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ABSTRACT

Progress in the complementary metal-oxide semiconductors (CMOS) integrated circuit technology
and the acceptance of silicon based microelectronics have revolutionised the electronics world.
Advancement in human endeavour relies on the improvement of our processes and the discovery
of new materials with beneficial properties. The advent of two dimensional (2D) materials has
created exciting new possibilities. Possibilities that not only include the replacement of silicon in
microelectronics but also for application in other areas such as photonics. Also, the quest to move
beyond silicon and its oxide has seen increased interest in potential high dielectric and/or

pyroelectric materials.

The primary motivation for this work is to improve the output of Pyreos’s lead zirconium titanate
(PZT) based pyroelectric sensor by integrating the device with a 2D tungsten diselenide (W Sez)
field effect transistor (FET). A systematic approach has been taken to realise this goal by first

exploring the material properties individually.

From varied literature, two dimensional (2D) materials have shown promise in both electrical and
optical properties. In this work, studies have been conducted on the 2D material WSe>, which has
been deposited via exfoliation and pulse laser deposition (PLD). Though PLD WSe: offers good
control during deposition, our findings show that the exfoliated WSe: has better electrical and
optical properties. The field effect mobility calculated for the exfoliated WSez and PLD-WSe; FET
is 12.06 cm?/Vs and 5.66 X 10 cm?/Vs respectively. A maskless lithography method has been
employed for the fabrication of the devices and tests were carried out using a Keithley parameter

analyser, Raman and photoluminescence (PL) spectroscopy. The PL spectra showed that the



exfoliated WSe: has a bandgap of 1.6 eV while the PLD WSe> possessed no bandgap, thereby

limiting its applications.

We studied the breakdown characteristics of a 20 nm anodic tantalum, a potential high dielectric
gate oxide. At an electric field of 1.5 MV/cm, the leakage current extracted for the as-deposited,
200 °C and 400 °C annealed anodic tantalum are 1075, 102 and 1 A/cm? respectively while the
breakdown field is 5.4, 5.1 and 3.3 MV/cm respectively. Upon integration of the anodic tantalum

with a WSe, FET, a field effect mobility of 0.9 cm?V-!s™! has been realised.

Analysis has also been conducted on the PZT pyroelectric device to understand its surface profile
using energy backscatter diffraction (EBSD) and a factorial design of experiment. From the EBSD
analysis, the sputtered PZT possesses a grain size of about 100 nm and exists in tetragonal crystals
having good correlation for an orientation along the [111] direction normal to the surface. Results
and understanding from the factorial design of the experiment enabled the integration of PZT with
a WSe, FET. While the standalone PZT based sensor possesses a 1 nA/mm? current density output,
the integrated PZT based WSe> FET has an output of 16 nA/mm?. This improvement in the overall
current output is over ten orders of magnitude. Thus, we have succeeded in amplifying the output

of the PZT pyroelectric based sensor.

The experimental outcomes of this thesis would help the research community in developing higher
performing integrated sensors and possibly exposing other areas of interest on inexpensive and

simple methods for producing materials with high dielectric constants.
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Chapter 1

Introduction

1.1 Overview

A significant amount of experimental research has been carried out on two dimensional (2D)
materials. Part of the research into 2D materials has been in the creation of field effect transistors
(FET) as a replacement for silicon [1]. 2D materials are only a few nanometres in thickness and
they include graphene, tungsten diselenide (WSe2), molybdenum disulphide (MoS), to name a
few [2]. The current interest in 2D materials began with the exfoliation of a few layers of graphene
using a Scotch tape. Since then, other methods for depositing 2D materials have been explored and
they include pulse laser deposition (PLD), chemical vapour deposition (CVD), and atomic layer
deposition (ALD) and so on. The different deposition techniques vary in output mainly from the
speed of deposition, area of material deposited, the precision for thickness control, temperature

and so on [3]-[5].

Few layer graphene has a field effect mobility of 3,000 to 10,000 cm?/V.s. However, the drawback
in graphene in electronic gate applications is the non-existence of a bandgap [6]. Tungsten
diselenide (WSe:), a prominent contender for gate applications has been deposited via exfoliation,
PLD and CVD. WSe; has been used to make field effect transistors (FET), with mechanically
exfoliated monolayer WSe, FET exhibiting a mobility of 250 cm?V-'s™!, on/off ratio of 10 and
subthreshold slope of 60 mV per decade. On the other hand, monolayer CVD grown WSe> FET
demonstrates a mobility of 90 cm?V-'s! and on/off ratio of 10° [7]. The PLD technique has not

been widely experimented in growing WSe, it has been studied in this work as the PLD technique
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deposits large area 2D materials and also greatly increases the chances of integrating WSe; with

other materials.

By virtue of the WSe> FET performance and the deposition techniques that allow for the formation
of hetero-structures, WSe; as well as other 2D materials have found additional application in
integrated devices, for instance with pyroelectric devices (heat sensitive materials) to achieve
improved performance. Sassi et.al [8] integrated graphene with lithium niobate (a pyroelectric
material) to improve the temperature coefficient of resistance of their infrared bolometer. One of
the highlights of their work was the floating gate structure made from a high-x dielectric that
contributed to the overall performance of their device. Furthermore, Xixi et.al [9] integrated
tungsten diselenide with Copper indium thiophosphate (CulnP2S¢) and demonstrated potential
memory and low power logic applications. Therefore, taking advantage of the advances in 2D
material to integrate with Pyreos’s pyroelectric sensor is desirable. The standalone Pyreos’s
pyroelectric sensor produces a pyroelectric current of tens of pico-amps and an integration with a

WSe; FET is expected to improve the pyroelectric device output.
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1.2 Aims and Objectives

The aim of the project is to integrate a WSe; transistor with Pyreos’s PZT pyroelectric sensor in
order to improve the pyroelectric sensor current output from a few pico amps. Through fabrication,
testing and data analyses, the fundamental principles on material performance have been explored.

Also, the design and fabrication challenges for an integrated device have been discussed.

The objectives of the project are:

* To demonstrate and characterise WSe> deposited via exfoliation and pulse laser deposition
in order to determine its usefulness in an integrated device.

» To demonstrate and characterise PZT as a sensor in order to understand the material and
effectively integrate it with other devices.

= To characterise the high-k dielectric developed by anodization; ultimately to determine its
usefulness as a floating/top gate dielectric.

= To integrate the WSe: transistor with the PZT device in order to improve the standalone

PZT sensor.
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1.3 Research Review

As earlier mentioned, the aim of the current research is to integrate a tungsten diselenide (WSe:)
FET with Pyreo’s pyroelectric device to realise a higher current output. Among the techniques
used in depositing WSe» is exfoliation and pulse laser deposition (PLD). Both techniques have
been explored in the thesis to identify which of the two produces the best results and allows for
integration with other devices. Other metrology techniques such as atomic force spectroscopy,

Raman and photoluminescence spectroscopy have been employed to characterise the samples.

In order to realise an integrated device, a singular pyroelectric device has been developed,
measured and the results analysed. The data realised from the standalone pyroelectric device and
integrated pyroelectric device allows one to compare and ensure that the objectives have been

realised.

One of the methods to further improve integrated devices is the creation of a floating top gate.
When a device has both a back and top gate, like in a FinFET, it is encapsulated within an electric
field and the device produces higher outputs. The floating gate structure is usually made from a
high dielectric constant (k) material. Anodization has been employed in this work to create a high-

k material to allow for possible / future experimentation of a floating gate structure.
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1.4 Thesis Structure

This thesis presents two major subjects (2D materials and Pyroelectric devices) and one minor
subject Anodization. Figure 1.1 shows a graphical structure of the thesis including the chapters and
their associated contents. Details of the thesis are presented in the subsequent chapters.

0
Chapter 1.
Introduction
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Chapter 2 describes the academic and commercial research works related to the general concepts
of 2D materials, high-x dielectric and pyroelectric materials. A historic development of the

technologies have been presented with relevant information on their application.

Chapter 3 describes the fabrication processes for the devices. It outlined the materials required,
equipment’s and the process flow. The test set-up used in this work has also been described with
some accompanying test results. In addition, the fundamental principles that describes how the test

results are realised was discussed with further details of the test equipment’s operating technique.

Chapter 4 presents analysis on the deposition techniques and properties of 2D exfoliated and
pulsed laser deposited WSe;. Raman and photoluminescence techniques was employed to
characterise the materials optically. The photoluminescence results obtained have exposed
possible application of the materials. Furthermore, the electrical performance of the transistors

developed have highlighted other material properties.

Chapter 5 describes the process of anodizing tantalum into a metal oxide. Here, results on the
breakdown characteristics of the anodic tantalum capacitor were presented. The data extracted
from the capacitor has provided useful information on the leakage current and breakdown voltage.
Upon further analysis of the data, the conduction mechanism of the devices have been investigated.
The results help to justify the application of anodic tantalum as a gate oxide in further experiments.
Furthermore, the high-x anodic tantalum has been integrated with a WSe; FET. The fabrication

process and FET performance have been discussed.

Chapter 6 discusses the fabrication process of a pyroelectric device made from PZT. Optical

characterization of the PZT was presented using a scanning electron microscope (SEM) and energy
6



1. Introduction

backscatter diffraction (EBSD) technique. The results of the surface topology and crystal structure
of the PZT has aided in understanding the device performance. Furthermore, the standalone
pyroelectric PZT sensor has been tested and discussed. The device was then integrated with a
WSe> FET to improve the performance of the standalone PZT sensor. The data realised shows
improvements in the device performance and also exposes other possible applications of the

integrated device.

Chapter 7 summarises the content of the thesis and presents the conclusion of the project. Also,
the scientific impact and research outcomes have been outlined. The future works related to the
project were presented in this chapter, showing possible improvements in the device performance

with the inclusion of a floating gate structure.



Chapter 2

Literature Review

In this chapter, the fundamental concepts and background are established to set the tone for further
discussion. Section 2.1 introduces the literature of two dimensional (2D) materials and in particular
tungsten diselenide (WSe2). The chapter then proceeds to discuss dielectrics (silicon oxide) and
high-k dielectrics including their characteristics and application. The final section of the chapter
discusses the science of pyroelectricity (i.e. ferroelectric, the perovskite structure), and their

applications.

2.1 Background of two dimensional (2D) materials

2D materials gained attention in 2004 after the successful exfoliation of single layer graphene and
the subsequent study of their electric properties [10]. Research into 2D materials have continued
to gain traction in order to discover better materials and also to expand their applications [11].
Beyond graphene with its overlapping band structure [10], transition metal dichalcogenide (TMD)
have also been investigated. According to Wilson et al. [2], TMD are layered materials that can be
cleaved down to less than 100 nm. TMDs consists of one atom of a transition metal and two atoms
of a chalcogen element covalently bonded together (X-M-X). The hexagonal structure of a TMD
is presented in Fig 2.1, where each layer is held together by weak Van der Waals force. TMDs
have gained attention due to their distinctive electrical and optical properties. Electrically, they
cover a wide spectrum of properties, including insulators (HfS;), semiconductors (WSe>),
semimetals (TeS>) and metals (NbS»). The diversity of properties in TMD is attributed to the
existence of non-bonding d-bands and the degree to which they are filled. Sahin et al. [12] reported

that the band gap of semiconducting TMD increases and transforms to a direct band gap with

8
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decreasing number of layers, thereby showing promise for nanoscale field-effect transistors and
solar cell applications [13]. The lack of covalent bonding between TMD layers allows for material
stacking thereby enabling the fabrication of hetero-structures. The two techniques for depositing

WSe: that I have investigated are exfoliation and pulse laser deposition (PLD).

Figure 2.1: Hexagonal structure of a TMD [14].

2.1.1 Exfoliated tungsten diselenide (X-WSe:)

As previously mentioned, exfoliation is one of the methods used to deposit WSez in this
experiment. The structural plane of WSe: consists of one atom of tungsten (W) and two atoms of
selenium (Se) covalently bonded together (Se—W—Se). The atoms of WSe, form a hexagonal
arrangement with adjacent planes being held together by weak Van der Waals interactions [15].
Due to the layered nature of the WSe> and weak inter-layer bonding, the exfoliation used by ref

[10] has also been employed to transfer WSe; onto a substrate.
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Figure 2.2: Picture of exfoliated WSe: on a SiO»/Si substrate (SMC cleanroom, University of
Edinburgh).

WSe; flakes have been mechanically exfoliated from bulk WSe; using a Scotch tape [13] as shown
in Fig 2.2. When WSe: is exfoliated and transferred to a substrate, the following is usually
observed: random distribution of the material across the substrate, various degree in material
thickness and dimension. Though exfoliation produces higher quality samples, it is not possible to
control the size and thickness of the material. The inability to control sample size and thickness
during exfoliation is inherent in the deposition process. The non-uniformity both in thickness and
in dimension makes it difficult to achieve complex fabrication designs including a floating gate
structure / hetero-structure design. The size of the 2D material is of importance particularly in IC
design and the need to control the material thickness over a large area has necessitated the
deployment of bottom up deposition techniques. Pulsed laser deposition (PLD) [3], chemical
vapour deposition (CVD) [4] and atomic layer deposition (ALD) [16] are bottom-up deposition
techniques that have all been employed in growing 2D materials for larger area, control of material

thickness and improving the quality of film produced.

10
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2.1.2 Pulsed laser deposition (PLD) WSe;

PLD is the second technique that was employed to deposit WSe: in this work. Scientists have used
this process to deposit an estimate of over two hundred different materials. Investigation into PLD
has been in an effort to deposit materials over large substrate sizes with acceptable uniformity [17].
PLD, like CVD, is a bottom-up deposition technique that allows for large area growth (>2 cm) of
2D materials with control in sample thickness and size. The PLD process is a simplified bottom-
up deposition technique that requires no additional precursors except the target of the deposited
material [3]. The deposition process is relatively quick as samples can be grown in 30 minutes at
temperatures of around 450 °C. CVD on the other hand requires a higher growth temperature
between 750 - 1000 °C, additional precursors and has a longer processing time [ 18]. Furthermore,
PLD provides excellent thickness control as the material thickness is dependent on the number of
laser pulses, thus, possessing high repeatability [3], [19]. Seo et.al [20] reported a centimetre scale
monolayer of PLD WSe; thin film on SiO»/Si substrate. In their analysis of the PLD technique,
good layer uniformity and excellent control of the material thickness has been achieved. Moreover,
a few challenges exist in the bottom up deposition techniques such as defect, domain size, and

stoichiometry control [15].

11
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2.1.3 Timeline of 2D Materials

While the PLD technique has not been robustly researched, exfoliation has been widely known
since 2004. Early publication on WSe; was around 2013 [21], [22], however widespread interest
in the various 2D materials began a few years after their initial publications. The table below shows

the timeline of the 2D materials:

Table 2.1: Experimental and theoretical timeline of 2D materials [23], [24], [25], [26]

Timeline Material

2004 Graphene

2010 Silicene

2014 Phosphorene; Germanene; Stanene; Borophene
2016 Antimonene; Indiene; Arsenene; Bismuthene; Tellurene; Selenene (WSe»)
2018 Gallenene; Aluminene; Plumbene

2021 Beryllonitrene

Table 2.1 shows the chronology of 2D materials. The advent of surface science can be traced to
the early 20" century from the work of Langmuir. Langmuir’s study of thermionic phenomena
produced effects that later became the heart of the electronics industry [23]. Notable contributions
in surface science is the investigation of metal adsorbents on metal crystal surface [24]. However,
renewed interest in 2D materials occurred in 2004 with the successful exfoliation of graphene and
the ensuing study of its electronic properties and applications [10]. Further interest in the study of

other 2D materials arose due to the new and exciting physics in optoelectronics and so on [11].

12
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Table 2.2: Current and future applications of 2D materials [25], [29], [30], [31]

Electronics Optoelectronics

Gas and chemical sensing Detectors / emitters

Flexible / low power electronics Photonics

Spintronics Photovoltaics
Plasmonics

Mechanical Device Energy

Flexible transistor Battery

Strain sensor Super capacitors

Nanogenerator Thermoelectric

Nanoelectromechanical systems (NEMS) resonator

Memory

Resistive random-access memory (RRAM)
Ferroelectric random-access memories (FeERAM)

Magnetic random-access memory (MRAM)

2D materials have found applications in optoelectronics, mechanical devices, energy, memory,
electronics and sensing as shown in Table 2.2. 2D materials exhibit advantageous properties
including high mobilities, high on/off ratios and high sensitivities to absorbed molecules, making
them attractive as field effect transistors and sensors. Few layers of phosphorene is one of the first
2D materials to demonstrate high field effect mobility of 286 cm*V-'s!, and on/off ratio of up to
10* [25]. Since then, mobility values of up to 1000 cm?*V-!s! and 1200 cm?V-'s! have been
demonstrated for a few layers of phosphorene and silicene FETs respectively [26], [27]. Gas

sensors have also been developed from phosphorous FET capable of detecting about 28 ppm of

13



2. Literature Review

methanol gas [28]. Rui [29] also demonstrated the sensitivity of selenene FET’s to XeF» gas. A
number of 2D materials including WSe> and black phosphorus can emit photons via electron-hole
recombination [30]. As a result, optoelectronic devices including light emitting diodes (LED) have
been demonstrated [31]. According to Rui [32], 2D materials possess high anisotropy between the
in-plane and out-of-plane axes. Pure 2D materials have covalent bonding with atoms in the same
plane resulting in strong in-plane mechanical properties. However, their layers are stacked together
by weak Van der Waals forces, which then allows for interlayer sliding when shear stress is
applied. Monolayer graphene has been reported by ref [33] to be the strongest material ever
measured with a Young’s modulus of 1 TPa and breaking point of 42 Nm™'. As a result of these
mechanical properties, 2D materials have found application as flexible transistors [34], strain
sensors [35] and nanogenerators [36] and so on. The incredible properties of 2D materials have
also enabled their applications in energy and memory. Miniaturisation of electronics with interest
in flexible electronics have given focus to 2D materials due to their form factor and high specific
surface areas. 2D materials have been employed in battery design to improve the direction of
diffusion across the electrodes, leading to high Li-ion capacity [37]. 2D materials have also been
found to exhibit ferromagnetic [38] and ferroelectric [39] properties showing promise in non-

volatile memory application.
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2.2 Dielectrics

A dielectric is nearly an insulator material that can be polarised upon the application of an electric
field. Within an electric field, the electric charges in the dielectric will respond through the change
in dielectric polarisation [40]. Furthermore, the energy bandgap of a dielectric can range from 3.3
eV for high-k dielectric such as barium strontium titanate (BST) and to 9 eV for silicon dioxide
(S102), a low-x dielectric [41]. A number of dielectric materials exist but the most popular in

CMOS processes is silicon dioxide.

2.2.1 Silicon dioxide (SiO:) - The gate dielectric

Silicon dioxide (SiO2) is among the most common dielectric materials today owing to its
application in the semiconductor industry as the traditional gate dielectric. The rapid progress of
complementary metal-oxide semiconductors (CMOS) integrated circuit technology since the late
1980’s has attested to the global acceptance of Si-based microelectronics [42]. Si0O2 is native to Si
and can be grown thermally. The properties of SiO that have made it an excellent material choice

for over 40 years are shown in Table 2.3.
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Table 2.3: Properties of SiO2 gate dielectric [48]
Si0; is the only stable oxide phase on Si

Melting Point = 1713 °C

Energy gap =9 eV

Resistivity ~10'> Q ¢cm

Dielectric constant = 3.9

Dielectric strength ~10 MV/cm
Electron band offset with Si ~3.2 eV

Charge trap density ~10'" cm™

The use of SiO2 in CMOS technology has the following key advantages: high thermal conductivity
and stability, high quality Si-SiO; interface, superior electrical isolation, ease of formation from
simple reaction of silicon with oxygen, high mechanical strength and stiffness, chemical stability
among others [40], [42]. The metal-oxide semiconductor field effect transistor (MOSFET) shown
in Fig 2.3 has been the building block of the integrated circuit (IC) owing to the economic and
technological superiority of SiO>. However, one of the challenges of SiO2 is scaling which will be

discussed in the next subsection.
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Source (S) Gate (G)

p-type substrate
(Body)

Figure 2.3: The n-channel MOSFET.

2.2.1.1 Scaling and performance

The quest for more computing at lower cost has been the driving force in transistor scaling. Scaling
has revolutionised the semiconductor industry by way of miniaturising electronics equipment to
include complex functions in limited space and with minimum weight [43]. Shrinking the
MOSFET implies decreasing its channel length and gate dielectric thickness. By doing so, the
density of components that can fit into a silicon wafer increases, hence, significantly reducing the
cost of production. Miniaturisation improves the switching speed of devices and increases the drive
current of a MOSFET as its physical length is reduced. The model below describes the relationship
between the drive current and the physical dimensions [44]:

w A
Iy = kG (Vo = Ve = -2) Vi Eq.(2-1)

where W is the width of the transistor channel, L is the channel length, u is the channel carrier
mobility, C;,,, 1s the gate dielectric capacitance when the channel is in inversion, V; and V} are the

transistor gate and drain voltages, respectively, while V7 is the threshold voltage.
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Eq. 2-1 shows that the drain current is proportional to the average charge across the channel (%D)

and the average electric field (VTD) along the channel. Hence, I, increases linearly with Vp and

saturates when Vj, ¢+ = Vi — Vi and then yields [42]:

2
Ip sat = %ﬂcinv u Eq. (2-2)

From the simplified models, the I, increases from a reduction in channel length or due to increase

in the gate dielectric capacitance. In the case of the dielectric capacitance C, a reduction in channel

length would reduce the effect of the gate capacitance on the MOSFET. In order to compensate

for this reduced effect, properties of the capacitor have to be taken into account. Consider Eq. 2-3

below:

KegA
C= ” Eq.(2-3)

Where « is the dielectric constant, €, the permittivity of free space, A the area of the capacitor
plate and t the thickness of the dielectric material. From Eq. 2-3, increase in gate capacitance is

achieved by reducing the thickness of the dielectric material or employing a high-k dielectric.

Moore predicted in 1965 that the number of transistors per silicon chip would double every 18
months and this is commonly known as Moore’s law [43]. In an effort to meet this prediction,
scientists have continued to look towards alternative materials in CMOS technology due to the

limitations (scaling) of the semiconductor champion, silicon.
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Figure 2.4: Moore’s Law [40], [45].

2.2.1.2 Scaling challenges of SiO:

As the thickness of SiO» gate dielectric reduces, scientists have encountered significant concerns

which have now dictated the limits to scaling. The thickness limit for the SiO dielectric has been

stated to be approximately 1nm [46], [47]. The dielectric leakage current is of particular concern

as it affects the operation of CMOS devices in areas of reliability, power dissipation and lifetime.

To reduce the leakage current and still maintain the same capacitance, a thicker film with a higher

dielectric constant would be required. While a thicker dielectric should reduce the leakage current,

another factor to consider is the dielectric bandgap. The barrier height between the electrode and

the conduction band of the insulator would put the tunnelling current within reasonable limits [40].
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2.2.2 High-xk dielectric

High-«x dielectrics are defined as insulators with a dielectric constant greater than that of silicon
nitride (Si3Ns, k = 7). There are a number of high-x dielectrics such as titanium oxide (Ti0O3),
aluminium oxide (Al>O3), hafnium oxide (HfO), tantalum oxide (Ta,Os) among others. Some of
the more common high-k materials are presented in Fig 2.5 showing their band gap and dielectric

constant [40].
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Figure 2.5: Relationship between bandgap and dielectric constant for some high-x materials
[48].
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2.2.2.1 Characteristics of high-x dielectric required for CMOS application
A suitable dielectric to replace SiO> in CMOS application has not been an easy decision as a result
of some unresolved issues related to material characteristics and process integration. The issues

include:

Relative permittivity (x): A gate dielectric with a higher relative permittivity (k) than that of SiO»
is preferable. A « value of over 10 is required, preferably between 25 and 30 [49]. Fig 2.5 shows
that the bandgap E; of high-k materials varies inversely with their k values. So, we might settle

for a relatively low-k value [50].

Bandgap and band offset: Leakage current increases exponentially with decreasing barrier height
for electron tunnelling transport. Additionally, a gate dielectric with a large conduction band offset
(AE() to silicon and other gate metals would decrease the leakage current value. Since the AE,
value isn’t readily available, a general indication would be the bandgap (Ej) of the dielectric as a

large E, tends to correspond to a large AE [42].

Thermodynamic stability on silicon (Si): This requirement stipulates that the high-k material
does not react with Si to form another interfacial oxide (SiO») as shown in Fig 2.6 below. Most of
the high-x metal oxides have unstable interfaces with Si forming undesirable interfacial layers. An
ultrathin interfacial layer would possess uniformity and reliability concerns as Si0> does in thin

form [42].
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Figure 2.6: Low-k interface layer formed between high-« gate and silicon substrate.

Film morphology: SiO: is an excellent material for CMOS operations as it remains amorphous at
temperatures up to 1000 °C [49]. Most high-k oxides easily crystalise at low temperatures [42],

particularly ZrO», TiO; crystallise at much lower temperatures [51].

Table 2.4: Comparison of some deposition techniques [45]

Method ALD MBE CVD Sputter  Evaporation PLD
Thickness uniformity Good Fair Good Good Fair Fair
Film density Good Good Good Good Poor Good
Step coverage Good Poor Varies  Poor Poor Poor
Interface quality Good Good Varies  Poor Good Varies
Number of materials Fair Good Poor Good Fair Poor
Low-temp deposition Good Good Varies  Good Good Good
Deposition rate Fair Poor Good Good Good Good
Industrial applicability ~ Good Fair Good Good Good Poor

22



2. Literature Review

Process compatibility: The film quality and properties are correlated with the method of
depositing the dielectric. The deposition process should be compatible with current CMOS
process, cost and throughput. Various techniques exist for the deposition of high-k dielectric and
they include: physical vapour deposition (PVD) such as sputtering and evaporation, chemical
vapour deposition (CVD), atomic layer deposition (ALD), pulsed laser deposition (PLD) and
molecular beam epitaxy (MBE) [42]. ALD is considered among the most promising deposition
techniques (from Table 2.4) for ultra-thin high-k dielectric due to its excellent thickness control,
uniformity on large areas and so on [52]. Another technique for developing high-k dielectric is

anodization and this technique has been explored in this research.

2.2.2.2 Anodization

The history of anodization can be traced to ancient Egypt where skilled alchemists and craftsmen
used electrochemical processes to coat materials. In some cases, metals were coated to look like
gold for religious or personal reasons, in others, iron was coated into iron oxide and proved to be
heat resistant. The process of alchemy includes the cooking of objects / metals in chemical
solutions [53]. Anodization is a process for developing metal oxide films using an electrolyte and
a constant voltage for a set time [54]. As the charges pass, the thickness of the film increases
linearly and the final oxide thickness is dependent on the applied electric field [55]. For instance,
a potential difference of 10 V results in a grown oxide with a nominal thickness of approximately
20 nm [54]. Diffusion is an important concept that explains the mechanism of anodic oxidation of
a metal. Diffusion is defined as the movement of particles from a region of higher concentration
to a region of lower concentration. During anodization, metal ions from the bulk metal and

electrons from the applied current are transported to the surface of the substrate where they react
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with electrolyzed ions from the electrolyte to form anodic metal oxide [56]. Anodization has been
used to grow oxides on aluminium [57], copper [58] and tantalum [59]. The anodization of
tantalum (Ta) into Ta,Os is an established technique in electronics manufacturing and has been
most frequently used to form the dielectric of electrolytic capacitors. Anodization produces a dense
and homogeneous oxide of reproducible thickness, having a high dielectric constant [55], [60],
[61]. These characteristics, compounded with the fact that the process is relatively simple and
inexpensive, makes anodic Ta>Os an attractive gate oxide alternative, for the development of high-

K electronic devices.

2.2.3 Application of novel high-k dielectric

High-« dielectrics have found application in memory devices and field effect transistors (FET). As
memory devices, they are fabricated into capacitive structures and leverage is on their ability to
store charges. In FET’s, their ability to polarise enables the actuation of devices. Also, their high
dielectric constant and bandgap could enable miniaturisation. An example application of novel

high-x dielectrics is the ferroelectric gate field effect transistor (FeFET) [40].

2.2.3.1 Ferroelectric gate field effect transistor (FeFET)

A FeFET has a similar structure as the metal-oxide-silicon (MOS) transistor, the gate dielectric
however is replaced with a ferroelectric film. The device works based on the dipole moment of the
ferroelectric film which switches the transistor “on” and “off”. Thus, the drain current is controlled
by the degree of polarisation of the ferroelectric film. The device configuration and working

mechanism is presented in Fig 2.7.
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Figure 2.7: Schematic of a FeFET: (a) on state (b) off state.

Ross proposed the FEFET around the 1950°s [62] and since then, progress has been made in the
field. However, the technology has not been commercialised due to the difficulty to form a good
electrical interface between the ferroelectric and semiconductor. A solution was proposed to
prevent reactions and charge leakage between the ferroelectric film and silicon substrate. An
insulating buffer layer inserted between the ferroelectric film and silicon creates a metal-
ferroelectric-insulator-Si (MFIS) structure. The structure is demonstrated in Fig 2.8 and has proven

to improve the electrical properties of the device including the data retention time.
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2.3 Pyroelectricity
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Figure 2.8: Schematic of the MFIS.

Pyroelectricity is the property of certain crystals to spontaneously polarise in response to a change

in temperature [63]. The first observation of pyroelectricity dates back to ancient Greece, more

than 23 centuries ago. Then, the mineral lyngourion (presumably tourmaline) was observed to

attract ash when hot, and as it cooled, the ash fell off the mineral. In the 17th century, the

pyroelectric property of tourmaline was related to electricity. It was described to possess electrical

charges of opposite polarity on its two opposing faces. Moreover, major breakthroughs in

understanding pyroelectricity occurred in the 19" century with the following postulations:

1. The total quantity of electricity produced by a crystal of tourmaline depends uniquely upon

the limits within which its temperature is varied;

2. Within the same temperature limits, the quantity of electricity produced during heating is

the same as that produced during cooling, but the signs of the charges are reversed; and

3. The quantity of charge produced is proportional to the cross-sectional area of the crystal

and 1s independent of its length.
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Also in the 19' century, it was speculated that the electrical effects due to non-uniform heating of
crystals might have been by pressure and this led to the discovery of piezoelectricity. Piezoelectric
crystals become polarised by an applied mechanical stress. However, it was not until the 20

century that applications began with pyroelectric devices such as pyroelectric infrared (IR)

detectors [64].
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Figure 2.9: The pyroelectric effect [65]. Dipole of a pyroelectric material (top), showing charge

distribution on the material surface. Electrodes placed on opposite surfaces of the material forms

a circuit with an ammeter (middle) showing no flow of current. Current begins to flow as a result
of a change in temperature of the pyroelectric material (bottom).
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Spontaneous polarisation of polar materials cannot be measured directly with an electrometer,
since charge compensation occurs within the crystal. For this reason, shortening the opposite faces
of the crystal does not destroy the spontaneous polarisation. The classic method for detecting
spontaneous polarisation is to subject the crystal to a change in temperature. Changes in
temperature (increase or decrease) alters the ionic forces within the crystal resulting in a change
in the dipole moment. If the temperature of the pyroelectric material remains constant for a
considerably long time, surface charges would accumulate on the material and would mask the
internal spontaneous polarisation. A rapid change in temperature strengthens the dipoles as there
would be no time for charge compensation of the dipoles to occur. Then, by connecting an ammeter
between the opposite electrodes of the pyroelectric material, a net current is detected known as
pyroelectric current as shown in Fig 2.9 [66]. The relationship between the spontaneous

polarisation, pyroelectric current and temperature is shown in Eq. 2-4 below:

AP, = pAT  Eq.(2-4)

Where AP; is the change in polarisation that is the flow of electric charges, p is the pyroelectric

coefficient and AT is the change in temperature.

An important subgroup of pyroelectrics is known as ferroelectrics. Materials that fall under the
ferroelectric group experience a reversal in polarisation upon the application of an electric field.

Ferroelectric is discussed in the sub-section below.
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2.3.1 Ferroelectricity

Ferroelectricity is the property of polar dielectrics that possess one or more ferroelectric phases.
By ‘ferroelectric phase’, it implies the spontaneous polarisation can be reoriented by an external
electric field [66]. Polar dielectrics that exhibit this property are known as ferroelectrics or
Seignette-electrics. The origin of ferroelectrics dates back to the 17" century and was observed in
Rochelle salt. Ferroelectrics are a subgroup of pyroelectrics and the term is derived from the
analogy with ferromagnetic materials [67]. Both ferroelectrics and ferromagnetics possess a

hysteresis loop (P vs E) and show Curie-Weiss behaviour near their phase transition temperature.

(a) (b)

Figure 2.10: (a) Polarisation vs electric field (P-E) of a polar dielectric (b) Hysteresis loop of a
ferroelectric material.
Fig 2.10 (a) shows the P-E characteristic of a polar material. However, in Fig 2.10 (b), the presence
of remnant and saturation polarisation (Pr, Ps) regions imply the polar material is ferroelectric and
has the hysteresis loop as shown. From the hysteresis loop, three parameters are measured and
they are: the saturation polarisation Ps, the remnant polarisation Pr and the coercive field Ec. Upon

the application of an electric field £, some domains of the crystal begin to align in the positive
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direction and thus the polarisation P increases. All the domains align in one direction when the
polarisation saturates. At the point of saturation, the crystal is composed of a single domain. As
the electric field strength decreases, some domains begin to align in the negative direction, thus
reducing the polarisation. Once the electric field is removed, the polarisation does not return to
zero rather stops at the remnant polarisation and some of the domains would still remain in the
positive direction. When the electric field is increased in the opposite direction, more domains
begin to align in the negative direction and the remnant polarisation now begins to reduce. The
polarisation becomes zero at the coercive field. Any further increase in the electric field increases

the polarisation in the opposite direction as more domains align in the negative direction [66], [67].

2.3.1.1 Perovskites

The perovskite structure is a very important group of ferroelectrics known from the mineral
perovskite (CaTiO3). The perovskite forms a large family of oxygen octahedra ferroelectrics with
a general formula of ABO; shown in Fig 2.11. It consists of a unit cubic cell, with monovalent or
divalent cation at the corners (A sites), tetra- or pentavalent cation at the centre (B sites) and
oxygen ions at the face centres [68], [69]. BaTiO3 was the first ferroelectric perovskite structure
to be discovered. This discovery was significant as only hydrogen-bonded crystals were known to

exhibit ferroelectricity prior to discovering BaTiO3[70].
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Figure 2.11: The perovskite structure. The blue spheres represent the monovalent or divalent
cation at the (A sites), the red spheres are the tetra- or pentavalent cation (B sites) and the black
sphere is the oxygen ion.

2.3.1.2 Lead Zirconate Titanate (PZT)

Lead Zirconate Titanate Pb(Zr, T1)Os3 has a perovskite structure. The Pb atoms occupy the A-sites,
the Ti and Zr atoms occupy the B-sites while the O atoms are located at the centre of the unit cell
faces. When an electric field is applied to the unit cell, the Zr and Ti ions move in the direction of
the applied field. As a result, the unit cell is randomly oriented with the movement of ions within
the crystal lattice. Consequently, the macroscopic changes occur along the dimension of the unit
cell and the ceramic as a whole. Fig 2.12 describes the displacement of the Ti ion along one of the
six possible axes of the B-site within the unit cell. The direction of polarisation as seen from the
arrows in Fig 2.12 is in sync with the movement of the Ti ion. Switching or domain-orientation
occurs when many unit cells which are adjacent to each other displace the ion in the B-site along

the same direction [71].
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Pdown

Figure 2.12: Schematic of PZT unit cell [72].

2.3.2 Applications of Polar Materials

Pyroelectric and ferroelectric materials have found application in astronomy [73], healthcare [74],
[75], smart energy systems [76], security [77], pollution monitoring [78], fire sensing [79] and
motion tracking [80]. Table 2.5 presents some important historical applications of polar materials

and Table 2.6 discusses relevant devices produced from polar materials.
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Table 2.5: Historical application of polar materials [77], [87], [88], [89]

Timeline Event

1941 BaTiOs high-«x (>1200) capacitors developed

1945 BaTiOs reported as a useful piezo transducer, Pat.No. 2 486 560
1954 PZT reported as useful piezo transducer, Pat. No.2 708 244

1957 BaTiOs barrier layer capacitors developed

1959 PZT 5A and 5SH MPB-type piezo compositions, Pat. No. 2 911 370
1964 FE semiconductor (PTC) devices developed

1980 Electrostrictive relaxor PMN devices developed, Pat. No. 5 345 139
1991 Moonie piezo flextensional devices developed, Pat. No. 4 999 819
1992 RAINBOW piezo bending actuators developed, Pat. No. 5471 721
1993 Integration of FE films to silicon technology, Pat. No. 5 038 323
1997 Relaxor single-crystal materials developed for piezo transducers
1999 Application in nonlinear optics

2006 Multi Ferroelectrics

2015 Multifunctional application including integration with semiconductors,

biosystems and so on

The chronological development in ferroelectrics has been presented in Table 2.5. The need for
higher dielectric constant led to research on BaTiO3; with a dielectric constant of more than 1100
[81]. Further research led to the discovery that ceramic BaTiOs3 is ferroelectric; that an external
field could orient the domains within the grains [82]. The ferroelectric property of BaTiO3z and
other materials like PZT identified them to be electrostrictive and -electromechanical

(piezoelectric), thus, leading to multiple industrial applications [21, 22]. The start of the
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millennium saw more attention set on the domain structures of ferroelectrics, mainly owing to their
applications in nonlinear optics [83], [84]. The interrelation between ferroelectricity and
superconductivity has also been investigated with emphasis on the pressure [85] and electric field
[86] dependence on the superconductivity transition temperature. The captivating property of a
multiferroic is that the magnetism and polarity coexist and couple one another [87]. By definition,
a single-phase multiferroic material possesses two or all three properties: ferroelectricity,
ferromagnetism and ferroelasticity [88]. Areas of interest include transducers, magnetic field
sensors and data storage. The emergence of the new frontiers in novel integrated ferroelectrics
became popular around 2015. Advances in innovative multifunctional applications have seen
application of ferroelectric in bioelectricity, citing benefits such as: exclusion of external electric
power source, scalable size and so on [89]. Cutting edge microscopic and macroscopic
characterization in the semiconductor industry has witnessed the cross-coupling effects of

ferroelectric and 2D materials like graphene [8], WSe> [90], and MoS; [91].
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Table 2.6: Applications of piezo-, pyro- and ferro-electric ceramics [77], [98], [99], [100]

Generators Motors

e Microphones and hydrophones e Loud speakers

Accelerometers e Buzzers

e Power supplies e Camera shutters

Piezoelectric pens Inkjet printers

e Gas igniters e Relays
Motor / Generator Resonant Devices
e Sonar e Ultrasonic cleaners

e Ranging transducers Filters (IF, SAWs)

e Medical ultrasound e Transformers
e Fish finders e Delay sounding
e Filters e Radios, TVs and remote control
Others Memory
e Fire alarms ¢ Dynamic random-access memory (DRAM)
e Qas sensing e Nonvolatile ferroelectric random-access memory

(NVFRAM)

e Thermal imaging

The application of piezo-, pyro- and ferro-electric materials cuts across a range of areas including
generators, resonators, sensors and memory among others as presented in Table 2.6. The ability to
generate electrical charge from mechanical stress in piezoelectric materials has led to the
production of piezoelectric based generators. Roundy and Wright [92] developed a 1 c¢m’
piezoelectric generator and have demonstrated a power output of 375 pW from a vibration source
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of 2.5 ms 2 at 120 Hz. Energy has been harvested by piezoelectric generators from the motion of
the human limbs. In the research of Renaud et. al [93], 600 pW has been harvested from a 25 cm?
generator at 10 Hz with a 10 cm amplitude linear motion. The electromechanical property of
piezoelectricity can be reversed to produce motion upon the application of an electric field. As a
result, piezoelectric motors have been developed and powered by either a DC or AC power source.
While the DC voltage enables nanoscale high precision movement of 6 nm, the AC voltage allows
for high moving velocity 88 mm/s [94]. On the other hand, pyroelectric generators can be used for
thermal harvesting as has been presented by ref [95] with a power output of 3 uW at a temperature
difference of 79.5 K. The resonant frequency of resonators depends on their geometry and
mechanical properties [96]. Piezoelectric resonators have found application as electromechanical
devices with the quartz crystal being one of the most common [97]. Pyroelectric materials such as
Zn0 [98] and PZT [99] can produce charges upon the application of heat. As a result, pyroelectric
sensors have found application in pollution monitoring [100], flame sensor [101], intruder alarm
[77], medicine [102] and gas analysis [75]. Ferroelectric crystals can be polarised in two directions
by applying an external electric field as shown in Fig 1.13. This displacement in the positive
metallic ion and negative oxygen ion creates a + and — polarisation state. This property of
ferroelectrics is applied to nonvolatile ferroelectric random access memories (NVRAMs) to create

a logic state “1” and “0” for application in digital memory [103], [104].
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2.4 Conclusions

The advent of 2D materials as alternative semiconductors in the electronic industry has witnessed
their application in numerous areas particularly in flexible electronics. 2D materials are deposited
using exfoliation and bottom-up techniques such as pulsed laser deposition. While the techniques
have their pros and cons, the relative ease and simplicity of exfoliation allows it to stand out.
Research data shows that exfoliated samples possess higher material quality and device
performance. Notwithstanding, the bottom-up techniques which rely on deposition tools are

controlled better and can produce large material samples fit for CMOS operations.

These 2D materials are often deposited on a silicon dioxide substrate. However, higher dielectric
constant (k) materials have also been employed to serve as gate oxides for semiconductor
operations as their higher capacitances contribute to the overall device performance. Anodization
is a method of developing a high-k dielectric material and it is relatively simple and inexpensive
to run. By researching anodic oxides, their suitability for 2D FET operations can be assessed and

in addition, the performance of the 2D material can be observed.

Another use of 2D materials is in integrated devices, ultimately to improve the overall device
output. Research has also shown that pyroelectric devices have attracted interest in the science
community and have been integrated with 2D materials. Pyroelectric devices have found
application particularly as sensors in fire detection / heat operations, carbon dioxide detection and
so on. The relevance of pyroelectric devices has spanned over a century and remains to this today.
While pyroelectric materials possess extremely high-k values, they have been used as gate

dielectrics and also for applications that require their heat sensing capability.
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Materials and Methods

In order to substantiate a result, an experimental validation is often required, and this is commonly
achieved through an experimental test set-up. Hence, this chapter describes the main setups used
in the experimental work of this thesis. Firstly, the deposition technique for WSe: is discussed both
for the exfoliated WSe; (X-WSez) and pulse laser deposited WSe> (PLD-WSe;). Next, the
characterization techniques (i.e Raman and Photoluminescence spectroscopy, and atomic force
microscopy) for WSe; is explained. Section 3.4 then discusses the preparation of Anodic
Tantalum, a high-k dielectric and potential gate oxide. PZT; the pyroelectric material used in this
project is described in section 3.5. The test set-up for the pyroelectric sensor that allows for the
measurement of the pyroelectric current and calculation of the pyroelectric coefficient is also
explained. Lastly, the test setup for the electrical characterization of the WSe: field effect transistor

1s described.

3.1 Preparation and deposition of exfoliated WSe: (X-WSe;)

In this experiment, WSe; semiconductor has been exfoliated and transferred onto thermally grown
Si02 (300 nm)/Si substrates. In order to perform the deposition of WSe> on the Si0,/Si, the
substrate was cleaned to improve the adhesion between the WSe» and the substrate. Also, the WSe»
was exfoliated a few times using Scotch tape to transform the WSe> from bulk to thin film before

transferring it onto the substrate.
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3.1.1 Substrate preparation

Firstly, the S10,/Si substrate is cleaned using acetone, isopropyl alcohol (IPA) and deionized (DI)
water in this order. While the acetone removes photoresist residue from any previous steps, the
IPA removes the acetone and the DI water rinses off the IPA. The wet substrate is then dried using
a nitrogen (N2) gun. The substrate is further cleaned using oxygen (O2) plasma. The O> plasma
removes any remaining photoresist, completely dries the substrate and aids bonding between the
2D material and the substrate [105]. Once cleaned, the substrate is ready for immediate material

deposition before its surface becomes contaminated.

3.1.2 WSe; deposition

Exfoliation of 2D materials is a popular method for depositing 2D materials and has been in
practice for over a decade. It involves the use of Scotch tape to peel off layers of a bulk 2D material
in an effort to thin the sample. The bulk WSe: is placed between two pieces of Scotch tape and
when the Scotch tape is carefully separated, the WSe; is cut in half. The process is repeated a few
times to thin the WSe» before transferring it onto the substrate. With the WSe; firmly placed
against the substrate and sandwiched by the Scotch tape, the set-up is placed on a hot plate to
remove air and moisture, hence improving the WSe; adhesion to the substrate. Once the tape is
carefully removed, the WSe> remains bonded to the substrate. Due to the delicate nature of the
material, care is taken when peeling off the tape as shown in Fig 3.1. To reduce the amount of
Scotch tape residue on the substrate, the substrate is immersed in acetone for about 2 hours. It is
then cleaned with IPA and DI water respectively. An alternative way of removing tape residue

would be to subject the sample to an O> plasma for about a minute. Though O plasma is faster
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and more efficient in removing the tape residue, the risk of oxidising the WSe; is very high and

this could change the property / performance of the fabricated device [106], [107].

WSe2
T~ W Scotch-ta pe

Ave. WSe,
Area = 10 pm?

Figure 3.1: Schematic of exfoliation and transfer of 2D WSe> onto a SiO»/Si substrate.

3.2 Deposition of pulse laser deposited (PLD) WSe:

Pulsed laser deposition (PLD) is a physical vapour deposition process carried out in a vacuum
chamber. The operation of PLD is shown schematically in Fig 3.2 and the enclosure consists of a
laser source, a target, a substrate and a background gas. To deposit materials off a target, a pulsed
laser of sufficient energy is focused onto the material target. With each laser pulse, a small amount
of the material vaporises or ablates creating a plasma plume. The plasma plume consisting of the
ablated material that has been ejected from the target then scatters onto the substrate [108]. The
background gas in PLD serves two purposes. First, some materials require a reactive species as a
component of the flux to facilitate multination phase formation. Secondly, the gas helps to slow
down the expansion of the ablation plume which could have a kinetic energy in the order of

hundreds of electron volts [109].
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Figure 3.2: Schematic illustrating the working principle of PLD [20]. Performed at the clean
room of the Gwangju Institute of Science and Technology, Korea
Thin films of WSe: were deposited from a WSe target via pulsed laser deposition using a 248 nm
KrF (krypton fluoride) excimer laser (Coherent, COMPEXPRO 205F). The WSe; film was
deposited on 300 nm thick SiO2 on Si p™" substrate (1.5 cm X 1.5 cm, chip). Argon (Ar) buffer gas
was used to avoid selenium deficiency in the deposited thin film. The growth conditions for the
WSe: pulse laser deposited thin film are as follows: the pressure is maintained at 100 mTorr under
Ar atmosphere; the energy density of the laser is 1 J/cm?; the repetition is 3Hz; and the distance
between the target and substrate is 5 cm. The frequency of the laser pulses determine the thickness

of the WSe: films. Therefore, for a 10 nm thick WSe», about 2000 laser pulses are required [110].
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3.3 Atomic Force Microscopy (AFM)

The AFM is a surface characterization tool capable of imaging semi-conducting, insulating as well
as conducting surfaces. The AFM uses a nanoscale probe in close proximity with a sample to
measure the topography and hardness to name a few. The AFM probe detects intermolecular forces
between its sharp tip and the sample. The AFM tip, which is mounted on the end of a micro
cantilever beam, deviates as it interacts with the sample’s molecular forces. The cantilever acts as
a linear spring and deflects in response to the force applied to the sample. The scanning is realised
from the movement of either the cantilever tip or the sample by means of piezoelectric actuators
in the x and y-direction. As the probe scans across the sample surface, it records the property at
particular pixel areas, thereby creating a 3D topographic map of the measured property at a specific
location. The scanning by the AFM tip across a sample surface creates deviations in its x,y and z-
directions. The forces in the x and y-direction give an indication of surface friction and lateral
forces on the cantilever, whilst the z-direction is exclusively the sample topography. An optical
level arrangement as shown in Fig 3.3, is commonly used to monitor the cantilever deflection. The
laser beam is reflected from the cantilever and onto a photodiode detector. The photodiode records
the vertical and lateral motion of the laser beam and is capable of detecting displacements of 1 nm

and below with proper design settings.
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Laser

/"

Cantilever
Photodiode

Sample
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Figure 3.3: Schematic illustration of the working principle of an AFM [118]. The laser beam is
deflected off the back of the cantilever and onto a photodiode detector. The bending of the
cantilever displaces the laser spot on the photodiode.

In this work, the AFM measurements have been carried out with a Bruker D5000 and a NuNano
Scout 350R silicon based AFM probe. All measurements were performed at room temperature and
in contact mode. The AFM was used to determine the thickness of the WSe; and 1 layer of the

WSe: is approximately 0.7 — 1 nm.

3.4 Raman and photoluminescence (PL) spectroscopy tool

Both Raman and PL spectroscopy have been employed in various studies to characterise the
chemical nature or electronic properties of materials. In the experiments, the inVia Renishaw
equipment was used for both Raman and PL spectroscopy. For PL measurement, the tool’s
objective lens was changed as a necessary calibration to accommodate the PL scale that extends
beyond 2 eV and is significantly broader than the Raman scale which is up to a maximum 0.11

eV.
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Figure 3.4: Conventional Raman / PL Microscope [111].

A typical Raman / PL setup has been presented in Fig 3.4. The laser source has a power of 3 mW
and about 5% of the power was used to avoid damaging the sample. Raman and PL spectroscopy
are non-destructive techniques and usually have no requirement for sample preparation. The laser
was focused to approximately 1 pm providing high lateral resolution. Each spectrum acquisition

was accumulated at least 10 times to improve the signal to noise ratio of the result.

3.4.1 Raman spectroscopy

Raman is a vibrational spectroscopy technique that has been employed in many areas of science,

from fundamental chemistry to material engineering. Raman relies on the inelastic scattering of
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phonons to provide a structural fingerprint by which molecules are identified [112]. The Raman
technique involves the use of a monochromatic light (usually a laser) to interact with molecules of
a material resulting in an upward shift (anti-stokes) or downshift (stokes) in the energy of the laser
photons as shown in Fig 3.5. From the vibration of atoms in both position and intensity, detailed
information about the molecular structure of a material can be obtained. Characteristic position
and intensity of the Raman spectrum gives insight to chemical bonding, inter-and intramolecular

forces among others [111].

Virtual
energy
states

Vibrational
energy states

Y
) \

Infrared Rayleigh Stokes  Anti-Stokes
absorption scattering Raman Raman
scattering scattering

O N WA

Figure 3.5: Energy level diagram showing the states involved in Raman spectra [113]

In the Raman spectrum as shown in Fig 3.5, the energy of the incident photon is absorbed by
electrons within the sample. The electron then changes energy state and later, this energy is
released resulting in either a higher (anti-stoke mode) or lower (stoke mode) energy of the laser
photons. This difference between the magnitude of the released energy and the incident photon

determines the Raman mode measured and in our experiment, Stokes Raman scattering has been
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measured as the sample is believed to have absorbed some of the incident light energy. Raman
spectroscopy has been employed in 2D materials to determine the number of layers of the materials

[22], [114], the presence of defects [115] and the doping [116], [117] among others.
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Figure 3.6: Raman Spectrum of X-WSe:.

The Raman spectrum of a bulk exfoliated WSe: is presented in Fig 3.6. From the range of the
Raman shift captured (220 — 300 cm™'), there are only two noticeable peaks. The in-plane E's,
mode from the out-of-phase vibration and the A1z mode from the out-of-plane vibrations of WSe:

[118].
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3.4.2 Photoluminescence (PL) spectroscopy

Photoluminescence (PL) is one of the most useful optical methods used in studying
semiconductors. PL is capable of detecting impurities and defects in semiconductors and these
imperfections could affect the material quality and device performance. PL is also capable of
determining semiconductor bandgap, an important parameter in device performance. The
technique of PL spectroscopy is similar to Raman as both use incident light to excite an electron
into a changing energy state. However, during the PL experiment, the electrons absorb enough
energy to leap over the bandgap and into the conduction band thereby creating an electron-hole
pair. The excited electron later recombines with the hole with the release of photons [119]. The

PL tool then measures the released energy as shown in the figure below.
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Figure 3.7: Photoluminescence Spectrum of X-WSe.

The photoluminescence spectrum of an exfoliated WSe; is shown in Fig 3.7. The single PL peak

positioned about the 1.53 eV identifies the A-exciton and trion region. The exciton and trion region
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is at the band-edge and contains optically excited electron(s) and hole(s) that are bound together
[120], [121]. The bandgap of the WSe: is the energy position (1.53 eV) that corresponds with the

highest peak [119]. Bandgap extraction from PL plots will be fully described in Chapter 4.

3.5 Anodic tantalum development
The essential components for anodization include a metal anode, the electrolyte, cathode material
and externally applied current [56]. With the setup in Fig 3.8, the thickness of the natural oxide of

tantalum (other metal) surface can be increased. The details of the procedure is described below:

I. Electrolyte Preparation

Items:
e 30 ml Diethylene glycol (Digol),
e 5 g Sodium carboxymethyl cellulose,
e 200 ml DI water,

e 0.6 g Citric acid.

Procedure:

1. Weigh the citric acid and sodium carboxymethyl cellulose (use aluminium foil to hold the
sample during weighing and carrying).

2. 100 ml DI water mixed with 20 ml of digol.

3. 5 gofsodium carboxymethyl cellulose is added gradually, at the same time stir it vigorously.

4. Then add 10 ml of digol and 80 ml DI water, stir and leave for 1 hour.
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5. Add 0.6 g citric acid and 20 ml DI water, stir and leave for another 1 hour [122].

II. Anodization Set-up

Current

\_ Source

Anodize Gel

imple

b. 4

‘ Insulation substrate

/@‘

Ampere meter

Figure 3.8: Diagram of tantalum anodization System [122].

In this experiment, 470 nm of tantalum (Ta) was sputter deposited on thermally grown silicon
dioxide (SiO2) on a silicon wafer. The wafer was cleaned using Isopropyl Alcohol (IPA), deionized
(DI) water and a nitrogen gun ready for anodization. An electrolyte was prepared as stated in
“Electrolyte Preparation” above. The electrolyte was dispensed on the selected Ta surface using a
pipette and a potential applied between the cathode (probe in contact with the gel) and the anode
(probe in contact with the Ta surface) as shown in Fig 3.8. The set-up was left for 60 min and the

measured current flowing from anode to cathode reached a value of about 0.11 pA.
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Figure 3.9: Anodization current vs time graph.

During the anodization process, the measured current of the applied electric field continually
decreases with time as shown in Fig 3.9. This decrease in the measured current is due to the
increase in nominal oxide thickness of the sample. As the grown oxide increases, so does the
insulation and consequently, the resistance of the sample. Additionally, the quality of the oxide
grown improves with time thus reducing the leakage current. From Fig 3.9, at the start of the
experiment, a rapid decrease in leakage current can be seen within the first few seconds. This
period signifies how quickly the oxide forms at the metal surface. For the remainder of the time, a
more gradual oxide formation ensues. The voltage magnitude used for anodization determines the
thickness of the metal oxide grown. For an applied potential of 10 V, the grown oxide would have

a nominal thickness of approximately 20 nm [54], [122].

49



3. Materials and Methods

Figure 3.10: Anodic tantalum prepared with an applied potential of 5 V, 10 V and 20 V.

Three tantalum metal strips have been anodized and the evidence of the thickness of the grown
tantalum-oxide is visible optically as shown in Fig 3.10. The samples show that the anodic
tantalum has an area of about 16 mm?. The colour of the tantalum-oxide changes and becomes
darker as the thickness increases. Similar observation was made by ref [123], where

spectrophotometric measurements were used to estimate the material’s thickness.

3.6 Pyroelectric current measurement

A typical pyroelectric infrared (IR) sensor comprises a top electrode (platinum), pyroelectric layer

(PZT), bottom electrode and the substrate / membrane. A general schematic is shown in Fig 3.11.
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.——— Top metal electrode (10 nm)

Pyroelectric film (1 pm})
—
Bottom metal electrode {40 nm)

—

Substrate (500 um)
—

Figure 3.11: Typical pyroelectric IR sensor.

The pyroelectric current from a typical pyroelectric IR sensor shown in Fig 3.11 is measured using
a static-quasi method (temperature change) [124]. In other words, the PZT sensor is heated by a
hot plate during testing. The static-quasi method being the traditional way of measuring
pyroelectric properties has been employed to characterise the PZT in this work. The temperature
of the heated sample holder was controlled by the “att thermal chuck system”. The cooling effect
was produced by “glysantin” (a coolant) which forms part of the att thermal chuck system. The

measurement setup is illustrated in Fig 3.12.
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Figure 3.12: Setup used for measuring pyroelectric current showing probe connection to the
device [125].

The setup in Fig 3.12 measures the pyroelectric current and temperature of the pyroelectric sensor.
The sensor denoted as 2 is placed in the sample holder 1 and the top and bottom contacts of the
sensor are then connected to the probes 5 of the test equipment. Number 3 in the schematic
represents the temperature sensor which keeps track of the temperature of the sensor all through
the testing. 6 represents the Keithley parameter analyser which is responsible for collecting
measured data. Item 7 and 10 denote the contact probe and temperature sensor probe connections
respectively. The contact and temperature sensor probe are connected to the keithley parameter
analyser which then measures and records the pyroelectric current and temperature of the sensor.

The entire setup is electrically shielded 4 to prevent external interference and grounded 9.

The electrical connection for the pyroelectric sensor is placed on the top and bottom electrode as

shown in Fig 3.12. As the incident radiation hits the sample, the temperature of the sensor changes,
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thus, the crystals of the pyroelectric layer polarises and produce charges. These charges are then

read by the measuring instrument as pyroelectric current.

_ i xt
T Ax AT

14 Eq. (3-1)

Where: p = pyroelectric coefficient

i = pyroelectric current

t=time

A= Area of top electrode

AT = change in temperature
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3.7 Two-dimensional (2D) material field effect transistor (FET) Test Setup

A generic 2D FET schematic and setup has been presented in Fig 3.13 below. 2D FET’s typically
consist of a semiconductor material, a metal drain and source contact and a substrate. In order to
test the field effect transistor, a keithley 4200-SCS parameter analyser and a TST-017 Everbeing
EB-8 probe station have been employed. The test set-up shows three probes from the test
equipment connected to the device’s source, drain and substrate. The FET has been back-gated
with a potential V denoted as Veg which is applied to the highly doped silicon substrate or high-k
dielectric substrate. Another potential is applied across the drain and source of the FET, creating
a drain-source current denoted as Ips. The data associated with the Vg and Ips is measured and

recorded by the test equipment.

L s 1

Drain Source

2D material —

Substrate

Figure 3.13: WSe; FET schematic showing test set-up
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3.8 Conclusions

An overview of the production technique of WSe; and anodic tantalum; two key materials used in
this project have been presented. WSe; has been deposited using mechanical exfoliation and pulse
laser deposition (PLD) method. While exfoliation is a relatively simple and less costly method,
PLD grows larger sample sizes in addition to good thickness control. To understand and compare
the optical properties of the WSe>, Raman and Photoluminescence (PL) spectroscopy have been
employed. While Raman technique informs on material quality, PL describes the electronic
structure. An atomic force microscope (AFM) helps to measure the material thickness to establish
synergy with the optical results. Anodization has been employed as a means of producing a high-
K dielectric. The relationship between the anodizing current and time gives a hint on the quality of
the dielectric formed as lower current values are preferred. Samples from anodic tantalum
developed using different voltages have also been presented showing a clear relationship between
the colour of the samples and their respective thicknesses. Furthermore, the generic make-up of a
pyroelectric sensor has been outlined. The test set-up for characterizing the pyroelectric current
and dielectric property of the device has also been discussed. Finally, the test set-up for
characterizing the electrical properties of the WSe:> field effect transistor has been presented and

explained.
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Chapter 4

Fabrication and electrical characterization of pulsed laser deposited
WSe: (PLD-WSe:) and exfoliated WSe: (X-WSe) field effect transistor

(FET)

4.1 Introduction

In order to meet the project objective of integrating the PZT infrared (IR) sensor with a WSe> FET,
two deposition techniques (exfoliation and PLD) have been experimented on and the fabricated
WSe: FET has been studied. The experiments performed in this chapter have enabled us to develop
the WSe; FET fabrication process and characterisation of the device performance. As previously
mentioned, tungsten diselenide (WSe2) is a semiconductor consisting of layers held by weak Van
der Waals interactions. As a result, exfoliation has been employed to cleave layers of WSe> and
transfer them on to a substrate. On the other hand, pulsed laser deposition (PLD) has also been
employed to deposit WSez on a substrate. In this Chapter, the discussion is centred on WSe»
deposited via exfoliation and PLD. A number of observations have been made from the physical,
optical and electrical properties of the materials with respect to the deposition techniques used. In
order to characterise the WSe; electrically, field effect transistors have been fabricated, tested and

analysed.
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4.2 Experimental

4.2.1 Deposition of exfoliated WSe; (X-WSe:) and pulse laser deposited (PLD-WSe;)

Reiterating the methodology, Scotch tape has been used to exfoliate a few layers of WSe> from
bulk WSe; and transferred onto thermally grown SiO> (300 nm)/Si p™* substrates. In order to

actualize the deposition of WSe> on the substrate, the substrate has been prepared thus:

Si0,/Si substrate cleaned with Acetone, IPA and DI water;

Si102/S1 substrate treated with Oz plasma for about 30 minutes;

WSe: is then transferred onto the substrate and the tape slowly peeled away. As earlier discussed,
the X-WSe> flakes appear randomly on the substrate with varied shape, size and thickness as

shown in Fig 4.1 below:

Flake C

Figure 4.1: X-WSe, flake of various thicknesses and dimensions on SiO substrate.

Flakes A, B, C and D are WSe; flakes of various thicknesses. The arrows in the graph point to the

area of the flakes where the Raman data have been collected. An estimate of the flake thickness
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can be made from the colouring. Flake D being brown is the thickest, next is the white flake C,
followed by the blue one as in Flake B and finally Flake A being semi-transparent. Of course, the
colour of the substrate influences the colour of the flakes, however, their thicknesses have been
confirmed with an AFM. The method of measuring the WSe> thickness with an AFM has been
described in Section 3.3 of Chapter 3. The AFM results of the profile scan are shown in Appendix

D and they are outlined in Table 4.1 below.

Table 4.1: Flake A, B, C and D thicknesses

Flake Thickness (nm) Size (um)
A 5-7 20
B 10-12 20
C 21-24 30
D 46 — 50 50

On the other hand, PLD-WSe: has been deposited from targets of tungsten and selenium films via
pulsed laser deposition with a 248 nm KrF excimer laser (Coherent, COMPEXPRO 205F). WSe:
film produced has been deposited on 300 nm thick SiO> on Si p™* substrate (1.5 cm X 1.5 cm,

chip).

The growth conditions are as follow:

e The chamber pressure maintained at 100 mTorr under Ar atmosphere (Ar buffer gas has
been used to avoid Se deficiency);

e Laser energy density of 1 J/cm? with a repetition of 3 Hz;
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e Distance between the target and substrate is 5 cm.

Figure 4.2: PLD WSe; deposited across a 1.5 by 1.5 cm chip and supplied by the Gwangju
Institute of Science and Technology, Korea.

Fig 4.2 shows a 1.5 cm by 1.5 cm SiO2/Si chip with PLD-WSe; deposited across its entire surface.
While the PLD technique has good thickness control and broader deposition area, exfoliation on
the other hand produces randomly distributed flakes of varied thicknesses and lateral size. Table

4.2 below shows the sample thickness and the number of laser pulses used for the deposition:

59



4. Characterization of pulsed laser deposited WSe; and exfoliated WSe>

Table 4.2: Thickness of PLD WSe> Sample 1, 2, 3

PLD Number of Laser Pulses Thickness (nm)
1 500 3-4

2 1540 7-8

3 2200 10-12

The frequency of the laser pulses determine the thickness of the PLD-WSe; films. A 10 (£ 2) nm

thickness requires about 2000 — 2200 pulses [126].

4.2.2 Fabrication of WSe: field effect transistor (FET)

Using micro-fabrication techniques as described in Appendix A, the X-WSe> FET has been
developed as shown in Fig 4.3(a). The substrate which consists of thermally grown SiO2 on Si has
been coated on the back with titanium (to be used as the back-gate). WSe> has been exfoliated and
deposited onto the SiO: surface. Photo-resist has been spin coated on the WSe> and with the aid
of optical lithography, the photoresist has been patterned as shown in Fig 4.3(b). Titanium and
aluminium (Ti/Al) have been sputter deposited onto the WSe> and lifted off, thereby forming the

drain and source respectively.
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b
o Thermal oxidation (300 nm) ( )
o Sputter deposition of titanium back-gate

(a) sio,
Si p++

o WSe, deposition via Scotch tape

o Titanium and Aluminium sputtering
and Lift-off

Si S0, Ti WSe,

Figure 4.3: Fabrication of X-WSe> FET: (a) Schematic outlining the fabrication process (b)
Lithographic pattern prior to metal deposition.

Si0, o Thermal oxidation (300 nm)
Si p++ o Sputter deposition of titanium back-gate
(a) (b)

o WSe, deposited via pulsed laser deposition
(PLD)

o WSe,dry etch using XeF,

o Titanium and Aluminium sputtering
and Lift-off

Il Ol W o

Si Sio, Ti PLD-WSe,

Figure 4.4: (a) Schematic outlining the fabrication process of PLD-WSe> FET (b) Patterned
PLD-WSe> channel using vapour XeF».
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The procedure for developing PLD-WSe> FET is similar to the X-WSe> FET as shown in Fig
4.4(a). The exception is that PLD-WSe:> is deposited with the aid of an excimer laser via pulse
laser deposition. Due to the larger area of the deposited PLD-WSe», the material has been patterned

into smaller channels by etching with XeF> vapour. The patterned PLD-WSe> channel is shown in

Fig 4.4(b).

4.2.3 Electrical characterization of X-WSe; and PLD-WSe; FET

o

10/300 nm I Ti/Al

300 nm

(b)

Figure 4.5: (a) Schematic of the fabricated WSe; FET showing geometrical dimensions; Actual
device fabricated on SiO; / Si substrate: (b) X-WSe: FET (c) PLD-WSe> FET.
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The electrical properties of the X-WSe; and the PLD-WSe: transistors fabricated have been
characterised. Fig 4.5(a) shows the schematic of the fabricated FET, the material dimensions and
also the bias technique. A heavily boron doped silicon substrate has been employed for back-gating
the device and a 300 nm SiO» dielectric has been deposited on the substrate. The X-WSe; and
PLD-WSe: have a channel thickness of 45 (+ 3) nm and 10 (+ 2) nm respectively with a Ti/Al
contact of 20/300 nm thick. The four Ti/Al electrodes along with the WSe> channel of the X-WSe»

and PLD-WSe; FET are shown in Fig 4.5(b) and (c) respectively.

The electrical properties of the transistors have been tested using a Keithley 4200-SCS parameter
analyser. The field effect behaviour of the X-WSe; has been investigated by back-gating the
transistor from -30 to +30 V while the PLD-WSe; has been back-gated from -130 to +50 V and
the transfer characteristics of both devices plotted. From the transfer characteristics, the field effect
mobility has been deduced. A transfer length measurement (TLM) has been carried out for the

PLD-WSe; to further characterise the device.

4.3 Results and Discussion

4.3.1 Optical Characteristics

Raman and Photoluminescence (PL) spectroscopy have been used to characterise the X-WSe, and
PLD-WSe>. Raman scattering provides information on the crystal quality of the WSe, deposited
using the Raman modes. The PL spectroscopy on the other hand gives further insight into band-
to-band emission arising from excitonic transitions. Both the Raman and PL spectroscopy have
been performed at room temperature and atmospheric pressure. To avoid heating or damage to the

sample, 5% power of the 3 mW laser has been used for Raman and PL.

63



4. Characterization of pulsed laser deposited WSe; and exfoliated WSe>

4.3.1.1 Raman spectroscopy
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Figure 4.6: Raman spectroscopy of singular plots of exfoliated WSe; flakes A, B, C and D.
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Figure 4.7: Raman spectroscopy of singular plots of PLD sample 1, 2 and 3.
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Figure 4.8: Raman Spectroscopy of combined (a) X-WSe: (b) PLD-WSe:.
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Using a 450 nm laser to excite the WSe», the Raman spectra of the X-WSe; and PLD WSe; are
shown as single plots in Fig 4.6 and 4.7 respectively. The plots are then combined for comparison
as shown in Fig 4.8(a) and (b) respectively. Generally, from a Raman spectrum, changes in the
structural integrity (surface change or chemical bonding) of a material could be detected [127].
The Raman spectrum is represented by the in-plane (E'2,) mode from the out-of-phase vibration
and (A1) mode from the out-of-plane vibrations. From Fig 4.8(a), the Raman peaks (E'2z and A1)
for X-WSe; appear as separate peaks and the positions for the E!», observed for Flake A, B and C
is between 249 — 250 cm™! as has been experienced by Rui [35], and Seung [142] indicating good
quality material. Additionally, the intensity of the Raman peak varies with material thickness as
Raman spectroscopy is capable of estimating the number of layers in a TMD [80], [129]. Though
this comparison has not been researched on this occasion, the plot profiles present some evidence

to the statement as the peak intensity decreases from flake A to D.

From Fig 4.8(a), the full width half maximum (FWHM) of the active peaks have been calculated
as 5.065 (= 1) em™, 6.313 (x 1) cm™!, 17.153 (= 2) cm™ and 18.248 (+ 2) cm™! for flake A, B, C
and D respectively. Values of 3.7 to 4.5 cm™! for monolayer and 3.8 to 4.6 cm—1 for bilayer have
been measured for X-WSe> [29] while 4.2 and 5.5 cm™! have been reported for monolayer CVD
WSe, [130], [131]. Based on reported values, the FWHM of our samples indicate the flakes are of
relatively good quality. The FWHM of X-WSe; increases as the number of layers increases as a
result of the broadening and diminishing of their peaks. The presence of B'z, peak has been
reported to be a result of interlayer interaction [3], [132]. Though the B's; peak indicates the
presence of multiple layers, few layers of WSez have broader peaks than bulk WSe> due to the
vibrational damping. This is because as the number of WSe> layers increases, the Raman modes
are expected to become more rigid resulting in vibrational softening [133]. Table 4.3 below

provides a summary of the characteristics of the exfoliated WSe; flakes A, B, C and D.
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Table 4.3: Properties of the exfoliated WSe>

X-WSe2 Raman peak position | FWHM (cm™) Flake thickness (nm)
Flake A 249.06 5.065 (£ 1) 5-7

Flake B 250.28 6.313 (£ 1) 10- 12

Flake C 251.16 17.153 (£2) 21-24

Flake D 253.46 18.248 (£2) 46 - 50

On the other hand, Fig 4.8(b) shows the Raman spectrum of the pulsed laser deposited (PLD)
WSe,. PLD-WSe; is expected to appear about the same region as the X-WSe; as has been reported
by ref [134], [135]. The active Raman peak for PLD-WSe> samples 1, 2 and 3 appear as a single
peak within the 252 — 254 Raman shift range. From our samples, (E'2¢ + A1g) peak of PLD WSe:
appears about the same peak position as X-WSe> as shown in Fig 4.8(b). Moreover, the presence
of the Bls, peak indicates the sample is not a monolayer. Monolayer PLD WSe; has only the
primary Raman peaks (E'2g + A1g) [134]; same for exfoliated WSe> [29]. In addition, the full width
half maximum (FWHM) measured for our material is 15 (£2) cm™!, 20 (£ 2) cm™ and 27 (£ 2) cm”
! for sample 1, 2 and 3 respectively. Values of 12.45 and 14.23 cm™ have been reported for
monolayer and few (3) layers PLD WSe> respectively [134]. The FWHM measured in this
experiment shows that both the X-WSe, and PLD-WSe; are of comparatively good quality
(composition). Table 4.4 below provides a summary of the characteristics of the PLD WSe> sample

1,2 and 3.
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Table 4.4: Properties of the PLD WSe> sample 1, 2 and 3

PLD WSe: Raman peak position | FWHM (= 2) (em™!) | Flake thickness (nm)
Sample 1 2523 15 3-5
Sample 2 253.51 20 7-8
Sample 3 253.5 27 10-12
4.3.1.2 Photoluminescence spectroscopy
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Figure 4.9: PL Spectroscopy of (a) X-WSe> and (b) PLD-WSe:.

Using a 450 nm laser, the samples have been excited and the photoluminescence (PL) spectrum of

the X-WSe; and PLD-WSe; is shown in Fig 4.9(a) and (b) respectively. The PL spectrum of the

X-WSe: in Fig 4.9(a) shows the A-exciton and trion peaks as a single peak between 1.61 — 1.63

eV. The bandgap of the WSe: is within the 1.61 — 1.63 eV which corresponds to the position of

the A-exciton and trion peak. As the number of layers changes from bulk to fewer layers, the
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intensity of the PL peak increases significantly. Our result is in corroboration with other PL

spectrum of exfoliated WSe> [29], [136].

However, from the spectrum shown in Fig 4.9(b), there is no noticeable PL peak at the A-exciton
and trion region. The absence of the A-exciton and trion peaks suggests that the PLD WSe> has no
bandgap. Also, it is possible that there exists non-radiative recombination in the PLD WSe>[137].
Grain boundaries can degrade the physical properties of 2D materials by suppressing
photoluminescence [138]. The thicker the WSe», the higher the concentration of grain boundaries
leading to further quenching of the photoluminescence. The thickness of the PLD WSe»; sample 1
and sample 2 is approximately 4 and 7 nm respectively. Generally, monolayer thick (~0.7 nm)
semiconducting TMDs are preferred for optoelectronic applications [139] as their band gap
increases as well as transforms from indirect into a direct band gap as the TMD’s layers decrease
[140]. Moreover, due to the PL spectrum of the PLD WSe;, a transfer length measurement has

been employed to further investigate the bandgap.
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4.3.2 Transfer Characteristics

4.3.2.1 Exfoliated WSe; (X-WSez) FET
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Figure 4.10: Transfer Characteristics of X-WSe> FET with a channel area of 5 by 2 um. (a)
Pristine (b) XeF» treated.

For the pristine WSe> FET shown in Fig 4.10(a), the device has been back-gated from -30 to 30
V. The transfer characteristics indicate an n-type MOSFET as the FET allows continuous flow of
current in response to positive voltages. With a Vg4s of 5 V, the FET saturates at 20 V while at
lower Vgs of 3 V, it saturates at 30 V as considerably more gate voltage is required. Using the green
plot (Vas = 5 V), the threshold voltage is approximately -5 V, thus, the transistor appears to be
normally on. The on/off ratio of the FET has been calculated to be around 30 — 100, similar values
have been found for graphene [141] and WSe> [142]. The sub-threshold swing ‘S’ of the FET has

been calculated from [143]:

S = Ao Eq.(4-1)
" log(Alas) T
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The sub-threshold swing of the FET has been calculated from Eq. (4-1) to be between 6 — 8 V/dec

and the field effect mobility pre has been calculated as 12.06 cm?/Vs using Eq. (4-2).

Ids/Vgs * L
= £ 9 Eq. (4-2
UFE WCV, q. (4-2)

The graph in Fig 4.10(b) has been realised from a WSe; treated with vapour XeF,. The WSe> has
been etched with the XeF> from a thickness of around 48 nm to 26 nm. The WSe> FET then
developed has been back-gated from -60 to 60 V. The transfer characteristics indicate an n-type
MOSFET. With a Vgs of 10 V, the FET saturates at a gate voltage of 40 V. Using the same plot
(Vgs = 10 V), the threshold voltage is approximately at 0 V, thus, the transistor appears normally
off. The on/off ratio of the FET has been calculated to be around 50 — 150, a subthreshold swing

between 18 — 40 V/dec and the field effect mobility of 0.72 cm?/Vs.

Table 4.5: Parameters for X-WSe» FET

FET Type Vs (V) | Las (nA) Vgs (V) | L (um) | W (um) | Cox (nF) | prE (cm?/Vs)

Pristine 3 4.99463 30 5 2 11.5 12.06

XeF, treated | 3 0.299643 | 30 5 2 11.5 0.72

The parameters used in calculating the field effect mobility for the WSe, (pristine and XeF»
treated) are highlighted in Table 4.5. By using similar values for both FET’s, we observe the
pristine WSe> has a higher field effect mobility. The sub-threshold swing of the pristine WSe> is

also better than the XeF» treated WSe>. The performance of the pristine FET is also evident from

71



4. Characterization of pulsed laser deposited WSe; and exfoliated WSe>

Fig 4.10(a) and (b) where a lower drain-source voltage and gate voltage is required as compared

to the XeF> etched WSe, FET.

According to Akinwande et al. [144], “thinner profile of 2D atomic sheets can result in better
device electrostatic control and mechanics while affording mobility similar to bulk
semiconductors”. Field effect mobility has been found to be strongly dependent on thickness ‘t’
[145], [146]; however, the relationship between prg and t for MoS: [146] and WSe; [147] is non-
monotonic. As a result, the 45 nm WSe, FET out-performs the 26 nm FET. Additionally, the
crystal quality of the X-WSe; is altered after etching with XeF> which leads to a shift in binding
energy [148] as the material is p-doped [29]. This is evident in the shift in threshold voltage of the
treated X-WSe: to 0 V while the pristine is -5 V. Also, the field effect mobility reduces from 12.06

cm?/Vs to 0.72 cm?/Vs.
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4.3.2.2 Pulsed Laser Deposited (PLD-WSez) FET

The gated characteristics of the PLD-WSe» transistors have been investigated. We have analysed
the influence of the transistor channel dimensions (width 14 pm, 850 pum and length 17 um, 83
um, 323 um, 1000 um) on the device performance. The drain-source current density has been

plotted against the gate voltage as shown in Fig 4.11.
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Figure 4.11: Transfer characteristics for PLD WSe; transistor; (a) for different lengths (17.3,
83.4 and 323.4 um) and fixed width (14 um); (b) for different widths (14 and 850 um) and fixed
length (1000 um).

The normalised drain-source current against the back-gate voltage for channels with length (17
pum, 83 um and 323 um) and width of 14 um is presented in Fig 4.11(a). As the back-gated voltage
is varied from +50 to over -100V, there has been continuous current flow through the transistor.
The transfer characteristics show a p-type behaviour, similar to p-channel depletion type MOSFET
[149]. From Fig 4.11(a), it is clear that as the transistor channel length decreases, a higher current
density exists. This is likely due to the higher channel resistance which exists as the channel length

Increases.
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On the other hand, Fig 4.11(b) shows the drain-source current density against the back-gate voltage
for the transistor channels with widths of (14 um and 850 um) and length 1000 um. From the
graph, it is clear that as the transistor channel width increases, the drain-source current increases.
A larger output current can be seen from the transistor with a channel width of 850 um. This is
believed to be as a result of the transistor having a lower resistance. Additionally, the electric field
applied to a larger area could have a significant effect on the transistor transport properties [10].
Chuang et.al [150] reported a drain-source current of about 300 pA at a gate voltage of -130 V for
a 7 nm thick and 0.3 um long transistor. The high drain-source current from their experiment is

believed to be as a result of the very short channel and better quality of the exfoliated WSe; used.

Furthermore, the drain-source current density of the transistors in Fig 4.11(b) shows an exponential
rise at a gate voltage greater than -100 V. This observation is believed to be a result of impact
ionisation [151] which increases the carrier density of the transistor, leading to a significant

increase in the current flow through the PLD WSe> FET.
From Fig 4.11(a), the field effect mobility urg of the transistor can be extracted using Eq. (4-2).

Our calculation shows that the PLD-WSe; transistor has a low field effect mobility ppp of
5.66 x10~2cm?V~1s~ . where: Iy = 7.53x 1078 A, Vs = =77.7V,L = 94pum, W =

14 um,Vye = —10V and C,, = 1.15x 1074 F/m?.

The capacitance of the oxide has been calculated thus:

Cox =

? Eq.(4-3)

Where the distance d = 300 nm is the silicon oxide thickness which separates the transistor

channel from the back-gate. The ppg of 5.66 x 10~2cm?V ~1s~! measured from the 10 nm thick
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sample is higher than the value (5.28 x 10™3¢m?V ~1s~1) obtained by Sehun et.al [134] for their
monolayer PLD WSe; transistor. The presence of interlayer resistance and interface screening can
affect the field effect mobility of 2D WSe> [146]. Also, interface roughness scattering present
between the 2D material and the substrate could impact on the carrier mobility [152]. Interface
roughness effect is more experienced in monolayer transistor channels as these thin channels are
more sensitive to the density change of the charge that exists in the substrate [153]. Conversely,
thicker channels possess a higher carrier mobility as their layers are further away from the
substrate. In addition, thicker channel transistors have relatively more charge density when
compared to thinner channels which will serve to screen the effects of scattering between the
channel and substrate [151]. However, thicker transistors will have an interlayer resistance that
may contribute to scattering. However, Das et al. [146] suggest that interlayer resistance across
the transistor layers should not pose serious concern as gating is expected to affect the bottom
layers more. Using the equation ¢ = nep and (o = LI; W ™1V, 1) [154], the carrier density
calculated for the PLD WSe; transistor is 4.6 x 1071®cm™3. Similar carrier density values have
been calculated by Kam et al. [155] for their single crystal WSe>. The optimum number of layers
in transistor electronics to obtain better device performance in contact resistance and carrier
mobility is currently unknown. This is as a result of varied device performance experienced from
several studies on 2D materials with different thicknesses [146], [156], [157]. Moreover, an
average thickness of 10 nm for WSe> [147], MoTez[103] and MoS, [98], [105] have been reported

to have a higher carrier mobility than fewer layers or bulk samples.

However, from the results of the X-WSe> FET and the PLD WSe: FET, one can see that the X-
WSe> outperforms the PLD WSe». The mobility of the pristine X-WSe: is over a 100 times larger
than the PLD WSe». Additionally, the gate voltage range of the X-WSe: is much smaller than the

PLD WSe: thereby limiting the application of PLD WSez in its current state.
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4.3.2.3 Transfer Length Measurement (TLM)

Transfer length measurement (TLM) [158] technique has been employed to further characterise
the 14-layer PLD WSe> FET as shown in Fig 4.12. The contact resistance R, and sheet
resistance Ry, of the PLD WSe: transistor have been calculated. From the schematic below, the

electrode probe spacing is 27 pm, 74 um and 90 pm.

4
 J

PLD WSe,

Figure 4.12: TLM electrode spacing.

0 10 20 30 40 50 60 70 80 90 100
L (um)

Figure 4.13: Resistance values of the transistors plotted against their electrode spacing at
various values of back-gate voltage. The y-intercept indicates a negative contact resistance.
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The resistance values from the TLM technique have been plotted against the electrode probe
spacing at the back-gated voltages of 24.5 V, -1.11 V and -26.7 V as shown in Fig 4.13. From the
graph, the contact and sheet resistance have been calculated as 6.11 MQ.um and 31.7 MQ/o
respectively. A negative contact resistance has been measured for the PLD WSe; transistor which
indicates a metal-contact doping [159]-[161] and this occurs in materials with Dirac cone systems
(no bandgap) [159]. From the PL graph presented in Fig 4.9(b), the absence of a luminescence
peak suggests that the PLD WSe; has no bandgap. One may then conclude that the negative contact
resistance observed from the TLM technique could be due to the absence of bandgap in the PLD

WSes.
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4.4 Conclusions

Similarities and differences between the exfoliated WSe» (X-WSe») and the pulse laser deposited
WSe> (PLD-WSe») have been highlighted. The PLD-WSe; and X-WSe; have a similar Raman
profile in sync with the thickness of the WSe,. From a photoluminescence spectrum (PL), while
the X-WSe> has a PL peak, the PLD-WSe> shows no indication of a band gap. Electrically, the X-
WSe> FET outperforms the PLD-WSe; FET due to the higher material quality. The field effect
mobility calculated for the X-WSe; and PLD-WSe; FET is 12.06 cm?/Vs and 5.66 x 102 cm?/Vs
respectively. A transfer length measurement further shows that the PLD-WSe, possesses no
bandgap thus limiting the electrical and optical application of PLD-WSe,. Moreover, success was
recorded as the PLD WSe; FET performed as expected during the variation in the FET length and
width. However, the limited performance of the PLD WSe: is attributed to the maturity of the PLD
technique. The PLD technique is relatively new when compared to other more established
deposition techniques like CVD. The PLD technique has merits in terms of material deposition
size, lower deposition temperature and ease of the overall process. As a result, the PLD technique
has future prospects and is being further developed to perfect the quality of the material deposited.
Based on the performance of the X-WSe, it will be integrated with the pyroelectric device in

Chapter 6.

78



Chapter 5

Anodic tantalum: fabrication, breakdown characteristics of capacitor

and integration with a WSe; field effect transistor

5.1 Introduction

One of the methods to further improve the performance of the integrated device, is the use of a
floating gate. The floating gate creates an additional potential across the integrated device and is
typically made from a high-x dielectric. High-« dielectrics allow for an equivalent capacitance to
be achieved with physically thicker layers, owing to their high dielectric constant (x), thereby
showing promise in transistor scaling [162], [163]. High-x dielectrics include titanium dioxide
(TiO2), zirconium dioxide (ZrO;) and tantalum pentoxide (Ta;Os) among others. A number of
techniques have been employed to produce high-kx dielectrics such as: pulsed laser deposition
(PLD), atomic laser deposition (ALD) and anodization among others [48]. In this chapter, Ta>Os
has been investigated as a possible candidate to be used as a floating gate in future integrated
devices. TaxOs has been produced via anodization and a capacitor and transistor have been
developed from the Ta>Os dielectric. Anodization of metal into metal-oxides is an established
technique in electronics manufacturing and has been mostly used to develop the dielectric of
electrolytic capacitors. Anodization produces dense and homogeneous metal oxides of
reproducible thicknesses which have a high dielectric constant [108], [158], [159]. These
characteristics of anodization along with its relative simplicity and inexpensive process, makes
anodic metal oxide an attractive option for the production of high-k dielectric devices. From the

anodic Ta,Os that we produced, capacitors have been fabricated. We have characterised the
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capacitor’s leakage current and breakdown characteristics and also studied their conduction

mechanism.

Furthermore, current trends in research have seen the integration of 2D materials such as
molybdenum disulfide (MoS:) [166] and tungsten diselenide (WSe>) [157] with high-k dielectrics.
Both Kim [166] and Fang [157] reported improvement in the mobility and power requirement of
their field effect transistors after integration with a high-k dielectric. Hence, we have integrated a
WSe: field effect transistor (FET) with the anodic Ta>Os and the transfer characteristics of the

device have been analysed.

5.2 Experimental

5.2.1 Anodic tantalum

About 470 nm of tantalum was sputtered on a SiO»/Si substrate. After the deposition, the wafer
was diced into 2 X 2 cm chips to allow for more experimental samples. To prepare the chips, they
were cleaned with isopropyl alcohol (IPA) and then rinsed with deionized (DI) water, before
drying them with a nitrogen gun. Details on the process of anodizing tantalum can be found in
Section 3.5 of Chapter 3 and the schematic in Fig 5.1 (a) describes the set-up. In summary, an
electrolytic gel formed from diethylene glycol (digol), sodium carboxymethyl cellulose and DI
water is mixed with citric acid to create an electrolyte. The electrolyte is then dispensed on the
selected tantalum area using a pipette and a voltage is applied between the cathode (the electrode
in contact with the electrolyte) and the anode (an electrode in contact with the uncoated tantalum

surface) for approximately 60 minutes.
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Figure 5.1: Cross-sectional schematic of the device fabrication process (a) During anodization; the
electrolyte is dispensed on the desired tantalum area and a potential applied between anode and cathode (b)
After anodization, a thin layer of Ta,Os has been grown on top of the remaining bulk tantalum (c¢) Ta,Os
capacitor (d) WSe, FET integrated with the Ta>Os gate dielectric and with tantalum as the back-gate.

During the anodization of tantalum, every 2 nm of the tantalum metal is converted into 3 nm of
tantalum oxide [122]. As we have applied a potential of 10 V on the setup in this experiment, a
grown tantalum oxide with an estimated thickness of about 20 nm has been realised [167]. Upon
completion of the process, the electrolyte is thoroughly cleaned from the sample using DI water.
The grown TaxOs layer and the bulk underlying tantalum can be seen in Fig 5.1 (b). This

underlying tantalum has been used as the bottom electrode.
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5.2.2 Fabrication of Ta20s capacitor

Ta>Os samples have been annealed at 200 °C and 400 °C to study their electrical properties. The
anodized samples, both annealed and as-deposited, have been processed further to form a
capacitive device as shown in Fig 5.1(¢c). The process involves spin coating and patterning negative
photoresist on the Ta>Os layer using standard photolithographic techniques. After this step,
aluminium is then sputtered and lifted-off to form the capacitive structure. The samples used in

this experiment are described in Table 5.1 below:

Table 5.1: Anodic tantalum sample characteristics

“Sample  Anodizing Voltage (V) _ Thickness, d (nm) _ Anncaling Temp (°C)
As-deposited 10 20 N/A
200 °C 10 20 200
400 °C 10 20 400
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Figure 5.2: Degradation of anodic tantalum annealed in nitrogen gas furnace

Prior to annealing the samples in a vacuum chamber, an attempt was made to anneal the samples
in a furnace. The furnace uses nitrogen as a carrier gas, for purging among others. After annealing,
it was discovered that the material became brittle and disintegrated as shown in Fig 5.2. The
degradation of the sample is similar to hydrogen environment embrittlement [168] where the
ductility of metals is reduced due to absorbed hydrogen. The rate of degradation has been observed

to increase with respect to time and temperature.
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5.2.3 Fabrication of WSe; FET based on Ta:0s

Using Scotch tape, WSe: flakes were exfoliated from the bulk and transferred onto the anodic
TaxOs. Very good adhesion has been observed between the WSe; flakes and the anodic Ta>Os. We
realised a good number of WSe> flakes having varied sizes and thicknesses. It has been observed
that the colour of the WSe; flakes varies with their thickness. This allows for possible estimates of
their number of layers as shown within the red-dashed ovals in Fig 5.3. Upon closer examination,
the WSe, flakes are thickest at their centre and thinner around their edges. On this occasion
however, an AFM has been used to confirm the thicknesses of the flakes. In order to develop a
WSe; FET based on anodic tantalum, photoresist has been spin coated on the WSe; flake and the
photoresist has been patterned using maskless lithography tool. Titanium/aluminium electrodes
have been deposited and lifted off, forming the source and drain of the WSez FET whilst the
underlying Ta serves as the back-gate electrode of the FET as shown in Fig 5.1(d). The fabrication

schematic is similar to Fig 4.3 in Section 4.2.2 of Chapter 4.
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40-45 nm

Figure 5.3: WSe:> flakes on anodic tantalum showing a relationship between the flake colour and
their thickness
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5.3 Results and Discussion
In this section, test results from the capacitor and field effect transistor fabricated from the anodic
tantalum are presented. The devices have been tested using a keithley 4200-SCS parameter

analyser connected to a shielded “TST-017 Everbeing EB-8” probe station.

5.3.1 Anodic tantalum (Ta20s) capacitor

Figure 5.4: Schematic of anodic tantalum capacitor test set-up

Fig 5.4 shows the anodic tantalum schematic. Details of the device fabricated are presented in
Appendix B. From the set-up in Fig 5.4, the current-voltage (I-V) and capacitor-voltage (CV)
curves of the Ta>Os capacitor have been realised. The anodic tantalum dielectric is sandwiched
between an aluminium top electrode and a tantalum bottom electrode. The device has been
fabricated and characterised to obtain the dielectric properties of the anodic tantalum and

determine the suitability of anodic tantalum as a floating gate in future experiments.
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5.3.1.1 Current voltage (I-V) asymmetry for the Ta,Os capacitor

-3 - -1 ( 1 2 3
2- Voltage (V)

| Current (mA)
10 -

Figure 5.5: [-V asymmetry observed in anodic tantalum

The I-V plot in Fig 5.5 shows asymmetry in the anodic tantalum. From the distribution of the data
points, there is a disproportionate change in the current output when the device is forward and
reverse biased beyond 3 V. The result suggests that the device has a rectifying contact. At-3 V, a
disproportionate current is measured indicating dielectric breakdown. Asymmetry in Ta>Os is not
an isolated incident as it has been observed by others [164], [169], [170]. The potential barrier of
the metal-Ta>Os contact varies based on the bias condition. As shown in Fig 5.6, in reverse bias,
the potential barrier rises limiting the flow of charges. Likewise, when the device is forward biased,

the barrier lowers and charges flow more easily.
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(b) potential barrier (c)
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Figure 5.6: Schematic of the schottky barrier in a rectifying contact [171] (a) the reverse bias
raises the barrier height and limits charge flow (b) zero bias has no effect on barrier height (c)
forward bias lowers the barrier height and allows charges flow easily

5.3.1.2 Capacitor-voltage (CV) hysteresis

Hysteresis in the anodic tantalum capacitor has been investigated with the as-deposited and
annealed samples. Hysteresis occurs due to the build-up of positive and negative charges near the
metal-insulator interface, causing a distortion in the potential distribution. When the applied field
is then removed, large internal fields remain that prevent some charges from flowing back toward
their equilibrium position [172]. These trapped charges result in hysteresis and annealing
eliminates interface traps [171]. The anodic tantalum capacitors have varied CV hysteresis as

shown in Fig 5.7.

87



5. Anodic tantalum: capacitor characteristics and integration with WSez FET

(a) 0.14 ° ° (b) 1.7570 - .
° [} °
0.13 - 1.7568
ic [y
c c ]
~0.12 £ 1.7566
8 8
:011_ c 1.7564 1
o e Forward © 1.7562
S 0.10- 3 J
L]
8 8 1.7560 - H = Reverse
0.09 - e Forward
175564 o
0.08 - L [ ] [ ] [ ] [ ] =
r r . . : 1.7556 : - ‘ . T
-0.10 -0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10
Voltage (V) Voltage (V)
(C) 1.96
[ ]
[ ]
1.94 ¢
L e °
q, | |
|
2 1.90- .
@
=
§1.aa { e .
8 = Reverse
1.86 e Forward
1844 =
-0.10 -0.05 0.00 0.05 0.10
Voltage (V)

Figure 5.7: Hysteresis graphs of anodic tantalum capacitors measured by interchanging test probe
position on sample: (a) As-deposited (b) 200 °C annealed (c) 400 °C annealed.

The capacitance tests have been performed using a Keithley 4200-SCS parameter analyser at room
temperature. The capacitors have been gated between —0.1 V to 0.1 V in steps of 0.05 V. The
sweep has been confined to 0.1 V to achieve the best results and avoid any damage to the dielectric.
The CV hysteresis responses were recorded from sweeps in the forward bias mode and after a
fixed duration, in the reverse bias direction (by switching the test probes). The hysteresis observed
in the as-deposited sample in Fig 5.70(a) is considerably larger than in the annealed samples. The
sample annealed at 200 °C has been performed in an oxygen rich chamber with a pressure of about

7.5 Torr while for the sample annealed at 400 °C, it had a base pressure of about 5 mTorr. We
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believe the annealing aided in eliminating some charge traps in the dielectric leading to the better
performance of the annealed samples. The result from Fig 5.7(b) and (c) show considerable

uniformity in the recorded capacitance values.

5.3.1.3 Capacitor-voltage (CV) electrode area test for calculating dielectric constant

(x)

Figure 5.8: Anodic tantalum capacitor consisting of various electrode area
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A few electrodes have been fabricated on the anodic tantalum as shown in Fig 5.8. The sizes of
the electrodes are as follows: 400, 600 and 1200 um. The capacitance and dielectric constant of

the as deposited devices have been tested and the results are presented in Table 5.2.

Table 5.2: Capacitance of anodic tantalum for the as-deposited sample

S/N  Area, A (um?) Capacitance, (nF) Dielectric constant (k)

1 1.6%10° 2.58 18.24
2 3.6%10° 5.95 18.65
3 14.4*10° 24.78 19.43

In Table 5.2, the area, capacitance and dielectric constant of the devices are presented. The
capacitance increases with area as expected from Eq. (5-1). Using Eq. (5-1), the dielectric constant
€ has been calculated and the mean value is 18.7 (£ 6). The dielectric constant of Ta,Os varies
from 10 — 52 based on the deposition method [164]. In the case of anodic tantalum, values of 18
and 27 have been recorded [173]. However, values of 12 and 13 have been calculated for the 200

°C and 400 °C annealed samples respectively.

€
C=— Eq.(5-1)
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5.3.2 Conduction mechanism

The breakdown characteristics for a 20 nm thick and 600 sq. pum Ta>Os capacitor is presented in
Fig 5.9. Three Ta>Os capacitor samples have been experimented on and while one remained as-
deposited, the other two have been annealed at 200 °C and 400 °C. From the graph below, the
breakdown field of the as-deposited, 200 °C and 400 °C samples are 5.4, 5.1 and 3.3 MV/cm
respectively. The breakdown field of the as-deposited sample is similar to the anodizing voltage.
However, the thickness and breakdown voltage of anodic metals depend on the anodizing voltage,
concentration of the electrolyte and any other treatment applied to the material [174]. In this
experiment, the as-deposited anodic tantalum breaks down around 10 V [4.8 to 5 (MV/cm)]. At an
electric field of 1.5 MV/cm, the leakage current extracted for the as-deposited, 200 °C and 400 °C
annealed anodic tantalum is 107, 102 and 1 A/cm? respectively. We observed that the as-deposited
Taz0s has the lowest leakage current and highest breakdown potential while the Ta;Os annealed
at 400 °C possessed the highest leakage current and lowest breakdown potential. What this implies
is that the breakdown potential and leakage current is correlated with the annealing temperature.
Mohammed and Morgan [175] suggested that the formation of a depletion layer at the Al/Ta>Os
or the Ta;Os/Ta interface is the origin of current-voltage variation with annealing temperature.
This variation in the current-voltage characteristics for samples annealed at different temperatures
is presumed to be the result of different energy barriers between the metal-dielectric interfaces,

similar to a metal-semiconductor Schottky barrier [172] as shown in Fig 5.6 above.
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Figure 5.9: Breakdown characteristics of 20 nm thick and 600 square pm Ta>Os capacitors
annealed at different temperature. The breakdown potential and leakage current varies with their
annealing temperature.

Conduction mechanisms in dielectrics include Schottky emission (SE) and Poole-Frenkel emission
(PF) among others. However, multiple conduction mechanisms may exist in a dielectric [176]. A
number of factors affect the conduction mechanism of dielectric films such as: electrode material,
electric field, film thickness, temperature, deposition method, imperfections among others [177].
Imperfection implies foreign or impurity atoms, excess or absent atoms, dislocations, mosaic

structure and defects [178].
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Figure 5.10: Energy-band diagram showing conduction mechanism of (a) Schottky emission and
(b) Poole-Frenkel emission.

Schottky emission (SE) occurs in devices when electrons possess enough energy to overcome the
metal-insulator barrier as shown in Fig 5.10(a). The thermionic emission current (Schottky
emission) is proportional to the electron density with energies above the barrier height that is q@

for a metal-insulator interface. Therefore, for the anodic tantalum, the current is proportional to

exp 9% and the current increases exponentially with decreasing barrier height and increasing
kT

temperature [172].

Poole-Frenkel (PF) emission shown in Fig 5.10(b) occurs when trapped electrons are emitted into
the conduction band through thermal excitation. While the PF emission is similar to SE, the barrier

height for PF is the depth of the trap potential well [172].

The conduction mechanism in the Ta>Os capacitor has been studied and the graphs are presented

below.
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Figure 5.11: Schottky plot of the as-deposited and annealed Ta,Os capacitors.

The Schottky-Richardson equation describes the current density due to SE [176], [179]:

In(J)) = %\/E+ In(AT?) — Z—? Eq.(5-2)

Where ] is the current density, T the temperature, B is the barrier lowering, k is Boltzmann’s

constant, A is the Richardson constant, q electron charge, and @ is the barrier height.

94



5. Anodic tantalum: capacitor characteristics and integration with WSez FET

1971 = 400°c
12 4 e 200 °C T ;
1| & As-deposited| + + % + % nnf
l I

-4 f

R RS 11

£ 16 o ® +

o ] ' ] 1

3'13- [ o ¢ i -

— 1 + ¢ : 1

% -20 ~ i } - Theoretical Slope = 0.006 to 0.012
c

=], 0
REREEE ‘W“-f

.26 - - 1

—»

: T . .
0.8 1.0 1.2 1.4 1.6 1.8

E1/2 (Mvicm)1/2

Figure 5.12: Poole-Frenkel plot for the as-deposited and annealed Ta,Os capacitors.

Eq. 5-3 describes the current density of PF emission:

JN B q9
In (E) = gk—Tx/E+ In(C) — ERT Eq.(5-3)

Where C is a constant and § is dependent on the material property and can vary between 1 and 2

[176], [179].

The Schottky emission (SE) and Poole-Frenkel (PF) plots shown in Fig 5.11 and 5.12 respectively

are from the data in Fig 5.9. Both graphs (SE and PF) show that all the samples have good linear

fits. Based on the linear fits, SE and PF conduction mechanisms are evident. Table 5.3 shows the

experimental and theoretical slopes of the TaxOs capacitors. The experimental slopes have been
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extracted from the best fits in the SE and PF graphs in Fig 5.11 and 5.12 respectively. On the other

hand, the theoretical slopes have been calculated from equation 2%, described by ref [180].

Table 5.3: Experimental and theoretical slopes of the SE and PF conduction mechanism
Ta20s Theoretical Slope (+ 0.001) Experimental Slope (£ 0.001)

Capacitor

SE PF SE PF

A/(em®>.V)?) | (AVZ(em®?) | (A/(em®.V)"2) | (A.V"%/em?/?)

As-deposited | 0.006 0.006 - 0.012 0.006 0.003
200 °C 0.011 0.009
400 °C 0.006 0.003

From the data in Table 5.3, the experimental slopes of the as-deposited and 400 °C annealed
sample are within the same margin of error. Upon further comparison of the experimental and
theoretical slope values of these two samples, it appears that the experimental PF slope is outside
the margin of error of the theoretical PF slope. Hence, the dominant conduction mechanism in the
two samples is SE. Taking a look at the theoretical and experimental slopes of the 200 °C annealed
sample, it appears that the dominant conduction mechanism is PF. However, the sample annealed
at 200 °C has been performed with a chamber pressure of about 7.5 Torr while for the sample
annealed at 400 °C, it had a base pressure of about 5 mTorr. Therefore, PF conduction mechanism
observed in the capacitor annealed at 200 °C is deduced to be due to the presence of oxygen in the
chamber which resulted in the possible formation of Ta,Os at the interface between the anodic

TaxOs and the bulk tantalum. These additional bonding may have contributed to an increase in the
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overall traps present within the sample. Meanwhile, a change in conduction mechanism from PF
to SE has been experienced by Kerrec et al. [181] in their sputtered Ta,Os after the bulk traps were

annealed.

5.3.3 WSe; FET based on anodic tantalum
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Figure 5.13: Schematic of WSe; FET on anodic tantalum

From the set-up in Fig 5.13, the transfer characteristics of the WSe; FET based on anodic tantalum
have been realised. The anodic tantalum served as the gate dielectric and the bulk tantalum as

back-gate electrode. The transfer characteristics are shown in Fig 5.14.
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Figure 5.14: Transfer Characteristics of WSez FET based on TaOs dielectric. The device
fabricated is shown in the in-set figure; WSe> FET with its electrodes on a Ta>Os substrate.

From Fig 5.14, the device has been back-gated from -1 to 1 V in steps of 0.2 V. A drain-source
voltage (Vas) of 0 to 1 V has been applied in steps of 0.25 V. From the graph, at a drain-source
voltage value of less than 0.5 V, the drain-source current (I4s) appears significantly low. However,
a considerable Igs value of over 150 nA has been realised with a gate voltage of -1 V. With a TaxOs
thickness of about 20 nm, the FET shows good control from the gate voltage. The transistor
threshold voltage extracted is approximately -0.5 V, thus, showing promise in low power operation
which is common for high-k FETs [142], [182]. The field effect mobility of the WSe> FET on
anodic Ta2Os has been calculated to be about 0.9 cm?V~1S~1 using Eq. (4-2). From the gate
sweep, the WSe; FET based Ta>xOs shown in Fig 5.14 exhibits p-type MOSFET behaviour as the
device responds more to the negative potential. However, according to ref [183], the interface

between the titanium/aluminium contacts and the Ta>Os is oxygen rich thereby creating a p-type
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layer. In contrast, the interface between the Ta;Os and the bulk tantalum is oxygen deficient, hence,
an n-type layer is present. We believe this existing p and n-type layer in anodic metals may have

an influence in the FET behaviour above and capacitor operation in Fig 5.7.
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5.4 Conclusions

In this chapter, studies conducted on a capacitor fabricated from anodic Ta;Os and a field effect
transistor (FET) fabricated from anodic Ta;Os and WSe; have been presented. The method of
producing anodic Ta>Os via anodization has been discussed as a simple and in-expensive

technique. The experimental results from the capacitor and FET have been presented and analysed.

Our findings reveal that the Ta>Os capacitor has a rectifying contact showing both I-V asymmetry
and CV hysteresis. The CV hysteresis highlights the disproportionate distribution of oxygen within
the anodic tantalum. However, the effect of the oxygen distribution was better contained in the
annealed samples. On the other hand, as the annealing temperature of the samples increased, the
breakdown field decreased while the leakage current increased. Whilst Schottky emission (SE)
appeared dominant in the samples, Poole Frenkel (PF) emission has been observed when a sample

was annealed at 200 °C in higher pressure.

Furthermore, WSe> has been transferred onto the anodic Ta>Os via exfoliation, having good
adhesion and producing quality WSe; flakes. The Ta>Os dielectric has been integrated with a WSe»
FET, showing good gate control of the device. The low threshold voltage of the FET shows
promise in low power operations. In addition, the FET exhibits P-type MOSFET behaviour with a

field effect mobility of 0.9 cm?V-Is.
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Chapter 6

Integration of pyroelectric device with WSe: field effect transistor

6.1 Introduction

The aim of this project, to integrate a WSe> FET with Pyreos’s pyroelectric device has been met
from the works in this chapter. Experimental results from the pyroelectric device have been
presented and discussed. Pyroelectric devices have been employed as infrared detectors [184],
[185], owing to the property of their crystals to spontaneously polarise in response to changing
temperature known as pyroelectricity [66]. Bruchhaus et al. [186] demonstrated a thin-film
pyroelectric detector made from lead zirconium titanate (PZT) and the pyroelectric current
measured from their device was as a result of changes in temperature. Pyroelectric current is
dependent on the device area and typically in the order of tens of pico-amps. In recent time,
graphene and other two-dimensional (2D) transition metal dichalcogenides (TMD) have been
integrated with pyroelectric devices in order to improve the sensor’s output [184] and in other
cases, the performance of the 2D field effect transistor (FET) [187]. In this project, PZT has been
used for the ferroelectric field effect transistor device due to its high capacitance, chemical stability
and compatibility with fabrication processes among others. The ferroelectric property of PZT that
allows for a reversal in polarisation has been explored in this experiment to gate test the WSe»

field effect transistor based on PZT.

We have developed a standalone pyroelectric device (SPD) to benchmark against the integrated
WSe> FET and pyroelectric device. The SPD is made from PZT sandwiched between a top and
bottom electrode. The integrated pyroelectric device (IPD) is a combination of a WSe; field effect

transistor based on thin film PZT. The pyroelectric current of the SPD and IPD as a function of
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changes in temperature have been studied. Furthermore, the integrated device (PZT based WSe»

FET) has been gated and the transfer characteristics plotted and analysed.

6.2 Experimental

6.2.1 Fabrication of standalone pyroelectric device (SPD)
The standalone pyroelectric device was fabricated from a PZT pyroelectric material sandwiched

between metal electrodes on a SiO2/Si substrate as described in Fig 6.1.
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Figure 6.1: Fabrication process of a standalone pyroelectric device

Firstly, 500 nm of SiO, was grown on Si substrate by thermal oxidation. Next, 40 nm of platinum
was deposited on the SiO» serving as the bottom electrode. PZT was then sputter deposited from
individual targets of the constituent elements at about 600 °C forming a 700 nm thin-film PZT
layer. Using optical lithography, the PZT was patterned with photoresist and wet etched in an

acidic solution (HCI : HF : HNOs : DIW). Finally, another layer of photoresist was patterned and
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the platinum top electrode deposited via sputtering. The photo-resist was then lifted off, forming

the standalone pyroelectric device of PZT sandwiched between platinum electrodes.

6.2.2 Fabrication of integrated pyroelectric device (IPD)

The integrated pyroelectric device consists of a WSez FET on the PZT substrate. The fabrication
process of the PZT has been described in Section 6.2.1. Exfoliation has been employed to transfer
the WSe> onto the PZT surface. We have observed that the WSe; has a weak adhesion to PZT
when compared to SiO». The strong adhesion between WSe: and SiO: is believed to be due to the
dangling bonds of SiO> [188], [189]. By employing the design of experiment (DoE) described
below, WSe> has been transferred onto the PZT substrate successfully using Scotch-tape. With the
aild of maskless lithography, photoresist was patterned and the metal electrodes
(titanium/aluminium) have been deposited as the source and drain. The FET fabrication process is

similar with the other chapters of this thesis and details can be found in Appendix A.

Figure 6.2: Actual device fabricated showing WSe; FET on PZT (IPD)
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Figure 6.2 shows the 45 nm thick WSe; flake on PZT substrate with metal electrodes forming the

drain and source.

6.2.2.1 Design of experiment (DoE) to improve WSe; adhesion on PZT

A factorial design has been initiated in an effort to improve the adhesion of WSe> on PZT via
exfoliation. Our general process for transferring WSe, onto a substrate has been described in
Section 4.2 of Chapter 4. In summary, the substrate is cleaned with IPA and DI water and then
undergoes an oxygen plasma treatment. The WSe> is then exfoliated and transferred onto the
substrate using Scotch tape. Before the Scotch tape is removed, the substrate is placed on a hot
plate at a temperature T for a time t. The Scotch tape is only removed after this step. Using a DoE
as shown in Table 6.1 below, we have inspected the PZT under a microscope to see the relative

quantity of WSe> successfully transferred.
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Table 6.1: Experimental parameters for testing WSe; adhesion to PZT

S/N T t 0)) Y
Temp (°C) (£ 1) | Time (secs) Oxygen Plasma Concentration
of flakes
1 40 20 N 2
2 100 20 N 5
3 40 40 N 1
4 100 40 N 3
5 40 20 Y 10
6 100 20 Y 4
7 40 40 Y 8
8 100 40 Y 7

Three design factors, namely temperature, time and oxygen plasma have been studied. Table 6.1
shows the effect these factors have on the adhesion between WSe, and PZT. The temperature value
(40 °C and 100 °C) represents the set temperature of the hot plate where the substrate is placed to
improve its adhesion to the Scotch tape (described in Section 3.1.2 of Chapter 3). Time indicates
the duration the substrate stays on the hot plate. The oxygen plasma was applied to some
experiments described as “Y” and exempted for others “N”. Eight experimental runs have been
performed with variations in temperature, time and oxygen plasma. Using a microscope to observe
the quantity and distribution of the WSe> on the PZT substrate, the concentration of flakes (Y) has
been allocated to each experimental run subjectively, with “10” having the highest concentration

of flakes and “1” having the lowest.
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Table 6.2: 23 factorial design to determine the effects of the design factors

T t 0, Y | Effect | ID Y r=-Y)
-1 -1 -1 2 5 Avg 1.5 0.5
+1 -1 -1 5 05 | T 4 1
-1 +1 -1 1 0.5 |t 1.5 -0.5
+1 +1 -1 3 1 T*t 4 -1
-1 -1 +1 10 45 | O 9 1
+1 -1 +1 4 -3 T*02 |55 -1.5
-1 +1 +1 8 1 t*O2 |9 -1
+1 +1 +1 7 1.5 T*t*02 | 5.5 1.5

The results of the full factorial (2*) computation have been presented in Table 6.2. The values in
the column effect, have been used to draw a line plot with the aim of determining the design factors
that have had the most impact in resolving the adhesion between the WSe; and PZT. The sum of
the values in the residue (r) column equals zero, indicating that the computation has no error.

Detailed description on the factorial computation has been presented in Appendix C.
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Figure 6.3: Line plot of design factors showing that temperature and oxygen are relevant
adhesion factors

The line plot presents the design factors as a distribution based on their impact in resolving the
adhesion between WSe; and PZT. From Fig 6.3, a cluster of single and multiple design factors can
be seen between the -1 to +2 scale on the x-axis. This cluster is described as noise, since no useful
information can be processed. On the other hand, temperature, T, and oxygen plasma, O, exist
outside the noisy region, indicating that they have had a significant effect on the adhesion between
the WSe; and PZT. From the result of the DoE, the selected parameters are T =40 °C, t = 40 secs,

and Oz =Y with oxygen plasma being the most significant factor.
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6.3 Results and Discussions
6.3.1 PZT Surface characteristics - investigation of PZT surface using a scanning

electron microscope (SEM) and electron backscatter diffraction (EBSD) imaging

Scanning Electron Microscope (SEM) and Electron Backscatter Diffraction (EBSD) images have
been extracted from the PZT that had been sputtered on a 6 inch wafer. In this study, surface profile
differences across the wafer can be determined from the PZT crystal shape and orientation. The
experiment was carried out using a Carl Zeiss SIGMA HD VP field emission SEM with Oxford
Instruments Aztec Synergy EBSD system. To perform the EBSD, a 10 kV accelerating voltage
and a working distance of approximately 12.5 mm was applied to the 70° tilted sample. In the case

of the SEM, an accelerating voltage of 3 kV and a working distance of about 5.5 mm were used.
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Figure 6.4: Image of PZT surface profile with donut shape provided by Pyreos Ltd [190]. The
colour profile depicts donut shape appearance of wafer under bright light only

PZT has been sputtered on a 6-inch wafer, and by visual inspection appears to form rings as shown
in Fig 6.4. These rings appear as slight colour variations across the wafer, resembling a donut

shape. Three samples have been extracted from three sections of the wafer namely:

e C(Centre;
e Mid-region and

e Edge.
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Figure 6.5: SEM surface profile (left images) and 70° tilt SEM image (right). (a)(b) wafer
centre, (c)(d) wafer mid-region and (e)(f) wafer edge.

The graphs in Fig 6.5 show standard secondary electron (SE) images of the surface of the PZT.
The SEM image in Fig 6.5(a), (c) and (e) have been captured directly from the sample top and the

grain size measured is approximately 100 nm. However, the images in Fig 6.5(b), (d) and (f) have
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been captured at an angle of 70°. From the images, it can be seen that many of the crystals grow
into a pyramid shape. Many of the crystals can be seen to be narrowing towards the top, though
not quite forming a point. Others are like sharp ridges, but there is very little flat (horizontal)

surface to the samples, especially for the sample at the mid-region.

Figure 6.6: Electron diffraction pattern of a single point on the PZT

The diffraction pattern of the PZT grown on platinum has been formed by the electron beam
interacting with a single point on the sample as shown in Fig 6.6. Using the Aztec system database,
the solution for the diffraction pattern has been matched [191]. Upon successful detection and

matching of the electron diffraction pattern, it is evident that the PZT exists in tetragonal crystals.
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From the data realised, the centre has about 25-30% useful patterns, the edge has about 20-25%
and less than 20% from the mid-region were usable. This variation is likely due to the topography

of the samples and the beam not hitting horizontal surfaces.

P

\,

001)

Figure 6.7: Pole figures of the (001) and (111) crystal facet, mapped from a single PZT grain

With the aid of the MTEX program, single crystal grains from the PZT have been mapped and
plotted as can be seen in Fig. 6.7. The sample has been plotted for the orientation 001 and 111
zone axes. Each point may show more than once in the plot due to symmetry repetition. It can be
seen that the data points of the (100) crystal facet are gathered on the side while the data points of
the (111) crystal facet are gathered in the centre of the pole figures and this indicates that the PZT
has a tetragonal shape. Furthermore, the pole figures show that the PZT with Pt seed layers have
an orientation along the [111] direction normal to the surface as demonstrated by Kohler et al.

[192].
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6.3.2 Electrical Characteristics

The standalone and integrated pyroelectric devices formed in this experiment have been tested via
heating and also by applying a potential difference. Testing pyroelectric samples by heating is a
standard approach as mentioned in the materials and methods chapter and this technique is used

by Pyreos.

6.3.2.1 Standalone Pyroelectric Device (SPD)

800 um A

A
b

10 nm
+++++++++++

PZT (650 nm)

" Platinum (40 nm

Figure 6.8: Schematic of PZT sandwiched with a top and bottom metal

The schematic in Fig. 6.8 is the standalone pyroelectric device which consists of PZT sandwiched
between a top and bottom metal electrode. The PZT polarises as its temperature changes and the
polarisation creates a separation of charges resulting in a built-in potential difference. These
charges from the pyroelectric effect can be measured as pyroelectric current by an ammeter.
However, the device has only been tested via two methods: a quasi-static method which remains
the traditional method of characterising pyroelectric devices and this method has been described

in Section 3.6 of Chapter 3. The second method of testing explored the ferroelectric property of
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the pyroelectric device by gating the PZT and this method is similar to the FET test described in

Section 3.7 of Chapter 3.
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Figure 6.9: Pyroelectric current of the SPD against temperature

The standalone pyroelectric device has been tested against a controlled change in temperature both
during heating and cooling as shown in Fig. 6.9. The heating and cooling system is integrated in
the test set-up. For heating, there is an element embedded in the test stage which produces the
heating effect while the cooling effect is via the flow of coolant around the stage. During heating
(21 =32 °C) of the device, 124 — 145 pA of pyroelectric current has been measured and when the
device cooled (32 — 21 °C), 46 — 55 pA was measured. During heating, a higher degree of
polarisation in the PZT has been realised than during cooling and this explains why a larger

pyroelectric current has been measured during heating. The degree of polarisation is influenced by
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the rate of change of temperature of the test element which heats up faster than it cools down. In
addition, piezoelectric effect from material expansion can play a role in the overall polarisation
achieved in pyroelectric materials, and this could explain the unstable pyroelectric current
measured during heating. The heating and cooling effect creates a dipole moment in the PZT which
causes the polarisation to reverse thereby changing the polarity of the measured pyroelectric
current [64]. The top electrode of the standalone pyroelectric device is 0.64 mm? in area and using
Eq. (6-1), 1.755 x 10* C/m?*K has been calculated as the pyroelectric coefficient of the PZT.
Bruchhaus et al. [186] reported a PZT based pyroelectric device that produced a pyroelectric
current between 100 — 120 pA across a temperature range of 30 — 60 °C. Another PZT based device
(nanogenerator) was reported by ref [193] to produce a pyroelectric current of about 430 nA,

however, their device is 175 mm thick and 5 mm in electrode length.

l
P=ivarjan Er©D

where p is the pyroelectric coefficient, i is the pyroelectric current, 4 is the area, and dT/dt is the

rate of change in temperature.
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Table 6.3: Pyroelectric properties of samples with different dimensions

Pixel-Area  Avg Pyro- Avg- Capacitance Dielectric

(um?) Current Pyrocoeffcient (nF) @ Constant @
(pA) (mC/m?K) 1KHz 1KHz

450 x 450 0.493 0.1944 0.628 227.6894

700 x 700 1.18 0.1705 1.5 224.8822

750 x 750 1.13 0.1833 1.63 212.6523

8800 x 700 18.8 0.2017 20.5 228.2923

To investigate further the pyroelectric properties of the PZT, four devices have been fabricated
with different surface areas as shown in Table 6.3. As the areas of the devices increases, a
corresponding increase in pyroelectric current is measured. From the device area and measured
current, the pyroelectric coefficient of the devices have been computed using Eq. 6-1. The
pyroelectric coefficient of the different devices is relatively similar and the disparity is believed to
be due to the surface topography. Similarly, the capacitance of the devices increases with area in
agreement with Eq. 4-3 in Chapter 4. It can also be seen that the dielectric constant varies slightly
amongst the different devices. Imperfections in the material crystal as was described in Section
6.3.1 (EBSD) is believed to be responsible for these variations in the pyroelectric coefficient and

dielectric constant.
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6.3.2.2 Integrated Pyroelectric Device (IPD)

Si

Figure 6.10: Schematic of WSe2-PZT FET on a Si02/Si substrate with dimensions

In Fig 6.10, the device schematic shows the material stack and the electrical connections. The
bottom platinum electrode has been used to gate the device. A Keithley parameter analyser fitted
with a thermal chuck stage has been used to test the device. An ATT-System module connected to
the thermal chuck stage controls and measures the temperature. A temperature range between 21

and 32 °C has been applied to the sample and electrical measurements collected.
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Figure 6.11: Output characteristics of WSez-PZT FET with gate voltage from 0 to -20 V.

The output characteristics of the WSez FET based on PZT is presented in Fig 6.11. The device has
been gated from 0 to -20 V with incremental steps of 5 V and a drain-source voltage (Vgs) from 0
to 5 V has been applied. The drain-source current in the graph begins linearly with incremental
drain-source voltage and begins to pinch-off as it nears saturation indicating generic MOSFET

behaviour.

119



6. Integration of pyroelectric device with WSe; field effect transistor

400 - Py

350 &
gsoo- "4
£ %07 d Vee (V)
© 200{ ¢ ¢ = 12
= - e 16
=35 i
3 150- 4 v. . . 5
c 100+ M >
'S | 1 t
= 50 t ¢
=) . ¢, %,

0- teaitttnaa
-50 —

20 45 40 -5 0 5 10 15 20
Gate voltage (V)

Figure 6.12: Transfer characteristics of WSe; FET based on PZT with visible ferroelectric
behaviour. The gate voltage has been applied from -16 to 16 V with incremental steps of 2 V.

The integrated pyroelectric device has been back-gated from -16 to 16 V under varied drain-source
voltage in order to study the ferroelectric behaviour. Each loop in Fig. 6.12 represents the
ferroelectric response of the WSe> FET to the PZT polarisation. The maximum drain-source
current of the WSez FET is achieved at the maximum polarisation of the PZT. At a maximum gate
voltage of -16 V, the PZT achieved maximum polarisation leading to a record drain-source current
0f 0.36 pA. Our device is comparable to the ferroelectric WSe, FET based on CulnP>S¢ developed
by Jiang et al. [9] and achieved a current output of 0.5 nA. The arrows in the graph show the
hysteresis direction of the integrated device and it is in sync with the direction of the polarisation
vs voltage (P-V) curve [194]. The anti-clockwise hysteresis behaviour of the ferroelectric gate
dielectric shows that the integrated device has a good ferroelectric response. Lu et al. [195]

experienced a similar anti-clockwise hysteresis graph with their MoS; FET. The origin of
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hysteresis has not completely been established, though, some reasons for current—voltage
hysteresis include: ion migration within the ferroelectric material, the ferroelectric effect, and
charge traps [196], [197]. Upon the application of a potential, the ion within a ferroelectric material
migrates, leading to a build-up in the internal potential of the material. Current-voltage hysteresis
can occur based on the speed of the migrating ions. This build-up in internal potential in
ferroelectric materials otherwise called spontaneous electric polarisation is known as the
ferroelectric effect. [198]. Research has shown that the ferroelectric effect can be affected by
symmetry change within ferroelectric crystals resulting in a disruption in charge carrier extraction
[199]. Furthermore, defects within the ferroelectric material can create charge trap sites and charge
traps generally impede the charge transport within a material [196], [197], [200]. From Fig 6.11,
the memory window of our device can be calculated. The memory window Vi is defined as the
difference in gate voltage that occurs at the current value corresponding to the midpoint of the
maximum and minimum possible current values of the device. The memory window of each loop
has a very similar range despite changes in the drain-source voltage from 1.2 to 2 V. This indicates
the stability of the device’s memory window. The memory window has been calculated to be about
7 (£ 1) V for a gate-source voltage of 32 V (-16 to 16 V). Zhang et al. [201] reported a similar

memory window for their MoS>-PZT FET, indicating possible deployment in memory application.
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Figure 6.13: Current density of the integrated device and the standalone device under the single
influence of changes in device temperature.

The current output from the corresponding temperature change for both the integrated device and
the standalone pyroelectric device is shown in Fig. 6.13. A pyroelectric current density of 1 — 1.8
nA/mm? and 0.8 — 1 nA/mm? have been measured for the standalone device depicted in red and
blue during heating and cooling respectively. The integrated device has been biased with a drain-
source voltage of 1 V, represented with the black and orange plots. A current density of 20 — 35
nA/mm? and 16 — 19 nA/mm? have been measured during heating and cooling respectively. The
combined area of the WSe; and the electrodes of the integrated device is 0.0526 mm?. No gate
voltage has been applied to either the integrated or standalone device and the former shows an
amplified current output of over ten orders of magnitude higher than the standalone device. We
believe that the measured current for the integrated device is a result of a combined bolometric

and pyroelectric response. Heat absorbed by the WSe: could affect the temperature coefficient of
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resistance (TCR) of the semiconductor, ultimately affecting the current transport properties of the
material and device. Additionally, temperature changes should result in a pyroelectric effect,

releasing charges which could modulate the resistance of the WSe: [184].

The data from Fig. 6.13 and Fig. 6.12 further reveals the effects of temperature and electric field
on the integrated device respectively. While changes in the temperature (21 — 32°C) in Fig 6.13,
resulted in an output current density of 15 nA/mm?, a current output of 370 nA (7 pA/mm?) has
been realised from the effect of gate voltage (0 to -15V) as shown in Fig 6.12. From this
comparison, it is evident that a higher polarisation in PZT is achieved from the gate potential

through the ferroelectric effect than from the temperature change.
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6.4 Conclusions

In this chapter, the surface properties of sputtered PZT layers, the crystallinity of PZT and the
growth orientation of PZT layers on sputtered platinum have been investigated. From the EBSD
analysis, sputtered PZT on platinum shows an average grain size of about 100 nm. We have
observed that the PZT exists in tetragonal crystals having good correlation for an orientation along

the [111] direction normal to the surface.

In addition, the design, fabrication and operation of a WSe>-PZT FET (IPD) and a PZT sandwiched
between metal electrodes (SPD) have been presented. Adhesion challenges encountered between
the PZT and WSe: were successfully resolved using a factorial design of experiment (DoE). The
DoE showed that oxygen plasma treatment applied to the PZT had the most positive effect on

adhesion.

From the measurements, the pyroelectric coefficient of the PZT was calculated to be 1.755 x 10
C/m?K. The current density output of the IPD and SPD is ~16 nA/mm? and ~1 nA/mm?
respectively. Thus, the integrated device was a success as it amplified the current output of the
standalone device by over ten orders of magnitude. Furthermore, it has been observed that the gate
voltage induces more polarisation in the PZT than temperature change alone. Anti-clockwise
hysteresis behaviour observed in the device shows direct control of PZT polarisation on the WSe»

FET.
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Chapter 7

Conclusions and future work

7.1 Final Conclusion

The aim of this research is to improve the measured current from a PZT based sensor by integrating
the device with a WSe; field effect transistor (FET). We have taken a systematic and
comprehensive approach to the research by studying the different materials individually and

combined.

Firstly, we have characterised WSe> produced via exfoliation and pulse laser deposition (PLD).
Our findings reveal that the exfoliated WSe: has better electrical and optical properties than the
PLD WSe,. Photoluminescence spectroscopy confirms the lack of band gap in the PLD WSe»
thereby limiting its applications. However, the PLD WSe: is better suited for integration in CMOS
processes as the size and thickness of the deposited WSe: can be better controlled. PLD is a much
simpler technique than CVD and also deposits materials at much lower temperature. The PLD

technique is not as developed as CVD, hence, PLD could possess huge potentials as it matures.

The second aspect to the research is the pyroelectric device. To better understand the PZT crystal,
energy backscatter diffraction (EBSD) test has been performed on the sample. The solution of the
EBSD shows that the crystals aligned differently across the 6-inch wafer. This discovery has
enabled us to understand why there are slight variations in the electrical performance of the PZT
across the wafer. In our effort to integrate the exfoliated WSe> with the PZT, adhesion challenges
have been encountered. With the aid of a 2° factorial design of experiment, the adhesion between

the PZT and WSe; has been improved, mainly from an oxygen plasma treatment. The integrated
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device shows a ten order of magnitude amplification in the current output. Our result indicates that

the standalone PZT device can be improved by integrating with a WSe: field effect transistor.

Among the emerging techniques in the literature for integrating high-k dielectric with 2D
materials, is the double gate structure (shown in section 7.3). The floating gate is usually made of
a high-x dielectric material. In consideration to double gate the integrated device, anodization
technique has been studied as a means to develop a high-k dielectric material. Anodic tantalum
has been created and characterised in the course of this research. A capacitor created from 20 nm
Ta0s has been tested and it has a dielectric constant of about 18. Moreover, the breakdown
characteristics and conduction mechanism of the anodic tantalum has been analysed. Furthermore,
we integrated the anodic tantalum with the exfoliated WSe> FET, possibly the first ever attempt.
Good adhesion exists between the materials and the transistor shows promise for low power

operation.

7.2 Achieved Objectives

e [ have characterised the exfoliated and PLD WSe; and concluded that while PLD WSe: is
better suited for CMOS processes, the lack of bandgap limits its performance and
application.

e Thave demonstrated and characterised PZT as a standalone sensor. Also, I have highlighted
the PZT surface differences across the 6-inch wafer, which has provided some feedback to
the company Pyreos.

e I developed a 2* factorial design of experiment that has improved the adhesion between
WSe> and PZT, thereby enabling the device integration.

e [ have developed and characterised anodic tantalum as a high-k dielectric and analysed its
conduction mechanism. Furthermore, I integrated anodic tantalum with a WSe> FET,

showing improved FET performance.
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e Ideveloped and demonstrated the integration of PZT and WSe> FET, ultimately amplifying

the current output of the integrated devices.

7.3 Future Work

Our current study has shown that 2D FET output improves as the quality of their substrate
dielectric increases. However, future success and continuous improvement will be achieved from
choice of material, device design and test procedures. Therefore, the following research areas

could enhance future output:

Point 1:

A floating gate structure should further enhance our WSe> PZT based FET. The floating gate

creates a second source of potential emanating from the top of the device as shown in Fig 7.1.

(a) (b)
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Figure 7.1: (a) Schematic of WSe> PZT based FET with floating gate (FG). (b) Top view of
proposed device
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By depositing a high-k dielectric (Ta;Os) and a metal electrode over the WSe», the FET is
encapsulated. When the platinum bottom gate is ON, the PZT substrate creates a bottom electric
field. The floating gate then transports the pyro-current from the PZT substrate across the TaxOs.
The Ta>Os then creates an electric field at the top of the FET which contributes to the bottom field
emanating from the PZT. This top and bottom electric field structure is similar to a FinFET and

could further improve the output of the device.

Point 2:

Pulse laser deposition (PLD) technique for depositing WSe> shows promise by virtue of its large
deposition area, ease of control of material thickness, simplicity of setup and process and low
deposition temperature. The technique is well suited for CMOS operation and allows for
integration with other materials. When the PLD technique is matured and can deposit quality
yields, the technique will enhance the fabrication process. Furthermore, quality samples will be
used in experiments thus improving the experimental results. In addition, the PLD technique will

improve the accuracy of material dimensions and allow for the fabrication of complex designs.

Point 3:

The integrated pyroelectric device (IPD) which consists of a WSe; FET based on PZT will provide
relevant data when tested using infra-red. In order to actualise the test, the fabricated device will
need to be wire-bonded. It should be expected that the resistive properties of the WSe> will be
affected by the infra-red. However, the test can be carried out in such a way that the FET is outside
the line of sight of the infra-red. Results from such a test can be bench-marked against the static-
quasi technique employed in this research and should provide further insights on the integrated

device.
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Appendix A — Run sheet of WSe; FET fabrication —

Thermal oxidation

Chapter 4

Step Description Equipment Process Parameters Results/Comments
1 Pre-clean Wet deck 10 DI : 1 HF : 1 HCL for 30 secs; DI rinse
2 IPA dry Maragoni Dry{ 45 min
3 Dry thermal oxide Furnace 1 Si0; 300 nm, Recipe: 3 DRYOX14 (1100°C) 4 hj
25 min (total process time ~7.5 h)
4 Measure thickness Nanospec 300{ Prog 1 Oxide on Silicon
Back side etch
Step Description Equipment Process Parameters Results/Comments
5 Spin photoresist SVG 9,8,1; Manual dispense SPR 220
(PR) Hard baking 110°C * Smin
6 Remove Oxide Wet deck Soaked in BHF (7:1) X 4:25 min ~12 nm/min
7 Sputter Metal OPT Plasma | Ti 100 nm (Al will react with MF-26A developer
System 400
Wafer dicing
Step Description Equipment Process Parameters Results/Comments
8 Wafer Dicing Dicer 10.3 X 10.3 mm?
9 Remove PR Wet Deck 1165 NMP (2 hr in bath) + IPA + DI
10 Electrotech
Remove PR residue | 508  Barrel | 30 min
Asher
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2D Material on chip

Step Description Equipment Process Parameters Results/Comments
11 O, plasma 15 min; Scotch tape (Heat 40 °C for
Transfer MoS»/WSe; | Manual
3 min on hotplate)
12 Inspect flakes Microscope
13a NMP 75 °C x 30 min
Heraecus VT
Remove tape residue 1165 NMP 70 °C x 2~3 h works for residue on
5050 oven
flakes
b Wet Deck Immerse in Acetone (2h) + Rinse IPA + DI
2D Material patterning
Step Description Equipment Process Parameters Results/Comments

14 Lithography 1

Polo spinner

SPR350 1.35 pm; Prog 48: 700 rpm x 10 s,
4500 rpm x 1 min, Acc 1000; Soft bake: 90 °C

x 1 min

4000 rpm gives 1.55 pm

Dose: 68 mJ/cm?,

15 Exposure DMO ML 3
PEB 110 °C x 1 min
16 Develop Manual MF 26A for <40 Secs Inspect under microscope
Inspect visually and stop
17 Etch WSe2 MEMSSTAR | XeF; 2 min + 1 min.......
process if required
Electrotech
18 Remove tape residue | 508 Barrel | O, plasmax5 min
Asher
19 Remove PR Wet Deck 1165 NMP 70 °C x 2~3 h
Metal deposition
Step Description Equipment Process Parameters Results/Comments
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AZ2035 3.5 pm; Prog 29: 700 rpmx10 s, 4000

20 Lithography 2 Polo spinner

rpm % 1 min, Acc 1000; Soft bake 90 °Cx5 min

Dose: 275 mJ/cm?, PEB 110 °C x 1 min
21 Exposure DMO ML 3
22 Develop Manual AZ Developer x 1 min + 30 sec + DI rinse Inspect under microscope
23 E-beam Evaporation | ANS Ti 10 nm+ Al 300 nm
24 Lift off Wet deck 1165 NMP at 70 °C x 2 h Use ultrasonic if required
25 Post-clean Wet deck IPA + DI rinse Inspect under microscope
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Appendix B — Run sheet of anodic tantalum
production and capacitor fabrication — Chapter 5

Anodization
Step Description Equipment Process Parameters Results/Comments
OPT Plasma lab
1 Sputter 500 nm Ta
System 400
Electrotech 508
2 O; clean 10 mins
Barrel Asher
Electrolytic gel; ~ 20 nm of tantalum
3 Anodization 10V for 1 hr
Voltage source anodized
Metal deposition
Step Description Equipment Process Parameters Results/Comments
AZ2035 3.5 pm; Prog 29: 700 rpmx10 s, 4000
4 Spin PR Polos spinner | rpm x 1 min, Acc 1000; Soft bake 90 °C x 5
min
Dose: 275 ml/cm?,
5 Lithography 1 DMO ML 3
PEB 110 °C x 1 min
6 Develop Manual AZ Developer x 1 min+30 sec +DI rinse Unmount chips
OPT Plasma
7 Sputter lab System | Al 100 nm
400
8 Lift off Wet deck 2 1165 NMP at 70 °C x 2 h Use ultrasonic if required
9 Post-clean Wet deck IPA + DI rinse Inspect under microscope
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Appendix C - Full factorial computation

Table A.1: Data from 2° full factorial computation

T t 0, Y |(1) |2 |@) |Div |Effect|ID Y r=Y-Y)
-1 -1 -1 2 7 11 |40 |8 5 Avg 1.5 0.5
+1 -1 -1 5 4 29 |2 |4 05 |T 4 1
-1 +1 -1 1 14 |5 2 |4 0.5 |t 1.5 -0.5
+1 +1 -1 3 15 [-7 |4 4 1 T*t 4 -1
-1 -1 +1 10 3 -3 18 |4 4.5 0 9 1
+1 -1 +1 4 2 1 -12 |4 -3 T*O, |5.5 -1.5
-1 +1 +1 8 6 |-l 4 4 1 t*O, 9 -1
+1 +1 +1 7 -1 5 6 4 1.5 T*t*O; | 5.5 1.5

The data contained in Table A.1 have been computed for the 2° factorial design. The column
Y represents the concentration of flakes from the different design inputs. The number of WSe»
flakes observed on the substrate have been used to rank Y. Columns (1), has been computed by
adding two rows of the ¥ resulting in a total of four additions which occupy the first four rows of
column (1). The last four rows of column (1) have been realised by subtracting the rows in
column Y. Using this system, the other columns (2) and (3) have been filled. The effect field has
been computed by dividing the values in column (3) and field Div. From the field effect, a line plot
(Fig A.1) has been drawn with the aim of determining the design factors that have had the most

impact in resolving the adhesion between the WSe, and PZT.
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= Design factors

Distribution

Effects

Figure A.1: Line plot of effects

Y Model

From the line plot in Fig A.1, T.O2 and Oz have been confirmed to be the most effective factors.
Hence, a model has been deduced to calculate the inverse response of the design factors. The model

is shown in Eq. (A.1):

al.T a3.0, a5.T.0,
T+ T+ s Eq. (Al)

Y =Avg+
Insert the values from the effect column from Table A.1 into Eq. (A.1)

Y =5-025T+2250,-1.5T.0» Eq.(A.2)

The inverse response enables us to calculate the residue of the 2° factorial design. The sum of the
values in the residue (r) column equals zero, indicating that our computation has no error.

145



Appendices

10 X
8 - X
Q
v
o
o 6 - 0
)
QU 0
(2’ 5
4 (]
0
2__
I T
N Y

Oxygen plasma

Figure A.2: Interaction plot of the design effects

An interaction plot has been drawn in Fig A.2. The interaction plot shows the dependence of the
design factor temperature on the oxygen plasma. In the absence of oxygen plasma, an increased
temperature creates a higher response. However, in the presence of oxygen plasma, a lower
temperature is enough to attain a much higher response. Based on this, the selected parameters are

T =40 °C, t =40 secs, and Oz =Y with oxygen plasma being the most significant factor.
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Appendix D — AFM Graphs (X-WSe; and PLD WSe;)
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Figure A.3: AFM profile of exfoliated WSe:> flake A, B, C and D
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Figure A.4: AFM profile of PLD WSe:z sample 1, 2 and 3
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Appendix E - Fits of Raman plots (X-WSe; and PLD
WSe3)
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Figure A.5: FWHM fit of Raman plots for the exfoliated WSe; flakes A, B, C and D

149



Appendices

i Sample 2
Sample 1
— ] —_—
3 3
8 &
2 ] 2
0 1]
c c
3 3
g g |
£ £
- 7 /’/;
; : - . : : - - : : - : : .
220 240 260 280 300 320 340 220 240 260 280 300 320 340
Raman shift (cm™) Raman shift (cm™)
Sample 3
£}
3 -
>
&
("]
c -
[
2
£ /

T T T T T T T
220 240 260 280 300 320 340

Raman shift (cm™)

Figure A.6: FWHM fit of Raman plots for the PLD WSe> sample 1, 2 and 3
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