reflectivity of the incident
X-ray on thin films or substrates, the layer thickness, the material density and the surface

roughness can be determined.

3.4.3 Atomic Force Microscopy (AFM)

The surface roughness of thin film was measured by atomic force microscope (Burker
Nanoscope 8). The atomic force microscope consists three parts: The cantilever with a nano-
sized needle probe, the laser light source and position sensitive photodetector. When the needle
probe is approached to the sample surface, the Van der Waal’s force between the probe and the
rough surface becomes significant. Indeed, either the attractive or repulsive force can cause the
deflection of the cantilever. This small deflection can be measured by optical lever method
using laser to illuminate back side of the cantilever, and the laser will be reflected and detected
by a photodetector. Once the probe is deflected by the atoms, the reflected light will be
reflected to different position of the photodetector, therefore the deflection can be measured

precisely. Then the surface topology can be obtained by scanning over the whole surfaces.

3.4.4 Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-
EDX)

The surface morphology and composition were characterized by TESCAN VEGAS scanning

electron microscope with Energy-dispersive X-ray spectroscopy (EDXSs).

In the experiment, the electron emitted by thermionic, Schottky and field-emission were
accelerated by the high voltage and focused by series of electromagnetic lens system on the
sample surface. The incident electron beam, also called the primary electron, then generated
electron signal by the secondary, backscattered and Auger electron through several interaction
mechanisms and electromagnetic signals by emitting braking radiation between the electron
and specimens. Those signals were then be collected by the detector inside the specimen

chamber to form the image in the computer.[3-57]
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3.4.5 Transmission electron microscope (TEM)

The thin film cross-section thickness and crystal structure were observed by the transmission
electron microscope (Jeol JEM-2100F) which is a type of electron microscopy with ultra-high

resolutions to observe the structure down to atomic scale.

The electron beam incident on the specimen can either be transmitted or diffracted. The
transmitted electron beam is magnified by the electromagnetic lanes. The electron beam can
be observed by series method such as the bright field and dark field imaging to obtain an image
of specimen or electron diffraction to confirm the crystallographic structure and crystallinity

of sample.

In the experiment, the substrate with thin film was first cut into half using a diamond cutter.
Then two species were glued by M-bond 610 epoxy with the film surfaces facing each other.
The bonded sample was heated at 120 °C for 1 hour drying and hardening using epoxy. After
that the sample thickness was thinned down to approximately 20um on the cross-section
direction using series of sandpaper and polishing paper. The thinned sample was then bonded
on the copper supporting gird with 3 mm outer and 2 mm inner diameter and further thinning
by Argon gas ion milling until the perforation was observed. There would be a thin area

surrounding the hole and was electron transparent for TEM observation.[58]
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3.5 Physical properties measurement method

3.5.1 Spectroscopic ellipsometry

In the ellipsometry measurements, the commonly used technique is the rotating-analyser
ellipsometry configuration, the Xenon lamp light source will be first passed through a polarizer
before incident on the sample. Then the reflected light from the sample will pass through a

rotating analyser being rotated to a certain angle and collected by the detector.

The spectroscopic ellipsometry is the technique that characterizes the optical properties of thin
film materials such as complex reflection coefficents. A polarized light incident on a thin films,
the polarization state will be changed upon the reflection on the surfaces or interfaces, the
change of polarization state will depend on the opticl and structural properties of the materials.
[59] The ellipsometric parameters i and A are extracted by the reflection coefficient ratio

between the p-polarization and s-polarization of the reflected light, 7, and r, respectively [60]

N, cos ®; — N, cos @,

N, cos @, + N, cos @, (3.14)

P _
Ty =

s N, cos ®; — N, cos @,
2" N, cos @, + N, cos @, (3.15)

Where N; and N, are refractive index of two materials
The total reflection coefficient from two interfaces are given by:

P P —i2B
T T 1y3€

RP = -
1+, rhe 2P (3.16)
RS = s, + 15,e 7120

1+ rSrseizh (3.17)
And p , the refractivity ratio will be obtained by

RP

_n iA
p=qs = e (3.18)
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Figure 3-3 Schematic diagram of measurment of spectroscopic ellipsometer.
The standard procedure of ellipsometric measurement consists of four parts:

First, the sample is measured by either reflecting or transmitting ellipsometry to obtain the
experimental (1, A) spectra. Then an optical model is needed based on the material properties
and the structures, to generate a simulated spectrum. The simulated spectra are then fitted with
the experimental data by varying the fitting parameters to retrieve the optical constants of the
sample. The best fitting result are obtained by minimizing the error functions.

The goodness of fitting is estimated by the Mean Square Error (MSE) function given before
[61, 62]

N

2
1 Theo __ .exp
MSE = [Z L % i
2N — M p

g, .
i=1 Wi

N Theo exp z
AT A

i=1 i

(3.19)

Noticed that the lowest MSE value does not mean the best description in the real situation. It
will sometime lead to an unphysical result. Therefore, it is needed to add some physical

constrains in the fitting process even though the final MSE result is not the lowest value.
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3.5.2 Electrical and hall measurement

To characterize the intrinsic electrical properties of a bulk or thin film materials, the sheet
resistance and the 1-V characteristics were measured by four-point probe measurement, and the

carrier concentrations and carrier mobility were measured by the Hall measurement.

3.5.2.1 Van der Pauw method

Generally speaking, there are two typical hall measurment methods commnely adopted,
namelly, the Hall bar configuration and the Van der Pauw configuration. The Van der Pauw
configuration is usually used to measure the resistivity and hall coefficient of the samples with

arbitrary shape proposed by L.J. Van der Pauw [63].

The Van der Pauw method is divided into two parts: the first part is the measurment of resistivty
using four point probe confrguration. As reported by L.J. Van der Pauw[63], the resistivity of

the sample is written in Equation (3.20)

md R12,43 + R14,23
p f

~In() 2 (3.20)

V34 V;

Where Rz 43 = T Rig23 = ﬁ , and the d is the film thickness and f is the geometric

corrention term which is the function of Ry, 43 and Ry, ,3. The f value usually set as one for

circular or square shpaed sample.

The second part is the electrical measurment under constant megnetic field to measure the hall

voltage Vy and obtain the Hall coefficient Ry.

_ Vyd [(RB+ — RB—)d]
Ru="g =

2B
(3.21)

In this part, the Rg,/p- = 11/4_2 is the lateral resistance under positive (into sample) and negative
13

(out of sample) magnetic field respectively.
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B, B

Figure 3-4 Schematic illustration of measurement of lateral resistance under magnetic field.

After obtaining the Hall coefficient, the carrier mobility and the carrier concerntion can be

converted as the following equations:

1
n=-—
eRy (3.22)
Ry
p=—
p (3.23)

Where e = 1.6x107% is the electron charge and the type of carriers in the film can be determined
by the polarity of Hall voltage. If the Hall voltage is positive/negative, the carrier will be p-

type/n-type inside the material respectively.

In this thesis, electrical properties (carrier concentration, Hall mobility and resistivity) were
measured by a Keithley 6221 Current Source and a Keithley 2182A nanovoltmeter with four
points probe measurement using Van der Pauw configuration, under an 0.5 T magnetic field.
The advantage of using four-point measurement on bulk or thin film material is this
configuration can eliminate the contact resistance and the measured value directly represents

the resistivity of the materials.

In the measurement, four corners of the square sample were wire bonded to a printed circuit
board connected to the Keithley 6221 Current Source and the Keithley 2182A nanovoltmeter,
with were both connected to a 2700 Precision Data Acquisition System with a switch box to

perform the program-controlled measurement. The magnetic field was produced by an
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electromagnet with a voltage amplifier, the magnetic field strength was measured by a
Lakeshore gaussmeter with a hall probe.

The schematic setup of four-point measurement is shown in left hand side of Figure 3-5 (Left)
Schematic diagram of four-point measurement and (Right) the top view of the positions four
points on the thin for measurement. Here, the measurement started with the two point I-V
characteristics by applying a 1mA constant current to two points, and measuring the voltage
response, then combining the 1-V curve with different connection of two point |-V

measurement to result the material electrical properties.

Ok A~

V ¢ A—o

Gl [
Film
2 3
Substrate / \

)
N

Figure 3-5 (Left) Schematic diagram of four-point measurement and (Right) the top view of the positions four points on the

thin for measurement.
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3.5.3 UV-Vis spectrometer

The transmittance spectra of thin films were measured by an UV-Vis spectrometer. The light
source was generated by a halogen lamp. Then the light generated was passed through a
monochromator and a beam splitter before incident on the sample (substrate deposited thin film)
and the reference (bare substrate) separately. The light intensity after passing through the
absorptive materials was recorded by the detector. The intensity decay of the sample relative
to the reference according to Lambert-beer law was plotted as either transmission or absorption

against wavelength to obtain the spectral response of the thin film materials.

3.5.4 Polarization-electric field (P-E) hysteresis loop measurement

The thin film ferroelectric hysteresis loop was measured by the RT-66 Precision Premier 11
Ferroelectric Tester (RADIANT Technologies). which is simply a Sawyer-Tower circuit [64].
In the measurement, an AC triangular shaped voltage was applied to the bottom electrode of
the sample through a BNC cable. The sample was connected in series with a reference capacitor
with a known capacitance Crs much larger than that of the sample to ensure the samples
capacitor would not be completely charged up. By measuring the voltage across the reference

capacitor, the charge acumination can be estimated by,

= CrefVre
Q= CreyVrer (3.24)
0
P=- (3.25)

The polarization can be calculated by dividing the crossed-area of the electrodes. The signals
from the sample and function generator were obtained by a digital oscilloscope and the
Polarization-electric field curve was plotted. By changing the amplitude and frequency of the

apply voltage to find the optimal polarization state of the sample was found.
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4 Fabrication and characterization of epitaxial Gd-doped SBN

thin films

4.1 GSBN ceramics target characterizations

The XRD 0-20 pattern of the Gd-dpoed SBN ceramic targets sintered at 1350 °C under an
atmospheric pressure is shown in Figure 4-1. The bottom graph represents the powder
diffraction data of SBN 50 from the ICDD database. The results showed that most of the peaks
can be matched well with the database data. Thus, XRD spectra indicated that single TTB phase
of SBN 50 ceramic was successfully sintered and no secondary phases were observed. The
single phase TTB structures without any impurities implied that the Gd ions had diffused into
the lattices forming solid solution with SBN crystals.

Using Bragg diffraction equation

Zdhkl sinf@ = ni (426)
And the interplanar spacing for tetragonal lattice

1 R2+k?
= +

2 2 2
A a c

(4.27)

The lattice parameters of GSBN50 ceramics were calculated by using the (311) and (002)
diffraction peaks. The results are shown in Table 4-1. As the Gd ions doping concentration
increased, the X-ray diffraction peaks shifted to high angle, indicating that the Gd** dopant
changed the lattice parameters of SBN unit cell. This can be explained by the ionic radius of
the Strontium ions (Sr?* ~ 0.112nm), barium ions (Ba?* ~ 0.135nm) and gadolinium ions (Gd®*
~ 0.111nm). [53] Since the ionic radius of Gd** ion is 111 pm which is similar to the Sr?* ion,
the Gd.0s dopant is likely to replace the Sr?* ion into the A sites in the reaction. Also, the
substitution of Sr?* ion by Gd** ions will gain excessive positive charges, which needs to be
compensated by cationic vacancies to remain the charge neutrality. Therefore, point defect such
as oxygen vacancies in the unit cell is resulted which will reduce the tetragonality factor (c/a).
Even though the Gd dopant is different in off-valance configuration (+3 charges) compared
with Sr and Ba ions (+2 charges), the 4% doping concentrations is approximately equivalent

to a molar substitution and far below the probable limit of rare earth ion solubility in the SBN
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crystal. The deterioration effect on the pyroelectric and phase transition properties can be
ignored. [65]
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Figure 4-1 XRD spectra of standard SBN 50 from ICDD database, pure SBN50 and SBN50 doped with 2% and 4% Gadolinium

concentrations.
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Figure 4-2 XRD patterns of GSBN50 (x=0-0.04) bulk ceramics 2theta angle of (a) (311) plane and (b) (002) plane

Table 4-1 The lattice parameter of GSBN ceramics with different Gd3* doping concentration

Sample a (nm) ¢ (nm) tetragonality
factor (c/a)

SBN 1.2459 0.3954 0.3174
GSBN2 1.2472 0.3945 0.3163
GSBN4 1.2477 0.3944 0.3161

The surface morphology and the composition were analyzed by scanning electron microscopy
with energy Dispersive X-ray spectroscopy (SEM-EDX). For the 4%-Gd-SBN50, the nominal
composition is (Sr o.44, Gdo.0s) BaosNb2Os, the EDx measurement showed a slightly deviation
to the nominal value. However, the compositions of the target were still within the relaxor

ferroelectric composition (0.25 < x < 0.75). It is believed that the ferroelectric properties can
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be preserved. Also, the Gd ions signal is resulted, which proved that the dopants were
successfully doped into the SBN ceramics.

(a) (b)
EIY
(c) I B (d)

Elecyron image 1 ! J0opm e Electron nage 1

Figure 4-3(a)-(d) SEM image of 4% Gd doped SBN50 target

Table 4-2 The composition variation of the 4% Gd doped SBN targets at different position

Position (a) Position (b) Position (c) Position (d)

Sr composition 0.37716 0.28736 0.356506 0.316096

Ba composition 0.434632 0.382548 0.44451 0.360098

Gd composition 0.028736 0.004932445 0.029634 0.069146

Nb composition 1.789714 1.62987 1.826532 1.633462

O composition 6.34886 6.543726 6.32192 6.6003

Composition of target | (Sr o038, Gdoos) (Sr o020, Gd 0004) (Sr o036, Gd o003) (Sr o032 Gd o007)
Bao.asND17906324  BaosgNb16306sa  BaosasNb1g30s3  Bao.ss Nb1.630s.60
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42 Gd doped SrosBaosNb.Os epitaxial thin film on MgO substrate

characterizations

Strontium barium niobite SrxBai1-xNb2Oe single crystal, where 0.25 < x < 0.75, has a high
electro-optic coefficient[66] and outstanding photorefractive properties[67] that can be
potentially applied in various optical applications. However, growing a large single crystal
SBN is a difficult challenge, so the heteroepitaxial growth of SBN thin film is a relatively easier
method to obtain crystalline SBN, since tetragonal tungsten bronze structure can be easily
integrated onto cubic substrates, one of the most frequently used growth techniques is physical
vapor deposition (PVD) such as pulsed laser deposition (PLD). Many reports had been
demonstrated that SBN thin film was epitaxially grown on several cubic substrates for example,
MgO[68] and SrTiO3[69]. In this chapter, MgO (001) single crystal substrates were chosen for
the growth of SBN thin films in order to find out the optimal deposition conditions including

the deposition temperature and oxygen pressure using PLD method.

A KrF Excimer laser with 248 nm wavelength was employed for the growth of epitaxial films.
The PLD system consisted of a simple vacuum chamber with rotary pump and turbo molecular
pump which were used to evacuate the chamber to a 10 Pa high vacuum. The SBN film was
grown at 700 °C substrate temperature with oxygen pressure of 26 Pa (200mTorr). Substrate to
target distance was kept at 4 cm. Laser energy was 220 mJ with 5 Hz repetition rate. The sample
was then annealed in-situ at the same growth temperature for 15 minutes to improve the

crystallinity.

The crystal structure of SBN thin film was investigated by the X-ray diffraction spectra. Figure
4-4 shows the 0-20 scan of SBN50 and Gd doped SBNS50 thin films deposited on MgO (100)
substrates. Apart from the MgO (002) substrate peak (20=42.905°), there were only two peaks
compared with the SBN polycrystalline ceramics, indicating that the polycrystalline ceramic
became single crystal growth in the physical vapor deposition process. Since the material in
plasma phase being deposited on high temperature substrate, the ions in plasma will situate in
the position with the lowest electric repulsions. Therefore, the film deposited on substrate
usually has its preferred orientations, a single phase domain is formed. The two peaks
(26=22.47° and 26=45.85°) are corresponding to the SBN50 (001) and (002) lattice plane
respectively. Both lattice planes were c-axis oriented which means that the c-axis was
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perpendicular to the substrate interface. i.e. the SBN thin film was grown on MgO substrate

with single c-axis orientation.

SBN (001) MgO (002) J| SBN (002)

Gd1%-SBN50

Gd2%-SBN50

Intensities(a.u.)

Gd4%-SBN50

20 30 40 50
2theta (deg)

Figure 4-4 XRD spectra of pure SBN50 and Gd doped SBN50thin film grown on MgO (100) substrate.
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Figure 4-5 Shift of SBN (002) diffraction peak doped with various Gd dopant concentration.

Table 4-3 Calculated value C-lattice constant against the doping concentration

Sample C-lattice constant(nm)
SBN50 0.3952
Gd-1% SBN50 0.3950
Gd-2% SBN50 0.3949
Gd-4% SBN50 0.3943
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Figure 4-6 XRD 360° phi-scans of SBN film on MgO (0 0 1) substrate

Figure 4-6 shows the phi-scan of SBN thin film grown on MgO (1 0 0) substrate. By tilting the
chi angle of the sample to 45° and maintaining the two-theta angle to 62.26°, the MgO (2 2 0)
plane can be detected. Then rotating the sample by 360°, four diffraction peaks can be observed.
The reason of four diffraction peak being observed is that the MgO (2 2 0) plane has four-fold
symmetry. Then, the SBN (3 1 1) plane with two-theta angle 32.1° was scanned to investigate
the epitaxial relationship with MgO. Apart from the 90°, there are two side peaks in between
two consecutive MgO diffraction peak. The results indicate that the SBN films grown on MgO
have two anti-phase domains. The SBN peak is rotated by 12° and 40° with respect to the MgO

diffraction peak.

4.3 Thickness dependence of optical properties in 4% Gd-doped SrosBaosNb2Os
epitaxial thin film on MgO

51



Qab Fabrication and characterization of epitaxial Gd-doped SBN thin films
The Hong Kong Polytechnic University

Figure 4-7 shows the transmittance spectra of different thickness of GSBNS50 thin film with
4% Gd doping is measured by UV-vis spectrometer in the wavelength range 400 nm and 900

nm. The films show over 80 % transmittance in visible range.
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Figure 4-7 Observed transmittance spectra 4% Gd-doped SBN50 films with different thicknesses.
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Figure 4-8 Calculated transmittance spectra 4% Gd-doped SBN50 films by transfer matrix method (TMM).

Figure 4-8 represented the calculated transmittance spectra of the 4%-GSBN50 thin film with
different thickness using transfer matrix method. The modelling consisted a tri-layer system:
Air (n = 1)/SBN (n(1))/MgO (n = 1.73). For the transparent region (E < Eg), the refractive
index of SBN thin film for the calculations were calculated by using the conventional Sellmeier
equation. [70]

n?(d) = A + — D2 (4.28)

A2—-C
Where the A, B, C and D are the fitting parameters with was reported by Woike et al. [71]
Table 4-4 Sellmeier parameters for the SBN indices of refraction
Refractive index ‘ A B(um?) C(um?) D(um~2)
n, ‘ 4.9661 0.1342 0.0584 0.0275

The Fabry-Perot oscillation can be observed on both measured spectrum and calculated
spectrum by TMM. Even though the transmittance peaks wavelength were slightly shifted, the
calculated spectrum still showed the same order of the peaks with the highest transmittance. It
is believed that the Sellmeier model fitted well with the refractive indices of GSBN thin film

in long wavelength range.
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However, when the wavelength decreases, the transmittance curve deviates significantly. The
reason behind is related to the photon energies increase, electrons can be excited by the photons
and causing interband transition. The transmittance will drop quickly when the wavelength of
incident light decreases due to the absorption of photons by the thin film. For the interband
region, the optical properties of SBN thin film can be modelled by the Tauc-Lorantz
oscillator.[70]

The single Tauc-Lorantz dispersion equation is defined as following:

AE,C(E-E))" 1
&2(E) = { (E? — E2)? + C2E2E
0 (E < Ey)

(E > E,)
(4.29)

where the initial parameters of SBN thin films for calculation including the transition matrix
element A, the peak transition energy Eo, the broadening term C, the band gap energy Eg,

and the high frequency dielectric constant £__ were reported previously. [72] The €,(E) is

called the complex part of electric permittivity, which can be measured by the spectroscopic
ellipsometry (HORIBA Jobin Yvon Ellipsometer) with the model fitting using equation
(4.29) with the experiment data. The complex permittivity can finally be obtained.

g, w?—E? (4.30)
After obtaining the imaginary dielectric constant, the real part of dielectric constant can be
calculated by Kramers-Kronig relation shown in Equation (4.30) and the analytical solution
was reported by Jellison Jr. and Modine [73, 74] The calculation results are shown in Figure
4-9, which shown the refractive index tends to a constant value in long wavelength, this is
coincident with the description with Sellmeier equation. The extinction coefficient increases
rapidly when the approaching short wavelengths. This is related to the inter-band optical loss

due to the absorption of incident photon.
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Figure 4-9 The dispersion of refractive index n and extinction coefficient k for 4%-GSBN50 thin film.
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To estimate the validity of the retrieved parameter and the modelling, the Transfer matrix

method was used to calculate the transmittance using the initial parameters retrieved from the

spectroscopic ellipsometry.

Figure 4-10 shows the X-ray reflectivity measurement and the reflectivity curve fitting. The

fitting result showed the film thickness of SBN thin film in 5 minutes deposition time was

84nm. The film thickness was then used as the fixed parameters for TMM calculation. The

calculation results were shown in Figure 4-11. Among four samples with different thickness,

the calculation can successfully model the transition range, the absorption edge and the number

of the oscillation fringes. It is believed that the measured ellipsometric parameters are

successfully describing the optical properties of the SBN thin films.
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Figure 4-10 X-ray reflectivity curve and the fitted curve of 4%-GSBN50 thin film with 5 minutes deposition times.
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Figure 4-11 (a) The simulated transmittance spectra with different thickness of SBN sample. (b) The comparision of the

silumated transmittance and the measured transmittance.
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Figure 4-12 Tauc’s plot of 4%-Gd doped SBN thin film on MgO substrate with various thickness.

The absorption coefficient can be obtained from the absorption edge of transmittance spectra

using Tauc model.

1
a==lInz
d (4.31)
Where a, d and T are absorption coefficient, film thickness and transmittance.
(ahv) = A(hv — E))" (4.32)

where a is the absorption coefficient, A is an energy independent constant, Eq is the optical
band gap and r is a constant, which determines the type of optical transition, n = 1/2, 2, 3/2 or
2 for allowed direct, allowed indirect, forbidden direct and forbidden indirect electronic
transitions, respectively. [75] By plotting (ahv)? against hv and fitting the linear range of the
curve, the optical band gap can be estimated by the x-intercept by extrapolating the linear

region in the graph.
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The Tauc plot is shown in Figure 4-12(b) plotted the optical band gap against the film
thicknesses of the SBN thin film. The optical band gap ranging from 4.18 eV to 4.44 eV, which
is decreased with the film thickness increase. There are large variations in the optical edge of
the films with an increase in thickness. It is also known that the thickness becomes important
in the thin films. The thickness of the film causes a shift in the optical absorption edge and
therefore a change in the band structure of the films. It is found that the optical absorption edge
varies with increasing film thickness. This suggests that the defects in thin films occur during
the formation of the films. Thus, unsaturated bonds can be produced because of an insufficient
number of atoms. These bonds are responsible for the formation of some defects in the films
and these defects produce localized states in the films. The thicker film increases the width of
localized states in the optical band. [76] Provided that the measured bandgap is much larger
than the bulk SBN single crystal, which the value reported is about 3.4 eV. One of the reasons
causing such larger difference in the bandgap value can be accounted for the crystalline size
on the film smaller than bulk ceramic. [77]

4.4 Ferroelectric properties of SBN thin film

The ferroelectricity is an important part to evaluate the applicability of SBN thin film. Since
SBN is a typical non-central symmetric material. Most of the applications, apart from the
electro-optic application, will be making a use of its ferroelectric properties. Also, previous
studies had reported that the introducing the gadolinium dopant into SBN ceramic would
improve the ferroelectric properties. [17, 18] It will be intertest to verify whether the

improvement by rare-earth dopant can be extend to the thin film devices.

The ferroelectric properties were investigated by multilayer stacking heterostructure as Figure
4-13(a) shown. The ferroelectric capacitor using vertical parallel plate structure, the 50 nm
epitaxial Platinum thin as bottom electrode grown on (100) MgO substrate and 50 nm Gold
thin a top electrode. Figure 4-13(b) reveals the 3D structure of the ferroelectric devices, the
bottom and top electrodes are placed perpendicularly, and the ferroelectric thin film was
inserted in between two crossed electrodes. The advantages of such structure are that reduce
the possibility of electrical shorting of top and bottom electrodes in wire bonding process, also

the effective Electric field only applied within the overlapping area of two electrode. The
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concept is similar to the variable capacitor, the capacitance is dependent to the overlapping
area of the plates. Therefore, the junction area can be controlled by the widths of the electrodes

and the junction size will possibly be reduced.

RTE6A

Au

o

MgO

Figure 4-13 Schematic diagram of Au/ GSBN50 /Pt device (left) and the 3D structure of crossed bottom and top electrode

structure. (right)

4.4.1 Structural characterization of SBN thin film ferroelectric capacitors

Figure 4-14 shows XRD 0-26 scan of the GSBN/Pt/MgO heterostructure. The Pt thin films are
orientated in (002) lattice plane (260=46.12°) instead of (111) lattice plane (26=39.68°). The
(111) phase of Pt can barely observed. Since the Pt film was deposited at 700 °C, which is
favour the (001)-oriented crystallites instead of (111)-orientation due to relatively lower
interfacial energy for (110) Pt/ (110) MgO at high temperature reported by Mclintyre et al.[78]
The volume fraction of (111) orientation was suppressed at high substrate temperature, Pt thin
film will show the dominated (002) phase in deposition process. Also, due to the similarity of
c-axis length of cubic Pt unit cell and TTB structure SBN (art=0.392nm and csen~0.39nm), the
20 angle separation between two film peaks were smaller than the FWHM of both peaks, cannot
be resolved and only one peak observed at 46.12°. The advantage of selecting the (001)-
oriented Pt film rather than (111) because such orientation can cubic to cubic epitaxy growth
on (100) MgO substrates. The inset figures in Figure 4-14 were probing the rocking curve (-
scan) of SBN (001) peak and Pt/SBN (002) film peaks. The red solid lines represent the
Lorentzian fitting of the peaks to obtain the FWHM value. After the Lorentzian fitting, the
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result shows the FWHM of SBN (001) and Pt/SBN (002) rocking curve are 1.64° and 0.43°
respectively.

X-ray 360° @®-scans of MgO (111), Pt (111) and SBN (221) are plotted in Figure 4-15(a). Two
set of in plane orientation rotation of £45° and +56° from the substrate are observed. It is
believed that the SBN thin film with (221) lattice was epitaxial growth on Pt (111) thin film
which shows the similar relationship as the SBN thin film grown on LSCO (111) thin film due
to the similarity in lattice constant of Pt and LSCO as reported.[79] Unlike the conventional
epitaxial relationship between MgO (001) substrate and SBN thin film with the in-plane
rotation by 18° and 31°[80, 81] ,the difference in the alignment angle may be caused by the
lattice misorientation of the lattice or the lattice distortion due to elastic strain on the films.[82]
The orientation of SBN had been reported with different values, it is believed that the

orientations are strongly dependent to the processing conditions on the PLD process.

Figure 4-15(b) illustrates the epitaxial relationship and the in-plane orientation of MgO, Pt and
SBN. The in-plane orientation of £ 56° can be described as SBN (001)/Pt (320)//MgO (320).
In this orientation the lattice mismatch is about 14%. Also, there is still a possibility of in-plane
rotation in + 45° with the in-plane alignment SBN (001)/Pt (220)//MgO (220), the lattice
mismatch of such alignment is about 10%.

-~ SBN (001) Mgo(ooz) — SBN/Pt/MgO

FWHM=1.64

e Pt(002)/SBN(002)

Intensity(a.u.)

Intensity(a.u)

22 23 24

SBN(OOl) Omega (deg)

20 30 40 50 60
2-theta (deg)
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Figure 4-14 XRD 6-20 scan of GSBN50(500nm)/Pt(50nm)/MgO multilayer structure. Inset: w-scan of SBN (001) and Pt
(002)/SBN (002) diffraction peaks.

—MgO (111) 20 =36.99°
®=1851°

% =547

— Pt 20 =39.79°

®=19.84°
x="54.7°
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Figure 4-15 XRD phi scan showing epitaxial in-plane relationship of MgO(substrate)/Pt(film)/SBN (film). The substrate tilting
at Chi-angle= 54.7°.

A scanning electron microscope was employed to characterize the cross-sections morphologies
of the heterostructures. From the cross-section micrograph shown in Figure 4-16, two
discernible layers are observed, the interface between the GSBN thin film and the Pt layer is
smooth and sharp. From the Figure 4-16, the thickness of the GSBN and Pt layers are estimated
to be 500nm and 50nm respectively.
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Figure 4-16 Cross-section Field Emission SEM image of SBN/Pt/MgO structure

4.4.2 Ferroelectric loop measurement

Figure 4-18 shows the ferroelectric hysteresis measurement of 500nm Gd4%-SBN50 thin film.
All the hysteresis measurements were done under room temperature and atmospheric pressure.
The voltage was applied to the top and bottom vertically, as shown as Error! Reference source n
ot found., the applied voltages were then converted to the lateral electric field by dividing the
film thicknesses. The film thickness was confirmed by observing the cross-section using the
Field emission SEM and the SEM micrograph was shown in Figure 4-16.The electric
polarizations were calculated by the measured polarization dividing the junction area which is
defined by the area crossed of top and bottom electrodes, which is determined by the width of
top and bottom electrodes. The hysteresis measurements were done by Radiant Ferroelectric
Test system (Radiant Technologies Inc. NM, USA). Since the virtual ground mode of the
ferroelectric tester will cause the polarization relaxation due to the temporary memory. This
mode will cause the discontinuity of the P-E loops. Therefore, all the hysteresis measurements
were done by double loop and the first polarization loop was neglected. The voltage profile
was shown in Figure 4-18(b). [83] When the applied electric field as large as 500kV/cm?, all
the dipoles begin to align with the field and reach the saturation polarization gradually, resulted
in the ramanent polarization values +Pr = 1.36 pC/cm? and -Pr = -5.73 uC/cm? and coercive
field of +Ec = 158.0 kV and -Ec = -30.8 kV were obtained.

Noticed that the measured P-E loop was right shifted and being polarized asymmetrically
because of the different material of top and bottom electrode. The similar phenomenon also
reported by Masruroh and Masayuki Toda on investigation of PZT thin films with Au top
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electrodes and Pt bottom electrodes.[84] The difference of work function of Pt bottom electrode

and Au top electrode resulted in different polarization and coercive field.

On the other hand, the shape of the measured hysteresis loops cannot show the typical poling
abilities as the single crystal and ceramic with a clear and sharp edges of saturation polarization.
This is the typical problem of thin film ferroelectric materials. Since the substrate did not
change the dimension under electric field, it would limit the switching properties of
ferroelectric thin film and cause the strain in the film and substrate interface when the thin film
was being switched. Thus, reducing the polarizing abilities of ferroelectric thin film. To address
this problem, the thin film system must contain a large number of highly orientated domains,

which means the film should be grown epitaxially on the desired orientations. [85]
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Figure 4-17 P-E hysteresis loops of undoped SBN and doped with Gd film measured at 1kHz with applied an electric field, E
=20kV/cm

Table 4-5 The coercive field (Ec) and remnant polarization (Pr) as a function of the Gd-doping concentration
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Sample Coercive field (kv/cm)  Remnant polarization(uC/cm?)
SBN50 3.25 0.07
Gd-1% SBN50 9.94 0.66
Gd-2% SBN50 4.46 0.16
Gd-4% SBNS50 2.72 0.14
@) (b)

=
N
M

Gd4%-SBN50(500nm)
Driving frequency= 50kHz

[ee]

Polarization (uC/cm?)
o
Applied voltage (V)

-500-400-300-200-100 0 100 200 300 400 500 0.00 0.02 0.04
Electric field (kV/cm) Time (ms)

Figure 4-18 The P-E hysteresis loop of 4% Gd-doped SBN thin film with the varied electric field.

For the ferroelectric thin film devices, the leakage current is a serious problem to limit the
performance of the devices. For example, the 100nm ferroelectric thin film can prudence 107
Acm? leakage current upon applied 1V potential.[86] There are many possible mechanism of
the origin of leakage current such as ion drift and carriers conduction[87] To reduce the leakage
current, one of the method is to reduce the junction area. Figure 4-19 shows the optical

micrograph of the ferroelectric junctions. The bottom electrodes were the vertical lines with
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the width 10 um patterned by photolithography. The top electrode is the horizontal line with
the width 50 um using shadow mask for deposition. In this geometry, the junction area is the
crossed area of two electrodes, which is approximate 500 um?, the 20 times smaller than the

previous devices.

Figure 4-20 plotted the hysteresis loop 500 um? SBN thin film ferroelectric junction with
different Gd-doping concentrations. Compared with the previous device with the same film
thickness (500nm), a smaller junction can be switched by a slower frequency to obtain a typical

hysteresis loop. It is strongly related to the time dependent switching properties into

applications, such as the pyroelectric properties (a time varying temperature).

N7

I\

Figure 4-19 optical micrograph of the ferroelectric junctions.
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Figure 4-20 The P-E hysteresis loop of ferroelectric device with 500nm active layer (a) 1%Gd-doped SBN film, (b) 2%Gd-
doped SBN film and (c) 4%Gd-doped SBN film.

Figure 4-21(a) shows the frequency dependent relative dielectric constant measured at room
temperature to estimate the capacitive frequency response of the ferroelectric junctions. The
result shows that the doped SBN thin films generally possess higher relative dielectric constants
compared with the undoped one, indicating that introducing rare-earth element increases the
relative permittivity of the ferroelectric parallel plate capacitor. However, larger & will usually
accompany with larger dielectric loss as shown in Figure 4-21(b). The relative permittivity was
decreased slowly as the frequency increased, but as it approached to about 100 MHz, the
relative permittivity suddenly increased rapidly. As the doping concentrations increased, this
turning point seemed to be shifted to lower frequency. The dispersion spectrum is important

parameter for considering the device performance under various driving frequencies.

67



Qab Fabrication and characterization of epitaxial Gd-doped SBN thin films
The Hong Kong Polytechnic University

@)
3000
m— SBN 0 %
= *GSBN1%
= GSBN2%
GSBN 4 %
&
— 2000+
g ~ <~
by ~
e -~
8 - - -~ - ‘
= . ~ ~ !
g 1000 4 ~ 7,
o
(@)
—
1005000 ll;? 1E8

Frequency [Hz]

Figure 4-21Frequency dependence of the relative dielectric constant er and dielectric loss of the different Gd doped SBN
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5 Characterization of optical and electrical properties of
ITO/AU/ITO multilayer thin film

5.1 Introduction

In this chapter, another type of transparent thin film will be discussed. As mentioned in chapter
I, Tin doped Indium Oxide (ITO) is a widely used transparent and conductive oxide for
different optoelectronic devices such as organic light emitting diode and solar cell, because of
its high light transparency in the visible range and relatively high electrical conductivities.
However, it has limitation in the plasmonic applications since the plasmonic resonance

wavelength for ITO usually falls in the range of Mid-infrared to near-infrared range.

On the other hand, noble metals such as gold (Au) and silver (Ag) are usually being used in
electronic and plasmonic applications due to their high free carrier densities, highly electric
conductivities and negative real permittivity throughout the visible to near-infrared (NIR) range.
Nevertheless, they also possess high optical losses due to the inter-band electron scattering,

limiting them for fully application as optical devices in different wavelength.

One of the solutions will be combining the TCO and noble metal to form a vertical thin film
multilayer structure. A typical multilayer structure is TCO/metal/TCO trilayer structure which
has been widely studies in many fields such as electronics,[33] plasmonic devices[88] and
hyperbolic metamaterials[89]. This multilayer structure possesses both advantages of TCO and
noble metal, for example an ultra-thin noble metal film inserted in between two TCO can
greatly influence the carrier density on TCO while the TCO layer can still preserve the high

transparency in visible wavelength. [90]
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5.2  Structural characterization of ITO/Au/ITO multilayer structures

Previous study by Fang et al. on ITO/Au/ITO trilayers with changing thickness of inserted gold
layer had reported that the top and bottom ITO thin films will exhibit different degrees of
crystallinity due to the insertion of gold thin layer. [91] To verify this hypothesis, series of
samples with systematically changing the top and bottom ITO layer thickness were fabricated
by magnetron sputtering. Since the ITO film thickness is easily controlled by programme-
controlled sputtering process, the growth rate for ITO thin film was kept constant at
approximately 1 A/s by using fix deposition conditions. The gold insertion layer was kept
approximately 3.0nm. The thicknesses of each trilayer samples were confirmed by X-ray
reflectivity (XRR) measurement. Figure 5-1 shows the XRR spectra of samples with different
ITO thicknesses. The measured XRR spectra were fitted in order to retrieve parameters
including the film thickness and surface roughness. As expected, the results indicate that the

ITO thickness is proportional to the deposition time with a constant ITO deposition rate.

Table 5-1 shows the relationship between the deposition time and thickness of the films. As
expected, when the deposition time increased, both the top as well as bottom ITO film thickness

obtained from the fitting XRR result also increased.

Table 5-1 the ITO depostion time and the trilayer thickness obtained fome the XRR measurment.

Sample | ITO Deposition | Top ITO  Au thickness (nm)* Bottom ITO
time (sec.) thickness (nm)* thickness (nm)*

S1 100 11 2.9 11

S2 200 22 2.8 22

S3 300 33 2.9 33

S4 400 44 2.8 44

S5 500 55 2.9 55

*Obtained from the fitting XRR result

Figure 5-3(a) shows the X-ray diffraction (XRD) spectra of ITO/Au/ITO trilayer with different

ITO layer thickness. The top and bottom ITO layer thicknesses are increased simultaneously
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from 11nm to 55nm. From the XRD spectra, there are two peaks being observed, i.e. one board
peak and one sharp peak. The sharp peak position is 35.1°, which corresponds to the ITO (400)
peak and has been confirmed by the diffraction spectra of ITO powder shows in Figure 5-3(b).
In order to observe the effect of the thickness on the crystallinity of the top ITO layer. Figure
5-4 plots the Full Width Half Maximum (FWHM) of ITO (400) peak as a function of film
thickness. Indeed, the FWHM value is related to the average grain size of the film as calculated

by Scherrer’s equation,

_ 092
BcosO (5.33)

where D is the average grain size, 3 is the FWHM of the peak and 0 is the Bragg’s diffraction
angle. As the FWHM value is inversely proportional to the average grain size, therefore the
grain size is increased when the film thickness increase, i.e. as film thickness increased, better

crystallinity of the film is resulted.

As shown in Figure 5-3 (a), the sharp ITO (400) peak is believed to be arisen from the top ITO
layer and we believed that the bottom layer is still in amorphous form as we will explain in

next chapter.

= measurement
—— fitting
ITO=11.0nm/Au=2.9nm/ITOL=11.0nm

ITO=22.0nm/Au=2.8nm/ITOL=22.0nm
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Figure 5-1 XRR pattern of ITO (t nm)/Au (2.9 nm)/ITO (t nm) trilayer films with varying values of t.
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Figure 5-2 (a) Cross-sectional TEM of the ITO (20 nm)/Au (3 nm)/ITO (20 nm) sample. (b) Selected-area diffraction patterns

of top ITO layer, showing the polycrystalline structure.
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Figure 5-3 (a) XRD pattern of ITO/Au/ITO trilayer with different ITO layer thicknesess (both top and down ITO thickness in

trilayer structure remain the same). (b) X-ray diffraction pattern of ITO ceramic target.
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Figure 5-4 FWHM of (400) peak of ITO/Au/ITO multilayers against top ITO thickness

To verify the fitting result from XRR patterns, a cross-section TEM micrograph on the structure
of the ITO/AuU/ITO system were obtained. TEM micrograph shown in Figure 5-2(a). For the
denser materials, the scattering effect on the electrons is more significant compared with less
dense material. i.e. less electrons can pass through the sample and will be collected by the
detector. Therefore, the gold layer is observed as a darker view compared with the less dense
ITO thin films. As aresult, it is noticed that an ultrathin darker gold layer is inserted in between
two brighter ITO layers. From the micrograph the thicknesses of each layers are confirmed,
and the layer thicknesses matched well with the fitting in the XRR measurement Apart from
the thickness measurement, the uniformity and crystallinity can also be observed by such
technique with the resolution up to atomic scale. The ultrathin gold film shows a long-range
uniformity and well-defined boundaries sandwiched with two ITO thin film. Thus, the

multilayer film can be considered as the vertical stacking layers without interface interactions.

Figure 5-2(b) represents the electron diffraction pattern of top ITO layer, instead of the
continuous ring diffraction patterns due to the amorphous material, the top ITO layer shows
some clear and distinguishable spot in the diffraction patterns. Thus, the top ITO layer is

polycrystalline in nature instead of amorphous.
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Figure 5-5 carrier concentration, Hall mobility and resistivity as a function of ITO thickness

In this section, we try to study the effect of top and bottom ITO film thickness on the electrical
properties of the trilayer structure. However, the electrical as well as optical properties of the
ITO films are highly depended on the processing conditions [92, 93], thus in order to eliminate
the effects of processing conditions on the electrical and optical properties of the structures,
the ITO films in the experiment were prepared under the same processing conditions, such as
the O/Ar ratio and pressure and the substrate temperature during deposition. In this case, we
believe that all the ITO films should be identical in the intrinsic properties such as oxygen
vacancies and doping concentration. The variation of electrical properties observed in the hall
measurement only arisen from the film thickness and difference in crystallinity, not due to their

intrinsic properties variation.

The electrical properties such as carrier concentration, hall mobility and resistivity of the ITO
trilayer sample were measured by a Keithley 6221 Current Source and a Keithley 2182A

nanovoltmeter using the van der Pauw configuration, under a 0.5 T magnetic field.
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Compared with the pure ITO film (carrier concentration ni=4.48x10° cm=, carrier mobility
1=20.4 cm?V-1st and resistivity p=6.4x10 Qcm), it is noticed that the carrier concentrations
of the ITO/AU/ITO structures are higher. It is believed that the enhancement of the trilayer
carrier concentration is due to the carrier injections from the electron- rich Au layer being
inserted between the ITO layers.[94] When the top and bottom ITO thickness increases, the
carrier injections become insignificant and the overall carrier concentration approached to pure
ITO value.

On the other hand, the Hall mobilities of the trilayer structures are smaller than that of the pure
ITO (=20 cm?V-1s) because the carrier movement is severely affected by the interface
scattering between Au and ITO layers.[95] However, as the film thickness increases, the effect
of the interface scattering becomes less significant. The resistivity of the pure ITO film
(=6.4x10°Qcm), although possessing higher carrier mobility but lower carrier concentration,
is much larger than that of the multilayer structures. Among the ITO/Au/ITO multilayer films,
the carrier concentration gradually decreases while the mobility gradually increases with rising
ITO film thickness. Provided that the electrical resistivity is reciprocal of the product of charge
mobility and carrier concentrations, the electrical resistivity only changes slightly in the
multilayer structure with increasing ITO thickness, therefore the increase in the mobility will

cause the charge carrier concentrations to be decreased.

Furthermore, we believe that the larger grain size of the top 1TO film also improve the mobility
of the ITO films. From the XRD spectra shown in Figure 5-3 and Figure 5-4,the average grain
sizes increases as indicated by smaller FWHM values. The larger grain size reduces the number
of grain boundaries, which will reduce the grain boundary scattering effect. Thus the charge

mobility will therefore increase.[96]

5.4 Optical properties of ITO/AU/ITOg trilayer structure.

The optical and dielectric properties of the ITO/Au/ITO multilayer films were measured by a
Spectroscopic Ellipsometer with reflection mode. The light source was incident on the sample
with 70° angle and the detector collected the reflected light at -70° angle. The polarization of
the incident light was set at 0° rotation and the analyzer was set to 45° rotation. The spectrum

was measured from 400nm to 2000nm with a 10nm increment. The optical permittivity of the
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sample was obtained by fitting the ellipsometric angles y and A using the WinElli 11 software
with Lorentzian optical models.
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Figure 5-6 The schamitioc diagram of reflection ellipsometry
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Here, €., is the high frequency permittivity, I'p is Drude damping term. For the Lorentz

oscillators, thef; , I are the strength of oscillator and the damping constant of Lorentz

oscillator respectively, w? ; 18 the resonant angular frequency of the oscillator which is related
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to the energy band gap of materials. w,, is the plasma frequency of the material, the relation is
given in Equation (5.36). Here the plasma frequency is directly proportional to the carrier

density n and inverse proportion to the effective electron mass of the materials.

8
8 == top 11nm
=&— top 22nm
=—de— top 33nm
6 —¥— top 44nm
—@— top 55nm
4 6
.2
€ €
0 4
-2
-4 5
-6 o
u o
Gy 00°° o
009
8 388303000000 2V p
RRRARRAKAR °0
1aaagagigsscooeos 0

T T
400 600 800 1000 1200 1400 1600 1800 2000

Wavelength (nm)

Figure 5-7 Real (solid symbol) and imaginary (open symbol) parts of permittivity against wavelength of Top ITO layer in the
trilayer samples.
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Figure 5-8 w and A of the ITO (22 nm)/Au (3 nm)/ITO (22 nm) sample measured by spectroscopic ellipsometry in the 400-
2000 nm wavelength range.

'
€ —a&— Bottom ITO10nm u':'n 4
=®— Bottom ITO 20nm
-2 | =& Bottom ITO 30nm
=¥= Bottom ITO 40nm
=4~ Bottom ITO 50nm

0
T T T T T T T
400 600 800 1000 1200 1400 1600 1800 2000

Wavelength (nm)

Figure 5-9 real (solid symbol) and imaginary (open symbol) parts of permittiity against wavelength of bottom ITO layer in the

trilayer samples
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Figure 5-10 The permittivity profile of gold thin film.

1600

] ~H-Top ITO |
1550 - . P

1500 - ’
1450 - ’
1400 - ’

1350 A 4

A (nm)

1300 - s
1250 s

12004 W~

1150 +—+—+—1+—+—1—+—1—1T
10 15 20 25 30 35 40

ITO thickness (nm)

Figure 5-11 crossover wavelength of bottom and upper ITO layers

Figure 5-7 shows the variation of the dispersion relation of the top ITO layer with different
thickness. As discussed in the last part, the top ITO is polycrystalline compared with the bottom
amorphous ITO. The ITO top layer dispersion relation has been described using the Drude-
Lorentz model in reported as the literature [97]. For the real permittivity, the plasma frequency
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can be characterized by the crossover wavelength, at which the real-part permittivity changes
from positive to negative.[98] It is well known that the dielectric properties is strongly related
to the electrical properties. As the ITO thickness increased, the free carrier density decreases
accordingly as shown in Figure 5-5. The decrease in the carrier concentration is the reason of
the red shift of the crossover wavelength of top ITO layer, because according to the Drude-
Lorentz model, the plasma frequency is directly proportional to the square root of carrier
density. Also, the plasma oscillation frequency i.e. thickes film is inversely related to the
wavelength. Thus, ITO layer with less free carrier concentration will result in a larger crossover
frequency. The imaginary part of permittivity is responsible for the optical losses due to plasma
damping and free carrier absorptions. For the thinner sample with larger free carries, the degree
of free carrier absorption is also larger. [99] So, the £ will increase for NIR wavelength. The

degree of increment for the thinner ITO film will be also higher and decrease with thickness.

Figure 5-9 represents the permittivity profiles of the bottom ITO films. Unlike top ITO layer,
the real part permittivity of the bottom layer shows more positive profile and the crossover
point within the spectral range generally is not observed. The reason can be accounted for the
difference in the crystallinity which has been confirmed by the XRD in the structural
characterizations part. The amorphous bottom ITO layers only give a slight variation in the real
permittivity. However, the imaginary permittivity of the bottom ITO is larger than that of the
top counterparts. The amorphous layer is responsible for more optical loss due to various

mechanism such as light scattering.[100]
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Figure 5-12 £ . with the real part (solid symbol) and the imaginary part (open symbol) of the trilayer layer samples calculated

by effective medium approximation.

15004 - - - - e m m - - e - - - - -

1400 4 .

1300 4 Pl

1200 4 -

A, (nm) 1100 A P

1000 - o
900 4 L

8004

700

5 10

ITO thickness (nm)

1490 nm

830 nm

15 20 25 30 35 40 45 50 55

82



Q Characterization of optical and electrical properties of ITO/Au/ITO
b multilayer thin film

Q& The Hong Kong Polytechnic University

Figure 5-13 crossover wavelength as a function of bottom and top ITO thickness in the trilayer sample.

For the semiconductor-metal-semiconductor multilayer structure, an effective model is needed
to estimate the collective effect contributed by the three individual layers. Previous reported
effective medium approximation on multilayer hyperbolic metamaterials has been used to treat
the multilayer structure as a single optical anisotropic medium with two effective dielectric

tensors (g, ) and (3/71) on the parallel and perpendicular directions.[101] The derivation of the

effective medium approximation was based on the Maxwell’s equation with appropriate
boundary conditions. The expression is given in equation (5.37) and (5.38), and the calculation
of effective tensors are based on the electric permittivity and the thickness of each layers. For
the light incident on the vertical staked multilayer structures as shown in Figure 5-15, the light
propagation will be affected by the perpendicular dielectric tensor as reported. The
perpendicular effective tensor of trilayer structure is shown in Figure 5-12. Due to the optical
anisotropy of this metal-dielectric multilayer stacking, when one of the effective permittivity
become negative in particular wavelength range (either €, > 0and s/71< Oore, <0and e/71>
0) the dispersion relation will become a hyperbola with a extraordinary effect such as negative

refractive index.

1
g = (E17049p A1T0,op T Eauda
dITOtop + dAu + dITObottom wor “or o (537)
+ EITObottom dITObottom)
) 1 A1y | dau | dT0portom
g//1 _ P bottom ) (5.38)

leotop + daw + dito,y100m €0ty  EAu  EITOportom

Where d,mtop, Aawr Airoy,.,, are the thicknesses of each layer and the EIT0yopr Eus

EIT0p,00m Ar€ the complex permittivitits of each layer obtained from ellipsometry measurement.

Then, the refractive index and extinction coefficients of the trilayer structure, 7 can be given

by the following equation.
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Figure 5-14 The effective refractive index and extinction coefficient of trilayer structure.

Figure 5-17(a) show the spectral transmittance of trilayer structures with different top and
bottom ITO thickness measured by the UV-Vis-NIR spectrometer form 400nm to 2000nm.
Both trilayer structures show over 60% transmittance in the visible range. Thus, even though
an Au layer was inserted, the overall transmittance of ITO did not affect much. The inserted
gold layer is thin enough to preserve the transparency of the whole structure. As the thickness
of the ITO film increases, the observed ripple on the transmittance curve is due to the collective
interference effect from each interface (ITO/Au and ITO/glass). For the long wavelength, the

transmittances drop to 40%, this is a typical effect due to the free carrier absorption.
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To estimate the validity of using EMA to model the trilayer samples. The effective
transmittance of the trilayer samples with different thickness of sandwiched ITO layer in the
symmetrical structures has also been investigated. The ellipsometry data was verified by the
simulation of transmittance spectra of multilayer structure. The simulated transmittance was
calculated by the Transfer Matrix Method (TMM) [52]

N = (N + iK)ctective I (diro,top*dautdiro,pottom)

Glass (n=1.51)

Figure 5-15 schamatic diagram of TMM modeling trilayer structure by effective media approximation (EMA).

For the comparison, the transmittances were also simulated layer by layer using refractive
index of individual layer to further confirm the validity of EMA. As Figure 5-16 shown, the
calculation was based on the film thickness and the complex refractive index retrieved from
the ellipsometry measurement. The calculated spectra were shown in Figure 5-17(c), the
simulation of transmittance shows a similar tendency over the whole spectral range including
the near band gap range and long wavelength including the position of peak transmittance due

to the interference effect.

I d ITO,top

dITO,bottom

Glass (n=1.51)

Figure 5-16 Schematic diagram of the simulated of ITO/Au/ITO layer by layer structure.
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Figure 5-17 (a)spectral transmittance of trilayer samples with different top and bottom ITO thickness. (b) Simulation of

transmittance of ITO/Au/ITO trilayer structure by Effective media approximation (EMA). (c) Simulation of transmittance of
ITO/AU/ITO trilayer structure blayer by layer.
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5.5 Evaluation of trilayer structure into plasmonic application

After discussing the effective permittivity of the multilayer structure, it is needed to evaluate
the applicability of such structure in various potential applications. For the materials into
different applications, the performance can be compared by using a quality factor, so-called the
figures-of-merit. Most of the quality factors are a function of the real part €-and imaginary part
&i permittivity of such material. Since the & is describing the field distribution in the materials
which is an important consideration of the overall performance of the devices. On the other
hand, the imaginary part €; quantifies the optical loss, which is also a crucial factor to evaluate

a device performance.

In this section, the conventional plasmonic devices, which can be divided into three classes:
surface plasmon polariton (SSP) waveguides, localized surface plasmon resonance-based

devices (LSPR device) and transformation optics (TO) devices, will be discussed.

For LSPR devices, the quality factor is defined in Equation (5.40), The LSPR system enhances
the localized field, thus the quality factor should be the ratio between the enhanced local field
and the incident field. For the multilayer thin film system, the effective medium approximation
has proven to be a reliable way to describe the multilayer structure using an effective
permittivity. Therefore, the quality factor for LSPR is defined as the imaginary part of the
effective permittivity divided the negative of the real part permittivity. Figure 5-18 shows the
LSPR quality factor of the trilayer sample. Noticed that the curve only plotted in the range
Qusrr>0, because only at the positive quality factor region, the incident field is enhanced. The
result shows that manipulating thickness of top and bottom ITO not only can control the
spectral range of the LSPR device, but also enhance the local field to approximate maximum

2.5 to 3 times depends on the thickness of ITO layer.

(=@
Quspr(®) === (@) (5.40)
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Figure 5-18 . Quality factors of the trilayer samples for localized surface plasmon resonances (QLsrr)

Regarding the SPP system, the surface plasmons are the quantized state of the localized
electromagnetic surface wave in the interface between the metal and dielectric materials.[51]
The surface plasmon can couple with the light strongly to enhance the light matter interactions
forming a surface plasmon-polariton waveguides to propagate the wave along the interface.
[102] Since the trilayer structure has been regarded as a homogeneous material by effective
media approximation. Therefore, the surface plasmon in the interface between the gold and
two ITO layers was neglected. The SPR system discussed is in between the trilayer thin film
and the silicon dioxide interface. The SPR system quality factor is given by Equation (5.41),
the £, (w) is the effective permittivity tensor of the plasmonic material reported in the last part,
and the ¢4 is the electric permittivity of the dielectric material. Here the silicon dioxide was
chosen with £;,=2.37 and set to be a constant in the spectral range measured. Figure 5-20 plots

the quality factor trilayer samples under SPR mode. Thus, to achieve a large quality factor, the

negative £, should be large and the &,  should be as small as possible. The result shows the
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factor except the 10nm sample that have batter performance in the long wavelength range.

Figure 5-19 Schematic diagram of surface plasmon propagation and the related parameters.[103]

QOssp(@) = gw) "% @) " ,(w) (5.41)
g (we,; (w) & (w)

The surface plasmon polariton profile can be characterized by different parameters such as the
propagation length &,,.,, (the measured distance of a SPP propagation such that the intensity
of the SPP mode drop to the 1/e of the original value), penetration lengths 8., (the

penetration distance inside the material) and the SPP wavelength Aspp (the SPP oscillation

period). In the relation, the ¢,, and e, is the real and imaginary permittivity of the metal
layer, which is the perpendicular effective tensor €, of trilayer film. The 4, is the wavelength

of free space.

3/2

(5.42)

(5.43)

(5.44)
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increases. For the trilayer thickness increases, the maximum propagation length decreases and

approached to the pure ITO film’s value.

The penetration length determines the confinement of the SPP wave at the metallic layer which
measure the compactness of the SPP behavior, for increasing the wavelength, the penetration
length approaches to a constant value. The value decreases as the trilayer thickness decreases,

which means that the reduction in thickness can impose a high localization of the SPP.

Figure 5-20(c) shows the SPP wavelength of the dielectric-trilayer interface as a function of
wavelength, the propagation wavelength is greater than the SPP wavelength in all spectral

range. Therefore, it is possible to bring the trilayer into real application.[103]
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Figure 5-20 (a) Spatial profile of SPP for ITO—Au—ITO film and silicon substrate interface: (a) quality factors Qsee, (b)
propagation length dprop, (c) SPP wavelength and (d)degree of confinement dcont.

The transformation optics need to be operated under the metallic response and nearly balanced

with the dielectric component from the surrounding, therefore the real effective permittivity
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should be negative and approximately equal to the permittivity of air, such that ¢ is set to be
1. The quality factor only considers reducing the optical loss in such wavelength, so the quality
factor of transformation optics is the reciprocal to the imaginary effective permittivity which
quantifies the optical loss. As the optical loss increases, the quality factor is decreased

accordingly as shown in Equation (5.45).

1 -
Qro(w) = —— [—¢, ~g4~1
rol@) = (w)( L ~ea1) (5.45)

Table 5-2 lists out the comparison of the conventional noble metals (Au and Ag), TCO (ITO)
and the trilayer structure in the quality factor of different plasmonic devices. The table reports
the optimal wavelength and the corresponding quality factor on the device applications. Also,
the quality factors of the 1.5 um are also reported. Such special reported wavelength is related
to the nanophotonic applications.[98] Although the IMI structure is not comparable to pure
metal, the overall performance is better than that of the pure ITO.
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Table 5-2 Comparison of quality factors of three different plasmonic devices with different materials. The quality factor of 1.5

um indicate the nanophotonic applications. (IAI structure data ends at 2 ym)[98]

Material LSPR&SPR SPP TO Devices
Maximum Quser Maximum Qspp QTo
Quspr (4) (1.5 pm) Qspe (1) (1.5 pm) @)
Ag 392 39.3 23413 4530 1.82
(1.08 pm) (1.08 pm) (326 nm)
Au 16.66 10.63 1410 1140 0.29
(0.89 um) (1.94 um) (207 nm)
ITO 2.72 N/A 16 N/A 1.54
(2.3 pum) (2.3 pum) (1.69 pm)
ITO/AU/ITO 4.73 4.61 96.0 53.14 0.65
(10nm/3nm/10nm) | (1.34 um) (2 pm) (0.90 pum)
ITO/AU/ITO 2.56 1.30 30.7 13.28 0.94
(20nm/3nm/20nm) (2 um) (2 pum) (1.1 pm)
ITO/AU/ITO 2.61 2.39 44.9 6.51 0.97
(30nm/3nm/30nm) (2 um) (0.54 pm) (1.27 pm)
ITO/AU/ITO 1.87 0.36 65.5 0.14 0.86
(40nm/3nm/40nm) (2 um) (0.52 pm) (1.47 pm)
ITO/AU/ITO 1.36 0.09 173.8 0.008 0.91
(50nm/3nm/50nm) (2 um) (0.54 pm) (1.70 pum)
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6 Characterization of optical and electrical properties of

ITO/AU/ITO multilayer thin film with asymmetric geometry

6.1 Introduction

The Chapter 5 have discussed about the tuning plasmonic properties of multilayer hyperbolic
materials by not only controlling the electron rich metal spacer layer, but also changing the
upper and lower TCO thicknesses. The manipulation of ITO thickness provides a wide range
of plasmonic tuning effect from NIR to visible range, also the optical loss can be remaining
very low by keeping an ultra-thin metal layer. The five samples of ITO/Au/ITO multilayer
structures (from 11lnm to 55nm) with the bottom and top ITO thickness increased
simultaneously. A hypothesis is proposed that the top layer of ITO and bottom layer ITO will
process different crystallinity due to the insertion of a gold layer, the argument will be further
proven in this chapter. As the magnetron sputtering gives a nearly constant growth rate on the
ITO film under the same conditions (for example, sputtering power and sputtering ambient

pressure), the ITO film thickness can precisely be controlled by the deposition time.

6.2 Structural properties on ITO/Au/ITO sandwich film asymmetric geometry
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Figure 6-1(a) XRR pattern of ITO (40-t nm)/Au (3 nm)/ITO (t nm) asymmetric trilayer structures. (b) XRR pattern of ITO

(20-t nm)/Au (3 nm)/ITO (t nm) asymmetric trilayer structures

Table 6-1 The deposition time and the ITO (top and bottom) thickness of (40-t nm)/Au (3 nm)/ITO (t nm) asymmetric structures.

Sample | Top ITO | Top ITO Bottom ITO | Bottom ITO thickness
Deposition  time | thickness (nm)* Deposition time (sec.) | (hm)*
(sec.)

S1 350 35 50 5

S2 300 30 100 10

S3 200 20 200 20

S4 100 10 300 30

S5 50 5 350 35

*The thickness retrieved from the XRR measurement

Table 6-2 The deposition time and the ITO (top and bottom) thickness of (20-t nm)/Au (3 nm)/ITO (t nm) asymmetric structures.

Sample | Top ITO | Top ITO Bottom ITO | Bottom ITO thickness
Deposition  time | thickness (nm)* Deposition time (sec.) | (nm)*
(sec.)

A 150 15 50 5

B 100 10 100 10
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C ‘ 50 5 r 150 15

*The thickness retrieved from the XRR measurement

Figure 6-2(a) and (b) shows the X ray diffraction spectra of the ITO/Au/ITO trilayer samples
of constant total thickness but with varying top and bottom ITO thickness. The XRD results
showed that as the top ITO layer thickness was swapped with the bottom ITO thickness, the
crystallinity of the overall ITO films varied differently. The sharp peak at 35.1° corresponded
to the ITO (400) orientations, also the sharpness of the peak can be characterized by its full
width half maximum (FWHM) value. As the peak got sharper, the average grain size become
larger according to the Scherrer’s equation. As we showed in last chapter, the ITO film grown
on the inserted Au layer was much better than the bottom ITO layer i.e. the ITO (400) peak
was sharper with smaller FWHM value when the top ITO layer thickness increased. On the
other hand, as the bottom ITO thickness increased only a board peak was observed and showed

almost the same grain size as indicated in previous report.[91]
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Figure 6-2 (a) XRD pattern of ITO/Au/ITO trilayer with different ITO layer thicknesess (both top and down ITO thickness in
trilayer structure remain the same). (b) XRD pattern of ITO/Au/ITO trilayer with different top and bottom ITO thicknesses

(total thicknesses are 43nm). (c) XRD pattern of ITO/Au/ITO trilayer with different top and bottom ITO thicknesses (total

thicknesses are 23nm).

6.3 Electrical properties of the asymmetric trilayer structures
This section investigated the thickness effect on the electrical properties of the trilayers. In this

section, we assumed that the ITO layers separated by a thin gold layer were treated as two
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individual layers which process different crystallinity and electrical properties. However, it was
difficult to measure the electrical properties layer-by-layer separately. Indeed, the overall sheet
resistance was measured. Figure 6-3 is the schematic diagram showing the relationship between
the overall measured sheet resistance, Rs,and the sheet resistance of top ITO layer (Rtco1), the
inserted Au layer (Rmetar) and bottom ITO layer (Rtco2). The substrate was assumed to be

insulating [33] The effective sheet resistance is given:

L_t .1 1
Rs  Rrco1  Rmetar  Rrcoz (6.46)

ITO LVV\/\'VVVVVVVV\N\/I
10w
ITO

Substrate

Figure 6-3 Schematic diagram of the electrical properties of TCO/metal/TCO multilayer structures.

To study the effect due to the contribution from single layer, two set of samples with the trilayer
structure was investigated. One set of samples with only the top layer ITO thickness was
changed, while the bottom ITO and gold thickness was kept constant (ITO=t nm /Au=3nm/
ITOp=5nm), where t change from 10nm to 60nm, another set of samples was inverted in

geometry (ITO=5 nm /Au=3nm/ ITOp=t nm) as shown in Figure 6-4.
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Figure 6-4 The schematic representation of the thickness variation on the asymmetric samples.

The electrical properties including carrier concentrations, hall mobility and resistivity are
shown in Figure 6-5 The electrical properties of asymmetric samples with only bottom layer
thickness incresment from 15nm to 60nm (black curve, bottom and left axis), the top ITO and
gold layer was kept 5nm and 3nm respectively and only top layer thickness incresment from
15nm to 60nm (colored curve, top and right axis), the bottom ITO and gold layer was kept 5nm
and 3nm respectively. Here, the electrical properties of the asymmetric samples with the bottom
layer thickness increased from 15 nm to 60 nm while the thickness of top ITO layer and Au
layer were kept at 5 nm and 3 nm respectively are shown in black curves, while the electrical
properties of the samples with the top layer thickness increased from 15 nm to 60 nm while the
thickness of the bottom ITO layer and Au layer were kept at 5 nm and 3 nm, respectively are
shown as colored curve. For the carrier concentrations, the sample with increasing top ITO
thickness process higher carrier density than the samples with the increasing bottom ITO
thickness. It is because thickness of top layer ITO, the grain size of the top layer ITO film also
increases according to XRD measurement. The larger grain size results in less grain boundaries

and this reduces the scattering effect by the grain boundaries resulting in more free carriers.[104]

However, when either the top or bottom ITO thickness increased, the carrier concentration

decreased. The result seems contrast to the previous studies that the carrier concentration
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increases with increasing thickness.[105] Noticed that, the carrier concentration in the trilayer
sample is in the order of 102 cm™, which is about ten time larger than that of the pure ITO film
as reported.[100] Therefore, the inserted gold layer will introduce more carrier to the ITO films.
The reason behind the observation in Figure 6-5(a) maybe related to the carrier injections[106]
The increment on the carrier density due to the thicker ITO is dominated by the insert gold
layer. While the ITO thickness increase indicates the thickness of whole layer increase, the

carrier provided by the gold layer will become insignificant.

Regarding the carrier mobility, the thicker bottom ITO layers generally have higher carrier
mobility than the top counterparts. As the carrier in the TCO will have different scattering
mechanism which will suppress the carrier mobility. One mechanism is grain boundary
scattering, another is the ionized impurity scattering.[107] The ionized impurity scattering will
be dominated at high carrier concentrations. Therefore, the mobility will increase with the
carrier concentration decreases. Also, all samples with thicker top ITO layer will process lower

carrier mobility compared with the thicker bottom ITO layer.
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incresment from 15nm to 60nm (colored curve, top and right axis), the bottom ITO and gold layer was kept 5nm and 3nm
respectively.

Figure 6-6 (a) and (b) plot the overall electrical properties of the two sets of samples as a
function of gold layer position, the x-axis indicates the gold layer position shifted from top to
bottom. For both samples, the lowest resistivity is achieved when the trilayer structure is
symmetric. Even though increasing the top ITO layer thickness can help the increase in carrier
concentration in the whole layer, the carrier mobility will decrease generally due to ionized
carrier scattering. Thus, resultant resistivity is the trade-off between the carrier concentration
and the carrier mobility. Therefore, when the top and bottom ITO thickness is even, the overall

resistivity will strike a balance and get an optimal value.
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6.4 Plasmonic properties tuning in the asymmetric trilayer structures

As shown in previous section, there is still room for further tuning the plasmonic crossover
wavelength by changing the position of Au spacer layer. This can be achieved by different
thickness of top and bottom ITO. The origin of the tuning effect arisen from the different
crystallinity of top and bottom ITO thin films. In previous part, the effective medium
approximation had successfully been modelled using the multilayer structures to give the
effective permittivity. The red shift of crossover wavelength by moving the position of gold
spacer layer is shown in Figure 6-7. Form the Drude-Lorentz model, the crossover frequency
is directly proportional to the plasma frequency.[107] Therefore, the crossover wavelength is
inversely proportional to carrier concentration. Figure 6-8 (a) and (c) shows the enlarged view
of the epsilon-near-zero range of the asymmetric trilayer samples and Figure 6-8 (b) and (d)
shows the crossover wavelength as a function of gold spacer positions shifting form the bottom
to the top. Because of the different crystallinity of the two ITO layer, the thicker top ITO
sandwich film will process high carrier density, the crossover wavelength (a.k.a. the plasma
resonance frequency) will be smaller than thicker bottom ITO sample. However, for the
symmetric sample, the highest carrier concentration and lowest resistivity do not show the
shortest crossover wavelength. The possible reason remains unknown, more jobs will be

needed in the near future to verify the possible relationship.
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7 Conclusion and Future work

To conclude, two jobs have been done in this project related to the transparent materials.

The first part is related to the structural and optical characterization on SBN thin film prepared
by pulsed laser deposition. The Gd** ions have been successfully doped into the pure SBN
system which was confirmed by the X-ray diffraction 2-theta measurement, the systematic right
shifts the of SBN (002) peak with increasing doping concentration showed the contraction on
the c-lattice constant due to the Gd®* ions replacement of Sr?* ions on A1 site. Also, the SBN
films have grown epitaxially on (100) MgO substrate and Pt (001)/MgO (001) system
confirmed by XRD phi scan. The epitaxial in-plane alignment was described as SBN (001)/Pt
(320)//MgO (320) and SBN (001)/Pt (220)//MgO (220). Then, the optical constant of SBN thin
films was measured by ellipsometry and calculated by Tauc-Lorentz model. The obtained
optical constant was verified by comparing with the simulation of the transmittance spectra and

the results had good agreement with experimental spectra.

The effect of doping with different concentration of Gd ions from 1% to 4% atomic percentage
on the ferroelectric properties on SBN were also studied. The result showed that the gadolinium
dopants generally increase remnant polarization compared with the undoped SBN thin film.
Especially, the 1% Gd doping concentration sample achieved the highest remnant polarization
of with the Prvalue about 9 times larger than the undoped sample and 4 times larger than other
doped samples. For the device fabrication, the minimum thickness required was about 500nm
and the optimal junction area for the ferroelectric device was also studied in order to obtain a

better shape of hysteresis loop with less leakage current.

Another part of this thesis focus on the ITO/Au/ITO sandwiched structures were deposited on
glass substrates via magnetron sputtering. In the symmetric geometry (the top thickness of ITO
film is equal to the bottom ITO film thickness), the thicknesses were increased from 11nm to
55nm, their structural, electrical and optical properties were investigated. By XRD and TEM
observation, the crystallinity of top ITO thin film was improved by the inserted gold layer
which resulted in different electrical and optical performance compared with the bottom
counterparts. For the electrical measurement, the sandwiched structure generally processed
better electrical performance compared with those from pure ITO film. For the plasmonic

properties, the trilayer structures were estimated by the effective media approximation (EMA)
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and got a reliable result to fully evaluate the trilayer plasmonic properties. The plasmonic
tuning ability was ranging from 830nm to 1490nm i.e. over 600 nm plasmonic resonance tuning
in NIR range. Thus, our result showed these device configurations possessed high application

potential in plasmonic devices.

Finally, the last part of this thesis showed that the asymmetric ITO sandwich structure (top
thickness of ITO film is different to bottom ITO film thickness), gave the indication on the
contribution of the overall electrical performance due to individual layer and compared their
electrical performance with the symmetric structure. The plasmonic crossover wavelength for

the asymmetric layer provided a further 200nm tuning ability with the symmetric structure.

This research project has shown many potential directions in the future work on the transparent
oxide devices. We have demonstrated integration of Gd-doped SBN on a ferroelectric junction.
The previous research reported the extraordinary pyroelectric coefficient upon doped Gd in
SBN ceramics [17, 18], our GSBN ferroelectric junction may be applied into many pyroelectric
thin film devices such as pyroelectric inferred detector or pyroelectric nanogenerator.
Furthermore, the investigation on the plasmonic properties on ITO and Au hybrid structure can
also couple with the SBN thin film to forming an electro-optic device with better

performance.[108]
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