
UNIVERSITY OF SOUTHAMPTON 

FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS 

SCHOOL OF ELECTRONICS AND COMPUTER SCIENCE 

·:~~.t:_\'. :;. 
".~ .',J~. ..~ 

" 

INVESTIGATION OF Ti02 AS A POSSIBLE 
TUNNELING LAYER IN THE VERTICAL METAL 

INSULATOR SEMICONDUCTOR TUNNEL 
TRANSISTOR 

by 

Lit Ho Chong 

Thesis for the degree of Doctor of Philosophy 

January 2006 



UNIVERSITY OF SOUTHAMPTON 
ABSTRACT 

FACULTY OF ENGINEERING, SCIENCE & MATHEMATICS 
SCHOOL OF ELECTRONICS & COMPUTER SCIENCE 

Doctor of Philosophy 
INVESTIGATION OF Ti02 AS A POSSIBLE TUNNELING LAYER IN THE 

VERTICAL METAL INSULATOR SEMICONDUCTOR TUNNEL TRANSISTOR 
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In this thesis, a new field effect transistor, the vertical metal insulator semiconductor tun
nel transistor (VMISTT) is proposed. It is a modified version of the metal oxide tunneling 
transistor (MOTT). The principle of operation of the device is based on the gate modulated 
Fowler Nordheim (F -N) tunneling of carriefs'tJ:lIough an insulating layer. The VMISTT 
is different from the MOTT in two impgrtant ~spects. Firstly, the metallic source in the 
MOTT is replaced by doped silicon. T~e h?~dy c4. the transistor is an oxide, which functions 
as a tunnel barrier. By choosing a suitable t1).hnel barrier and metal drain, it is possible 
to make both n-type and p-type devices and hence complementary devices. Secondly, the 
vertical structure will allow better control of material growth and device processing. The 
tunnel barrier can be grown by a conventional scalable process such as evaporation of thin 
metal film followed by thermal oxidation. This will help to reduce the leakage current and 
hence enhance the performance of the device. 

The SILVACO device simulator ATLAS is used to study the VMISTT performance. 
The barrier height between the tunnel barrier and the Si substrate is a critical device pa
rameter. A low barrier is required for a large F -N tunneling current to occur. However, 
Schottky emission, which is one of the main sources of leakage current in the VMISTT, 
will also be huge for a low value of the barrier height. It is thus important to optimise 
the barrier height to minimize the effect of Schottky emission on the device performance. 
The simulation results show that with a barrier height of 0.6 V, an on/off current ratio of 
at least 4 orders of magnitude, and a subthreshold slope of 42 m V / dec can be obtained. 
Titanium dioxide Ti02 is a promising candidate for the tunnel barrier due to its low barrier 
height to Si. 

The fabrication and optimisation of the tunnel barrier of the VMISTT is the focus 
of the experimental chapters of this thesis. The observation of F-N tunneling current in 
the tunnel barrier is essential such that the modulation of the F-N tunneling current by 
the gate bias can be realised at room temperature. Electrical and structural analysis are 
performed on Ti02 films grown from thermal oxidation of electron beam evaporated Ti 
thin film. Ti02 MOS capacitors with different top metal electrodes (AI, Pt) and different 
Si substrate (n-type, p-type) were fabricated to analyse the electrical properties of the 
Ti02 films. It is shown that the reactivity of Al top contact affects the electrical properties 
of the oxide layers. The current transport mechanism in the Ti02 films is found to be 
Poole-Frenkel (P-F) emission at room temperature. At 84 K, F-N tunneling and trap
assisted tunneling are observed. By comparing the electrical characteristics of thermally 
grown Ti02 films with the properties of those films grown by other techniques reported 
in the literature, it is suggested that irrespective of the deposition technique, annealing 
of as-deposited Ti02 in O2 is a similar process to thermal oxidation of Ti thin films. In 
conclusion, it is essential to reduce the defects density in the Ti0 2 films, so that those 
trap-related mechanisms can be suppressed for the observation of the F-N tunneling at 
room temperature. 
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Chapter 1 

Introduction 

1.1 Field Effect Transistor 

The progress of the semiconductor industry has been very successful in the last few decades 

due to the continuing improvement in the system performance. This progress follows 

Moore's Law, which states that the transistor performance is to be doubled and the number 

of transistors on a chip is to be quadrupled every three years [1]. This is achieved by down

scaling the feature sizes of metal oxide semiconductor field effect transistors (MOSFETs), 

which improves the speed of the transistor and increases the density of the transistors on a 

chip. According to the International Technology Roadmap for Semiconductors (ITRS) [2], 

the down-scaling will continue and the gate length of a MOSFET is required to be around 

10 nm in 2015. This continuous demand brings tremendous complications to the device 

design and fabrication due to the physical limitations of nano-scale devices. Quantum 

mechanical and short channel effects will become significant and deteriorate the device 

performance [3, 4] and in order to meet the down-scaling requirements, several new ap

proaches have been introduced. 

High-k dielectric material has been proposed to replace the Si02 as the gate oxide to reduce 

the gate to channel leakage current [5-7]. The gate oxide physical thickness is required to 

be below 1 nm at the 65 nm technology node [2]. As a result, the quantum mechanical 

tunneling of carriers will lead to a huge gate leakage current [2, 8]. A gate oxide with 

higher dielectric constant can achieve the same gate capacitance and a smaller equivalent 

oxide thickness (EOT) than Si02 but allow a thicker physical thickness. Therefore, the 

gate leakage current is reduced and there is more margin for continuing down-scaling. 

1 
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However, there are strict requirements for the high-k material. A suitable candidate must 

have high stability and reliability on silicon as exhibited by Si02 [5J. It must also be 

thermally robust and have a good quality interface with silicon [5J. In addition, an effective 

surface electron and hole mobility similar to an Si02 interface is essential [9J. Recent 

experimental results showed that an EOT of less than 10 A is achieved using a hafnium 

nitride/hafnium dioxide (HfN /Hf0 2) gate stack [10J. Nevertheless, issues such as carrier 

mobility degradation, instability in threshold voltage, and Fermi-level pinning effect with 

the gate electrode are to be addressed [7, 11-13J. It is believed these issues are caused 

by the charges and interface states in the high-k dielectric materials. Therefore, further 

investigation for a successful implementation of high-k dielectric materials is required. 

Research on new device structures is also an approach that attracts much attention. Double 

gate FET (DGFET) is one of the promising structures which can enhance the device 

performance [3, 14, 15J. The double gate feature allows a better gate control of the channel, 

and improves the drive current by increasing the channel width. FinFET is a non-planar 

version of DGFET in which the silicon channel protrudes from the substrate surface like 

a fin [16, 17J. The drive current can be improved by increasing the device width through 

parallel connection of several fins. FinFETs with channel length less than 20 nm have 

been reported [17J. However, the drawbacks of FinFETs are the complexity in thin fin 

fabrication process, as well as the increase in source and drain resistances due to the thin 

silicon channel [3J. 

Another new device structure that has received considerable interest in recent years is 

vertical MOSFETs [18-25J. One of the major advantages of the vertical MOSFETs is that 

the channel length is not defined by photolithography techniques, which are difficult to 

downsize when approaching shorter channel length. Instead, the channel is grown vertically 

and its thickness is defined by the deposition and oxidation processes [26J. Hence, there is 

more control as the thickness of the channel can be precisely defined by the growth process. 

Also, a double or surround gate structure could be realised in the vertical transistor, which 

will increase the channel width per transistor area and thus increase the packing density 

compared to planar MOSFETs [27J. 
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Many research groups have been working on replacing the MOSFETs with new devices, 

which have a principle of operation that is different from the MOSFETs, and which can 

meet the target of the ITRS roadmap after the scaling of the MOSFETs has become impos

sible. One of the popular candidates is Schottky barrier MOSFET (SBMOSFET) [28-33]. 

It has a structure similar as a MOSFET but with a metal silicide source and drain. The 

switching of the transistor can be achieved by modulating the Schottky barrier formed 

between the silicon substrate and the metal silicide source with the gate bias. The main 

advantage of the SBMOSFET is the low source and drain resistance due to the metal sili

cide source and drain. Also, owing to the abrupt interface between the metal silicide and 

the silicon substrate and channel, the SBMOSFET is scalable to sub-10 nm channel length 

regime. The SBMOSFET can realise complementary operation by choosing a low work 

function metal for n-FET (electrons as majority carriers) and a high work function metal 

for p-FET (holes as majority carriers). However, n-FET silicide material is not readily 

available due to the low barrier height requirement. 

Another device of particular interest is metal oxide tunneling transistor (MOTT) [34-41]. 

The source and drain are metals, and the body of the transistor is an oxide. The body 

of the MOTT is also known as tunnel barrier. The principle of operation is similar to 

the SBMOSFET. It is based on the gate modulated Fowler Nordheim (F-N) tunneling of 

carriers through the oxide layer. The probability of the F-N tunneling is modulated by 

gate bias through a dielectric material. Single crystalline Si is not required in the MOTT 

and three-dimensional multi-layer circuits can be fabricated by stacking two-dimensional 

circuits. Other advantages of the MOTT include scalability to nano-scale, high speed, 

simple fabrication process, and alleviation of short channel effects. Transistor behaviour 

of the MOTT has been observed at low and room temperature. However, an efficient and 

reliable operation of the device requires further improvement in the device design and the 

quality of the tunnel barrier [41]. 

It is believed that the performance of the MOTT is limited by the quality of the tunnel 

barrier, which is determined by the fabrication technique. The fabrication technique is 

restricted by the lateral device structure. In addition, owing to the design of the MOTT, 

complementary operation cannot be realised. This is because the conduction current is 

due to the electrons from the metal source only. 
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1.2 Aim and Outline of this Thesis 

In this thesis, a new nano-device, the vertical metal insulator semiconductor tunnel tran

sistor (VMISTT) is proposed. The VMISTT is a modified version of the MOTT. It has 

a vertical structure and a semiconductor source. The VMISTT inherits the advantages 

offered by the MOTT. In addition, with its semiconductor source it is possible to realise 

complementary device operation. Its vertical structure will allow the growth of the chan

nel by deposition techniques and an increase of the channel control by the surround gate 

structure. The proposed VMISTT also aims to reduce the leakage current at room tem

perature by optimising the quality and the barrier height of the tunnel barrier. With a 

vertical device structure, the tunnel barrier can be fabricated by a conventional thin film 

fabrication technique, which can produce tunnel barriers with better quality and which 

allows better control of the tunnel barrier thickness. 

The fabrication and characterisation of the tunnel barrier are the focus of the experimental 

chapters of this thesis. The objective is to fabricate a tunnel barrier with F-N tunneling 

current as the dominant current transport mechanism at room temperature. The dielectric 

material and the fabrication technique to grow the tunnel barrier are two of the important 

factors for considerations. Titanium dioxide Ti02 is expected to be a suitable material for 

the tunnel barrier because its barrier height to silicon Si is 1 V at both the conduction band 

and the valence band. Two fabrication methods are studied: thermal oxidation of electron 

beam (e-beam) evaporated titanium Ti thin films and molecular beam epitaxy (MBE) of 

Ti in an oxygen atmosphere. It is shown that Ti02 films grown by thermal oxidation of 

e-beam evaporated Ti thin films are superior and these films are studied in detail. 

The contents of this thesis is organized in the following order: Chapter 2 discusses the 

theory and the scaling limitation of MOSFETs, as well as various types of vertical MOS

FETs and their fabrication processes. Chapter 3 focuses on the review of the MOTT and 

discusses its shortcomings. 

Chapter 4 presents the simulation results of the newly proposed VMISTT. SILVACO device 

simulator ATLAS is used to perform the simulation. The device parameters that affect the 

performance of the VMISTT are also discussed in this chapter. 
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Chapter 5 focuses on the fabrication methods of Ti02 . An overview of Ti02 is given and 

the fabrication techniques of Ti02 films are discussed. The results of thermally grown 

Ti02 layers and MBE grown Ti02 layers are presented. It is shown that thermal oxidation 

of e-beam evaporated Ti thin films is superior. These thermally grown oxide samples are 

studied in detail in the following chapters. 

Chapter 6 presents the structural analysis of thermally grown Ti02 layers of different 

thicknesses. Scanning electron microscope (SEM), time-of-fiight secondary ions mass spec

trometry (TOF-SIMS), and X-ray diffraction (XRD) were used for structural analysis. 

Electrical characterisation were also performed on oxide layers with different thicknesses. 

A suitable oxide thickness is selected for further characterisation. 

Chapter 7 focuses on the electrical characteristics of Ti02 MOS capacitors on different Si 

substrates (n-type, p-type) and with different top metal electrodes (Ai, Pt). This chapter 

discusses the current transport mechanisms in the Ti02 layers at different temperatures 

and biases. Finally, this thesis is concluded with future work for the VMISTT project. 



Chapter 2 

Operation and Architecture of 

MOSFETs 

2.1 Introduction 

MOSFETs play an essential role in integrated-circuit (IC) technology since its invention 

in 1960. One of the important features of the MOSFET is the scalability. This has been 

a strong drive for the semiconductor industry to continue in down-scaling MOSFETs, as 

smaller device sizes will allow higher device density on an IC chip and also provide more 

functions. In addition, faster device switching speed can be achieved at smaller device size. 

However, as the feature sizes of the MOSFET are getting smaller, short channel effects 

and quantum mechanical tunneling is becoming more and more significant [3, 4]. This will 

degrade the device performance. 

This chapter focuses on the theory of metal-oxide-semiconductor (MOS) capacitors and 

MOSFETs, which will be used for the interpretation of VMISTT concepts and the ex

perimental results. Short channel effects in MOSFETs are addressed. The MOSFET 

theory presented here is based on the following books: Solid State Electronic Devices by 

B.G. Streetman [42], The Physics of Semiconductor by S.M. Sze [4] and Fundamentals of 

Modern VLSI Devices by Y. Taur and T.K. Ning [43]. Finally, the vertical MOSFET, a 

modified version of the planar MOSFET, is also discussed in this chapter. 

6 
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2.2 MOS Capacitor: Two Terminal MOS Device 

The MOS capacitor is the fundamental structure of a MOSFET. It has two terminal: the 

gate and the semiconductor substrate. Figure 2.1 shows the schematic and the energy band 

diagram of an ideal MOS capacitor with p-type Si (p-Si) at zero bias. When a negative 

bias is applied to the metal gate, positive charges will accumulate at the semiconductor 

surface and an equal amount of negative charges will appear on the gate. Due to the 

applied negative bias, the electrostatic potential of the metal relative to the semiconductor 

is lowered, which means the electron energy in the metal is raised relative to the semicon

ductor. Hence, the metal Fermi level will rise by qV, where q and V are the electronic 

charge and applied bias, respectively. This results in a tilt in the oxide energy band, as 

shown in Figure 2.2(a). The positive charges accumulated at the semiconductor surface 

imply an increase in Ei - E f at the semiconductor surface [42]. As there is no current 

flowing through the structure, there will be no change in the semiconductor Fermi energy 

level E f . Hence, the intrinsic level Ei near the surface will move up in energy. The MOS 

capacitor is said to be in accumulation mode. 

Vacuum level 

qX 
q 

q<Pm 

------------ --

------------------ __ 0. 

III -11111 
'11111111 

Metal Oxide Semiconductor 

Figure 2.1: Energy Band Diagram for an ideal MOS capacitor at zero bias, qipm and qips are the work 

function of the metal and the semiconductor, respectively, qX is the electron affinity of the semiconductor. 

Efm is the Fermi level of the metal, Ee, Ev, Ei and Ef are conduction band, valence band, intrinsic level 

and Fermi level of the semiconductor, respectively. 

As shown in Figure 2. 2(b), when a positive bias is applied to the gate, the metal Fermi 

level Efm is lowered by qV due to the rise in the metal potential. At the semiconductor 

surface, the hole concentration will decrease as the holes are depleted away and left behind 

are the uncompensated ionized acceptors. As a result, Ei near the semiconductor surface 

will move down in energy. This indicates a decrease in Ei-Ef at the semiconductor surface. 

The MOS capacitor is said to be in depletion mode. If the positive bias is further increased, 
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Ei will bend below E j (see Figure 2.2(c)), which means the region near the semiconductor 

surface has conduction properties of an n-type material. This n-type layer is created by 

the strong positive gate bias and consists of free electrons. This mode is called inversion as 

the free carriers in the semiconductor are now of opposite sign with respect to the situation 

without the applied bias. This inverted n-type layer is the conduction channel for the MOS 

transistor. 

(a) Accumulation (V<O) (b) Depletion (V>O) (c) Inversion (V»O) 

'----E; .---- E; 

-------- Et -------- Et 

M o s M o s M o s 

Figure 2.2: Three different operation modes of an ideal MOS capacitor:(a) accumulation, (b) depletion 

and ( c) inversion. 

Strong inversion occurs when the concentration of electrons in the inverted n-type layer 

is equal to the concentration of holes in the p-type substrate. The bias required to create 

strong inversion in the MOS capacitor is known as the threshold voltage VT [42]: 

(2.1) 

where 

(2.2) 

where Cox is the oxide capacitance per unit area, <I> j is the potential difference between E j 

and Ei at the surface of the semiconductor, Qd is the charge per unit area in the depletion 

region, NA is the doping concentration of the p-type semiconductor substrate, and the 

permittivity of the oxide Eox = ErEO, where Er is the dielectric constant of the oxide and EO 

is the permittivity of free space. 
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2.2.1 Ideal Capacitance-Voltage Characteristic 

The relationship between the MOS capacitance C and the applied gate bias V is shown 

in Figure 2.3(a). At high frequency, e.g 1 MHz, when V is negative, the MOS capacitor 

is in accumulation mode. A large number of holes is accumulated right below the oxide, 

forming the bottom plate of the capacitor. The effective maximum capacitance per unit 

area is 

C 
_ trtO 

ox -
dox 

(2.3) 

where dox is the oxide thickness. When V becomes positive, the MOS capacitor is entering 

the depletion mode and the capacitance due to the depletion layer need to be accounted 

for. This depletion capacitance Cd is in series with Cox, as shown in Figure 2.3(b), and the 

overall capacitance becomes [42] 

(2.4) 

and 

(2.5) 

(2.6) 

WSi and CPs are the width of the depletion region and surface potential of the Si substrate, 

respectively, and tSi is the Si dielectric constant. As V keeps increasing, the width of 

depletion layer increases, which in turn causes the overall capacitance C to decrease. When 

V :2: VT , an inversion layer forms beneath the oxide, the width of the depletion layer cannot 

be increased any further, and C reaches its minimum value, Cmin . 

When measuring the capacitance-voltage characteristics (C-V) of the MOS capacitor at 

very low frequency (e.g. 1 Hz), the capacitance at inversion will not stay at the minimum 

value. The capacitance will gradually increase when V > VT , and eventually rise to the 

maximum value, Cox. This is because at very low frequency, the gate bias is changing slowly 

by a small amount and a new equilibrium can be reached as the thermal generation and 

recombination of the carriers can response to the bias changes. A large number of electrons 

will appear right below the oxide, forming the bottom plate of the capacitor. Hence, the 

capacitance will go back to the maximum value Cox. At high frequency, the inversion 
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accumulation depletion inversion 

c 

... ,/ 
I 

I 

, 
I 
I 
I 
I , 

/ .... -------

low frequency 

, , , , 
I , , , 

high frequency 

Cmin= 
C C . ox dmln 

_
______ ....L.. __ -'--______ ... Cox+Cd . 

min 

v 

(a) 

10 

(b) 

Figure 2.3: (a) Ideal capacitance-voltage characteristics for a MOS capacitor, Cdmin is the depletion 

capacitance at maximum depletion width, (b) the model of the MOS capacitor. 

layer charges cannot keep up with the fast changing gate voltage due to the slow thermal 

generation and recombination rate. The only change of charges is provided by covering 

and uncovering the acceptors at the interface of substrate and depletion region [44, 45], 

which results in the solid line shown in Figure 2.3(a). 

2.2.2 Effect of Real Surfaces 

The effect of real surfaces can affect the C-V characteristic of a MOS capacitor and must 

be accounted for when determining the value of VT . Generally, the work function of the 

metal gate q<Pm is not equal to that of the Si substrate q<P s. Figure 2.4( a) illustrates the 

energy band diagram of a MOS capacitor with q<Pm < q<Ps. At equilibrium, both the 

Fermi level of the metal gate and the Si must align. This will result in a tilt in the energy 

band diagram, as shown in Figure 2.4(b). To obtain the fiat band condition as pictured 

in Figure 2.4( c), a negative gate voltage V, which is equal to the work function potential 

difference between the metal and semiconductor <Pms , must be applied. 



2.2 MOS Capacitor: Two Terminal MOS Device 

Vacuum level 

--t--- Ej 

----- Er 

M o s M o 

(a) (b) 

-------- Er 
Ey 

s M o 

(c) 

1----- Ej 

-------- Ef 

Ey 

s 
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Figure 2.4: Illustration of the effect of work function difference between the metal gate and the Si 

substrate, with qipm < qips: (a) The energy band diagram of a MOS capacitor before the materials come 

into contact, (b) The energy band diagram of the MOS capacitor at equilibrium, (c) The energy band 

diagram of the MOS capacitor when a negative gate voltage V is applied to achieve the fiat band condition. 

(a) (b) 
-

Q. 

+ 
Ec Ec 

+ -

Efm-~~r- Ej Ej + 
Erm----- -------- Ef + 

-------- Ef 
+ Ey Ey 

M 0 S M 0 S 

Figure 2.5: Illustration of the effect of oxide and interface charges on the energy band diagram of aMOS 

capacitor. (a) Qi is the oxide and interface charges per unit area, and is represented by a sheet of positive 

charge at the oxide/Si interface. An equivalent negative charge is induced in the Si substrate. (b) a gate 

voltage V is applied to achieved the fiat band condition. 
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Another real surface effect is the charges in the oxide as well as at the oxide/Si interface. 

These charges are associated with the defects created during the oxide fabrication process 

and are generally positive charges. Owing to that, an equivalent negative charge density 

is induced at the Si surface, as shown in Figure 2.5(a). To achieve fiat band condition, a 

gate voltage with a value of -Qi/Cox must be applied, where Qi is the oxide and interface 

charge per unit area of the MOS capacitor (see Figure 2.5(b)). 

To account for the effect of a real surface, the voltage required to achieve the fiat band 

condition of a MOS capacitor is [42] 

Qi Qi 
VFB = <:Pms - -C = <:Pm - <:Ps - -C 

ox ox 
(2.7) 

The fiat band condition must be achieved before the strong inversion is created in the MOS 

capacitor. From Equations 2.1 and 2.7, the threshold voltage becomes [42]: 

(2.8) 

The fiat-band voltage VFB can be determined by comparing the ideal and the measured C

V characteristic of the MOS capacitor, as shown in Figure 2.6. The oxide charge densities 

of the capacitors Qi can be obtained using Equation 2.7. The Fermi level of the Si substrate 

<:Ps can be determined from Figure 2.7: 

For n-Si, 

For p-Si 

,'F. Eg Ej - Ei 
'±' s = X + -2-q - ---=--q-- (2.9) 

(2.10) 

where X is the electron affinity of the Si, Eg is the bandgap of Si. E j - Ei and Ei - E j 

can be obtained using the following expressions [42]: 

(2.11) 

(2.12) 

where N D and N A are the doping concentration of the n-Si and p-Si, respectively, and ni 

is the intrinsic concentration of Si. 
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Figure 2.6: Comparison of the ideal and the measured C-V characteristic of a MOS capacitor. The device 

has a p-type Si substrate and positive Qi. The value of the flat band voltage VFB can be determined from 

the graph. 
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Figure 2.7: The energy band diagram of the MOS capacitors with (a) n-Si, (b) p-Si as substrate. Eg is 

the bandgap of Si. 
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2.3 MOSFET: Four Terminal MOS Device 

The cross-sectional view of an n-channel MOSFET (nMOSFET) is shown in Figure 2.8. 

It has a p-type substrate, with two heavily doped n+ regions, which form the source and 

drain of the device. The gate is on the top of the oxide (normally silicon dioxide) and the 

switching of the device is controlled by the gate bias. The discussion below is based on 

nMOSFET, but a similar idea is valid for p-channel MOSFETs (pMOSFET). 

p-Si 

substrate 

Figure 2.8: The cross-sectional view of a MOSFET. Land dox are the channel length and gate oxide 

thickness of the MOSFET, respectively. 

The source of the device is normally grounded, and a positive voltage is applied to the 

drain. Without the gate bias VG , there is no current flowing from drain to source. A 

positive VG greater than the threshold voltage is required to create the inversion layer, 

which will be the channel for current conduction. As shown in Figure 2.9(a), when a small 

drain bias VD is applied, a current will flow through the channel from the source to the 

drain and it will increase linearly with increasing VD . This is the linear region of the 

MOSFET current-voltage (I-V) characteristic. In this region, VD < < (VG - VT ) and the 

drain current ID can be expressed as [4J 

(2.13) 

where W is the channel width, L is the channel length, /-Ln is the electron mobility, and 

Cox = fox/ dox is the gate oxide capacitance per unit area. When VD is gradually increased, 

the depletion region under the drain increases. The width of the channel layer near the 

drain region will decrease, which in turn causes the channel resistance to increase. This 

leads to a slower current rate as shown in Figure 2.9(b). If VD continues to increase, the 

width of the channel at the drain end will continue to decrease and eventually become 
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zero, this is known as pinch-off. The drain voltage required to create pinch-off is known as 

VD sat . At this point, the drain current will reach its maximum value, I D sat . Any further 

increased in VD will only push t he pinch-off point nearer to t he source end , but will not 

increase the drain current, as illustrated in Figure 2.9( c) . This is t he saturation region of 

t he MOSFET I-V characterist ic and the drain current at saturation I Dsat can be expressed 

as [4] 

I ~ Wf.LnCox(Vt _ if,)2 
D sat 2L G T (2. 14) 

(a) 

depletion region 

substrate Vo 

10 
(b) 

losa' 

pinch off point region 
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(C) 

pinch off point depletion region 

substrate 
Vo 

Figure 2.9: The operation of a MOSFET under different biased condit ions:(a) small VD , (b) V D = VD sat 

and (c) V D > V Dsat . 
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Figure 2.10 shows the ID vs Vc characteristic of a MOSFET. The gate voltage swing 

required to increase the current by one decade is known as the subthreshold slope SVT [43]: 

SVT = dVc 
d(loglOID ) 

(2.15) 

SVT is determined from the maximum slope in the ID vs Vc curve, as illustrated in 

Figure 2.10. The VT of the MOSFET is defined as the Vc at the maximum subthreshold 

slope and can be determined from Figure 2.10. The lower the value of SVT, the smaller 

the gate voltage swing is required to switch the MOSFET on and off. As ID is dependent 

on the carrier concentration at the Si surface ns and ns = niexp(qcPs/kT) [42], it can be 

shown from Equation 2.15 that 

(2.16) 

The gate voltage Vc is the sum of the voltage across the oxide Vox and the surface potential 

of the Si substrate cPs: 
Q Q 

Vc = Vax + cPs = -C +-C 
ox d 

(2.17) 

where Q is the charge induced by Vc. Rearranging Equation 2.17, the following expression 

can be obtained 

(2.18) 

Using Equations 2.5, 2.6 and 2.18, SVT in Equation 2.16 becomes 

SVT ~ 0.06 (1 + ~:) (2.19) 

It can be seen from Equation 2.19 that the SVT of a MOSFET can never be lower than 

60 mY/dec. The value of SVT of a MOSFET is typically 70 rvl00 mY/dec [43]. 
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Figure 2.10: The ID vs Vc characteristics of a MOSFET. The substhreshold slope SVT and the threshold 

voltage VT of the MOSFET can be determined using this curve. 

2.4 Complementary MOS 

One of the major applications of MOSFETs is the implementation of complementary 

MOS (CMOS) in digital circuits. Figure 2.11 shows the most basic structure of a CMOS 

circuit: a CMOS inverter. It is a combination of an nMOSFET and a pMOSFET on 

the same substrate. The source of the pMOSFET is connected to the power supply Vdd , 

while the source of the nMOSFET is connected to t he ground terminal. The gates of both 

transistors are connected together and known as the input. The drain of both transistors 

are connected together to the output. This digital circuit is named an inverter because 

the output signal is always the inverted value of the input signal: when the gate signal 

is low, the pMOSFET is switched on and the nMOSFET is switched off. The output 

signal is equal to Vdd . When the gate signal is high, the pMOSFET is switched off and the 

nMOSFET is switched on, and the output is pulled-down to ground. Only one transistor 

is switched on in either condition. As the transistors are connected in series, there is no 

current flowing except the charging or discharging current during the switching process. 

It has zero standby power and very little power dissipation during switching. As a re

sult, CMOS circuits allow higher integration levels in very large scale integration (VLSI) 

applications [42 , 43]. 
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Figure 2.11: (a) Circuit of a CMOS inverter; (b) Schematic of a CMOS inverter. 

The implementation of complementary operation is one of the main problems with pro

posed new devices to replace the MOSFET. Some of the proposed devices cannot realise 

complementary operation. One example is the metal oxide tunnel transistor (MOTT) , 

since the carriers in this device are electrons coming from the metal source. Some of the 

proposed devices can realise complementary operation, but there are serious issues to be 

solved. The examples are Schottky barrier MOSFETs (SBMOSFETs) and carbon nan

otube field effect transistors (CNTFETs). For SBMOSFETs, a low metal work function is 

required to create a low Schottky barrier height for the n-FET. This presents a problem 

because n-FET silicide material is not readily available and rare earth material such as 

erbium (Er) is generally attempted for n-FET silicide material [29 , 32]. As for CNTFETs, 

the as-synthesized single-wall CNTFET is normally p-type. n-type CNTFETs can be fab

ricated using absorption doping [46, 47] or annealing [47]. However, the reproducibility, 

which is an important requirement in VLSI application, remains an issue in CNTFETs. 
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2.5 Short Channel Effects 

In the previous section, the MOSFET is considered to have a sufficiently long channel so 

that the edge effect of the channel could be neglected. In the long channel model, the field 

pattern in the device is assumed to be one dimensional (y-direction in Figure 2.8), and 

there is no potential drop or band bending across the inversion layer. As the feature sizes of 

a MOSFET are reduced, the channel becomes shorter and thus the field lines along the x

direction should also be considered. This will result in some phenomena which can degrade 

the performance of the MOSFET. These phenomena are known as short channel effects. 

Some typical short channel effects are drain induced barrier lowering (DIBL), hot carrier 

effects, dopant fluctuation, velocity saturation, and channel length modulation [4, 42-44]: 

(a) Drain Induced Barrier Lowering 

In the short channel model, when the drain to source voltage VDS is small, the channel 

depletion width is assumed to be constant. However, when VDS is increased, the depletion 

width at the drain end becomes larger due to strong reverse bias at the drain pn junction. 

Owing to that, some charges in the depletion layer are controlled by the drain voltage 

instead of the gate voltage, which leads to a reduction in the threshold voltage. In addition, 

the drain depletion region will move towards the source depletion region, and more electric 

field will penetrate from drain to source, causing a lowering in potential barrier for the 

electrons in the source. As a result, more electrons in the source can be injected into the 

drain. Punch-through will occur when there is a large drain current flowing to the source 

even though the gate voltage is below the threshold voltage. 

(b) Hot Carrier Effect 

At short channel length, the electric field from drain to source is high. The electrons in the 

source region will gain high kinetic energy and cause impact ionization: these hot carriers 

have high energy and can break the lattice bond to create more electron-hole pairs. Some 

electrons can be absorbed by the drain, and cause a rise in drain current. Some electrons 

will be absorbed by the substrate and generate unwanted substrate current and may give 

rise to a parasitic transistor that leads to drain to source breakdown [4]. The hot carriers 

can also be injected into the gate and give rise to gate current. Besides, some of the hot 

carriers can be trapped in the oxide, and change the fixed oxide charge. The latter can 

pose a reliability problem to the device. 
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(c) Dopant Fluctuation 

When the channel length and the oxide thickness of a MOSFET are being scaled down, 

the effect of the statistical fluctuation of dopant number in the channel depletion layer will 

become prominent [48,49]. This dopant fluctuation is caused by the random fluctuation of 

incidental ion number in the p-well or the n-well formation and the random diffusion process 

of each ion. Dopant fluctuation will result in threshold voltage variation (see Equations 2.1 

and 2.2 for the relationship between threshold voltage VT and doping concentration NA)' 

This will be a problem for the chip design because it is critical that VT can be reproduced 

from one transistor to another on a chip. 

(d) Velocity Saturation 

As the devices are reduced in size, the saturation of drain current will occur at lower volt

age due to velocity saturation. This is because at shorter channel length, the longitudinal 

electric field (Ex, along the channel) is becoming more significant. As a result, the drift 

velocity will reach saturation at lower voltage. The saturation occurs near the mean ther

mal velocity of the carriers (rv 107cm/s), where additional energy supplied by the field is 

transferred to the lattice instead of increasing the carrier velocity [42]. Due to this velocity 

saturation effect, the drain current in saturation is no longer following the square law as 

shown in Equation 2.14. Instead, it varies linearly with Vc - VT and is independent of the 

channel length L [43, 44]: 

(2.20) 

where W is the channel width, and Vsat is the saturation velocity. 

(e) Channel Length Modulation 

When the drain to source voltage VDS increases beyond the saturation voltage VDsat , the 

pinch-off point will move towards the source. This is illustrated in Figure 2.12. l:lL is 

known as the channel length modulation by drain voltage. In this region, the carriers will 

be injected from the surface channel and travel towards the drain junction with satura

tion velocity. For the region between source and the pinch-off point, the one-dimensional 

MOSFET model is still valid. Hence, the device acts as if its channel length is shortened 

by l:lL. As a result, the drain current will be increased by a factor of (1 - l:lL/ L)-l [43]: 

I I Dsat 

D = 1- (l:lL/L) 
(2.21) 
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Figure 2.12: The schematic diagram of channel length modulation. 
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The vertical MOSFET is a variant of the planar MOSFET which takes advantage of its 

geometrical structure [18- 25]. The vertically grown structure will allow better control on 

the channel length and increase the channel width per transistor area and packing density. 

Various type of vertical MOSFET structures have been proposed and fabricated. The 

fabrication methods, advantages and disadvantages of each type of vertical MOSFET are 

discussed briefly in t his section. 

(a) Etched Pillar or Trench Structure 

The etched pillar or trench structure (surround gate transistor) was first proposed by 

Takato et al. [27, 50]. The device schematic is shown in t he Figure 2. 13. The channel is 

along t he sidewall of the etched pillar, and the gate length is defined by the t imed-etched 

of a polysilicon spacer. The pillar height is the device parameter that determines the 

gate length. The source and drain regions are self-aligned to the gate and are formed by 

ion implantation. In addition to the advantages mentioned above , surround gate transis

tor (SGT) also allows better control of short-channel effects, ideal subthreshold slope and 

reduced substrate sensitivity in fully depleted operation [27, 50- 52]. 
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Figure 2.13: Schematic of the etched pillar or trench structure (after Takato et al. [27]) . 
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Figure 2.14: Fabrication process of the etched pillar or trench structure (after Takato et al. [27]). 

The fabrication process of SGT is shown in Figure 2.14. First , t he channel region is 

formed by ion implantation and subsequent diffusion. Then, vert ical pillars are formed 

by lithography and anisotropic dry et ch , followed by a sacrificial gate oxidation to remove 

etch damage on the vertical surface. After that , a thin layer of gate oxide is grown on 

the surface. Heavily doped polysilicon is then deposited and etched off by a reactive ion 

etching technique. Then, self-aligned source and drain are formed by ion implantation. 

Finally, the contact holes are formed , followed by t he aluminium metallization. 

One of the main disadvantages of this structure is the difficulty in gate length control, 

as the gate length is determined by a timed etch in t he process. Thus, it is not easy to 

fabricate gate length of sub 0.1 /-Lm by t imed etch. It is also quite difficult t o control a low 
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series resistance on t he drain contact if the pillar is made very thin. In addit ion, it is not 

easy to make a contact to the gate. Furt hermore, the overlap capacitances are consistently 

larger than those of t he comparable lateral transistors [19]. 

(b) Vertical MOSFETs with Fillet Local Oxidation (FILOX) Process 

The vertical MOSFETs with fillet local oxidation (FILOX) is similar to the etched pillar or 

trench structure [18, 19, 26]. Figure 2.15 compares the schematics of the vertical MOSFET 

with and without FILOX. It can be seen from Figure 2.15(a) that t he gate to the top and 

to the bottom electrode overlap capacitance is huge due to the thin gate oxide. With 

the implementation of FILOX as shown in Figure 2.15(b), the oxide thickness between 

the gate track and the top and the bottom electrode increases. Therefore, the parasitic 

overlap capacitances are reduced significantly, and the device can be operated at higher 

frequency. In addition, the gate to the source and drain leakage current will be reduced 

due to FILOX. 

bottom d~ctrod~ 
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Figure 2.15: Schematics of the Vertical MOSFETs: (a) without FILOX process , (b)with FILOX pro

cess (after Gili et al. [19]) . 

Figure 2.16 shows t he fabrication principle of the vertical MOSFETs with FILOX process. 

First , the vertical pillar is formed by etching. A thin layer of stress relief oxide is grown over 

the structure, followed by the deposition of a nitride layer. The nitride and the stress relief 

oxide on the horizontal plane are then removed by anisotropic etching. The layers only 

remain on the sidewall, which will serve as a protection layer for the vertical channel area. 

After that, a layer of oxide (FILOX) is grown over the exposed area by local oxidation. 
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This is followed by t he removal of t he nit ride and t he oxide on the sidewall by wet etching 

and the growth of the thin gate oxide on the sidewall. The major challenges in t his design 

are the controllability and reproducibility of t he FILOX oxidation. 

(a) 

(b) 

(c) 

(d) 

Figure 2.16: Fabrication principle of the Vertical MOSFET with FILOX process (after Gili et al. [19 ]) . 

(c) Molecular Beam Epitaxial (MBE) Growth Structure 

Vertical MOSFET structures can be fabricated by using molecular beam epitaxial (MBE) 

techniques to grow the source, drain and channel of t he device [20, 22, 53, 54]. The 

mesa structure is formed by dry etch. A schematic of the device is shown in Figure 2.17. 

The main advantage of this structure is that the channel is determined by the thickness 

of the epitaxial layer [53] . The device structure also allows very abrupt change in the 

doping, as the doping profile is formed by in-situ doping during the MBE growth of the 

channel [20, 54]. 

The process sequence of MBE growth structure is shown in Figure 2.18. The device is 

prepared by MBE growth of the source, channel and drain. After the mesa is etched, the 

gate oxide is grown on the vertical surface, followed by deposition of a polysilicon layer. 

The gate electrode is formed and passivation is performed on the device. Finally, contact 

holes are defined and the device fabrication is completed by metallization. 



2.6 Vertical MOSFETs 

source 

Figure 2.17: Schematic of the MBE growth structure (after Kaesen et al. [22]) . 
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Figure 2.18: Fabrication process of the MBE growth structure (after Fink et al. [54]). 
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The drawback of this type of device is that there is a significant punch through path along 

the center of the structure. This could be prevented by using a high channel doping. 

However , this solution will result in a device with very high threshold voltage at shorter 

channel length [20, 22] . Large overlap capacitance between the substrate and gate is also 

a significant problem for this structure. This will degrade the performance of the device 

at high frequency. 

(d) Selective Epitaxial Grown (SEG) Vertical Structure 

The schematic of the selective epitaxial grown (SEG) vertical structure is shown in Fig

ure 2. 19(e) . The channel length in the structure is defined by the SEG technique [55- 57]. 

The key feature of t he SEG structure is that it has reduced gate to source and gate to 

drain overlap capacitances, which allows high speed applications. 
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Figure 2.19: Fabrication process of the SEG grown structure(after Moers et al. [56]) . 

The fabrication process of the SEG structure is shown in Figure 2.19. First , layers 

of Si02/polysilicon/Si02 are deposited on the substrate. Package holes are etched by 

anisotropic reactive ion etching (RIE) to define the active transistor area. Gate oxide 

is then deposited by plasma enhanced chemistry vapour deposition (PECVD), followed 

by deposition of a gate oxide protective layer: silicon nitride. The gate oxide and the 

protective layer in the horizontal area is removed by anisotropic RIE, and the protect ive 

layer in the vertical wall is selectively removed to the gate oxide by wet chemical etching 

step in phosphoric acid (H3P04 ). Then, the source and t he drain region and the channel 

is formed by selective epitaxy performed by cold wall low pressure chemical vapour de

position (LPCVD). The upper oxide and polysilicon outside the transistor structure are 

removed by anisotropic RIE etching. Finally, contacts holes are defined , and the device is 
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completed after aluminium metallization. The main problem in SEG vertical MOSFET is 

the loss of source drain symmetry due to the channel to gate misalignment, which results 

in reduced transconductance [56J. 

2.7 Conclusion 

The theory and operation of MOSFETs have been discussed in this chapter. Vertical MOS

FETs have been introduced and different types of vertical MOSFETs have been described. 

By using a vertical architecture, the channel length can be better controlled and the pack

ing density can be further increased. The scalability of MOSFETs has been a strong 

drive in the semiconductor industry. However, the short channel effects are increasingly 

significant as the features size of MOSFETs continue to scale down. This will affect the 

performance of MOSFETs. At one stage, the short channel effects will be overwhelming 

and the scaling of MOSFETs will fail. Although various methods have been used to reduce 

the short channel effects, these approaches can only extend the scalability of MOSFETs 

for a limited period. Eventually, a new type of device, with a new principle of operation, 

is required to replace MOSFETs in the future. 



Chapter 3 

Metal Oxide Tunneling Transistor 

3.1 Introduction 

As mentioned in previous chapters, the scaling of MOSFETs will reach its fundamental 

limitation due to short channel effects and quantum mechanical tunneling. It is thus 

important to research new types of switching logic devices so that MOSFETs can be 

replaced when the scaling fails . Many switching logic devices have been proposed of which 

the metal oxide tunneling transistor (MOTT) is one [34-41] . It was proposed in 1996 by 

Fujimaru et al. [36]. A schematic view of the MOTT is shown in Figure 3.l. The source, 

drain and gate are metals. The metal oxide in between the source and drain is the body of 

the transistor, which acts as the tunnel barrier . The principle of operation of the MOTT 

depends on the tunneling probability of electrons from the source to the drain through the 

tunnel barrier. This tunneling probability is modulated by the gate bias through the gate 

oxide, which is a high-k dielectric material. 

Gate 
Gate Oxide 

WI 

Source Tunnel Barrier Drain 

Figure 3.1: Schematic of the MOTT structure, dt and Wt are the thickness and width of the tunnel 

barrier, respectively. 

28 
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This chapter is a review of the MOTT. The principle of operation of the MOTT is explained, 

followed by an explanation of the advantages offered by the MOTT. After that, the design 

aspect and the experimental results of the MOTT are discussed. The fundamental problems 

in the MOTT are identified, and the approaches to improve the performance of the MOTT 

are suggested. 

3.2 Principle of Operation of the MOTT 

The current through the tunnel barrier is governed by Fowler Nordheim (F-N) tunneling 

modulated by the gate bias. As shown in Figure 3.2(a), F-N tunneling is the tunneling 

of electrons from the Fermi level of the electrode through the triangular barrier into the 

conduction band of the insulator [58-60]. The F-N tunneling current density JFN can be 

expressed as [60]: 

q3 E2 (-87fV2m*ma(q<P B )3) 
JFN = exp 

87fhm*q<P B 3qhE 
(3.1) 

where q is the electron charge, ma is the electron rest mass, m* is the tunneling effective 

mass of the electron in the tunnel barrier, h is the Planck constant, E is the electric field 

across the tunnel barrier, and <P B is the barrier height with respect to the metal. It could 

be seen from Equation 3.1 that JFN is exponentially dependent on <PB and E. In order to 

obtain a large F-N tunneling current, the tunnel barrier must have a low <PB and be thin 

enough for the drain bias to create a large electric field E across it. 

Figure 3.2(a) shows a Metal-Oxide-Metal (MOM) energy band diagram without the effect 

of a gate electrode. When a positive drain bias VD is applied, the effective potential 

thickness will decrease. Therefore, some electrons will be able to tunnel through the 

triangular barrier to the conduction band of the tunnel barrier. If a gate electrode is 

included in the structure, the potential profile of the tunnel barrier near the gate oxide and 

tunnel barrier interface can be modulated by the gate bias Vc. For positive Vc , the effective 

potential barrier will decrease further, as illustrated in Figure 3.2(b). More electrons will be 

able to tunnel to the conduction band of the tunnel barrier, and the F-N tunneling current 

will increase tremendously. Thus, the transistor is switched ON . For zero or negative Vc , 

the effective potential barrier will increase as shown in Figure 3.2(c). Few electrons will 
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be able to travel across the barrier, and the tunneling current is very low. Hence, the 

transistor is in the OFF state. 
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Figure 3.2: Energy band diagram of the MOTT: (a) with drain bias only (without gate bias), (b) with 

drain bias and positive gate bias, (c) with drain bias and zero or negative gate bias. 

3.3 Carrier Thansport Mode in the MOTT 

For positive gate bias Ve , the MaTT is in the conduction mode. Rendell et al. [40J showed 

that there are three type of carrier transport modes in the MaTT. These carrier transport 

modes define the current-voltage characteristics of the MaTT, which is similar to those of 

the conventional semiconductor transistors [40J: 

6~--------' 

EF 
5 

> 
~ 

:E 
> 

4 

3L----L--...l-----l 

o 10 20 30 

x (nm) 

Figure 3.3: The potential barrier profiles near the gate oxide/tunnel barrier interface for different drain 

bias at positive gate bias [40j. 



3.4 Advantages of the MOTT 31 

(a) Shifting Double Barrier (SDB) 

Shifting double barrier (SDB) is the transport mode occurs at a very low positive Vo , with 

a very small drain bias VD (e.g. 0.05 V). In Figure 3.3, when a small VD is applied to the 

device, the peak of the right barrier will be lowered, causing an asymmetrical double barrier 

in the potential well formed by the positive Vo. This is characterised by a rapid increase 

in the source-drain current, which varies linearly with VD . In this mode of operation, the 

increase in the net tunneling current is the cause for the increase in the terminal current. 

(b) Onset of the Single-Barrier Tunneling (OSBT) 

Further increases in VD will lead the device to go into the onset of the single-barrier 

tunneling (OSBT) mode. In this mode, the rate of increment of source-drain current 

decreases with increasing VD . This is where the knee point of I-V characteristics is defined. 

Also, this is where the single-barrier tunneling becomes the dominant transport mechanism. 

(c) Single-Barrier Tunneling (SBT) 

At higher VD , single barrier tunneling becomes the only carrier transport mode in the de

vice. This is where the device exhibits saturation current, which is similar to the saturation 

regions in normal MOSFETs. The saturation is due to the resistance of the tunnel barrier, 

which will limit the current flow. In addition, after tunneling through the triangular bar

rier of the tunnel barrier, the electrons must travel through a low or negative electric field 

region of the amorphous tunnel barrier before reaching the drain electrode [38]. Charge

trapping effects and low electron mobility in that region will result in the build up of space 

charge in the tunnel barrier, which will limit the current flow. 

3.4 Advantages of the MOTT 

The MOTT offers many advantages that make it a potential candidate to replace conven

tional MOSFETs [34-41]: 

(a) The transistor is non-crystalline 

The MOTT can be fabricated with non-crystalline material. This allows arbitrary choice 

of substrates and possibility of development of multiple level circuits. These could be 

used for highly interconnected devices (e.g. neural network circuits) and for reducing the 

interconnect delays in ultra-high density integrated circuits. 
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(b) Small transistor active area 

The size of the device can be minimised to nano-scale (about 15 nm). The metallic source 

and drain allow small contacts. In addition, the carriers are confined by the Schottky 

barrier formed between the silicon substrate and the metal electrodes [31, 38J. This will 

provide a built-in isolation between devices. Thus, the MOTT does not require large area 

for isolation. 

(c) High speed performance 

The source and drain of the MOTT are metallic and allows direct connection to the signal 

line. There will be no contact resistance between the source and drain and the signal line. 

Hence, the effective parasitic resistance is reduced and the RC charging times due to the 

parasitic components will be reduced. In addition, the drain current of the MOTT is due 

to the tunneling phenomena, which itself is a high speed process. Therefore, device speed 

in terms of pico-seconds can be achieved. 

(d) Suppression of short channel effects 

Short channel effects in the MOTT are suppressed because no minority carriers are involved 

in the current conduction. The current is contributed by the tunneling electrons. The 

operation of the MOTT only depends on its channel length. It is not influenced by the 

random location of dopant atoms in the channel, source and drain, which will create a 

fluctuation in threshold voltage of the MOSFETs. 

(e) Similar operating characteristics as MOSFETs 

There is no need for new circuit architecture to implement the MOTT, because it has 

similar operating characteristics as MOSFETs. Also, the cost of manufacturing is believed 

to be cheaper than MOSFETs due to the simpler device fabrication, as there is no PN 

junction formation during the process. 

3.5 Design Aspect 

In order to design a good device, the parameters that affect the performance of the device 

must be well understood so that the performance of the device can be optimised. The 

control of the gate over the source-drain F-N tunneling current is a major factor in the 

performance of the MOTT. It depends largely on the design and fabrication of a highly 
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efficient tunnel barrier and gate oxide. 

(a) Tunnel Barrier 

According to Equation 3.1, the F-N tunneling current is strongly suppressed with increases 

in the barrier height 1> B of the tunnel barrier. Therefore, 1> B should be carefully chosen 

to ensure a good device performance. For tunnel barrier with a low barrier height, the 

F-N tunneling current will be large, but Schottky emission is also likely to occur at room 

temperature. Schottky emission is the current transport mechanism caused by electrons 

overcoming the metal/oxide barrier at high temperature [4]. If the barrier height is high, 

Schottky emission can be effectively suppressed. However, a higher drain bias will be 

required to bring down the conduction band of the tunnel barrier for F-N tunneling to 

occur. This is undesirable because the drain bias for current CMOS technologies is typically 

1 V [2]. Hence, it is important to choose a material with suitable barrier height. 

(b) Gate Oxide 

The thicker the gate oxide, the weaker the influence of gate field at the tunnel barrier [36]. 

As a result, the on state current will drop when the thickness of the gate oxide increases. 

Thus, a thinner gate oxide is required for a better transistor action. The simulation results 

by Rendell et al. [40] also showed that higher transconductance could be obtained from 

thinner gate oxide as the gate electric field can modulate the tunneling current effectively. 

The principles behind the scaling of the gate oxide are identical to those in MOSFETs. 

Also, the potential barrier between the gate electrode and both the source and drain 

electrode must be large enough to prevent gate leakage current to the source and drain 

electrodes. It has been shown that leakage current would be negligible if the gate barrier 

is greater than 2 e V [36]. 

( c) Dielectric Constant of the Tunnel Barrier and Gate Oxide 

Ideally, the dielectric constant of the gate oxide Eg should be greater than the dielectric 

constant of the tunnel barrier Et so that the gate bias could efficiently modulate the potential 

profile and control the F-N tunneling current. However, it is a general trend that the 

dielectric constant increases with a decrease in the barrier height of the oxide [5]. The device 

should be designed with a tunnel barrier with low barrier to allow large F-N tunneling 

current and a high barrier gate oxide to reduce the gate leakage current to source and 

drain. Eg might be greater than Et in this case, and the gate bias would not be able 
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to modulate F-N tunneling current efficiently. Therefore, these two parameters must be 

considered carefully to optimise the performance of the MOTT. 

3.6 Previous Experiments Result 

The experimental results of the MOTT have been reported by two groups: t he group of 

Fujimaru at Japan Advanced Institute of Science and Technology (JAIST) [34- 37] and the 

group of Snow at Naval Research Laboratory in USA [38- 41]. Their results are discussed 

in this section. 

(a) Results of Fujimaru Group 

A schematic of the device design of the Fujimaru group is shown in Figure 3.4(a) [35 , 36]. 

Titanium oxide and silicon nitride were chosen as the tunnel barrier and the gate oxide, 

respectively. The tunnel barrier was grown laterally by anodic oxidation at t he sidewall of 

a titanium film. The device dimensions used in t he simulation are shown in Figure 3.4(a). 

In the simulation, t he potential barrier height <I> B between the tunnel barrier and metal 

electrodes was assumed to be 0.6 V, and t he dielectric constants for the tunnel barrier and 

the gate oxide were assumed to be 5 and 3.9, respectively [35] . The simulation result in 

Figure 3.4(b) shows that for gate voltage between 0 to 2 V, the drain current will be in 

the range from 10-11 to 10-6 A [35]. 

Vds = 2.0 V 

Width direction 10-6 
¢>B = 0.6 eV 

Substrate 10-10 

Tunnel insulator 
o 1 2 

Vg (V) 

(a) (b) 

Figure 3.4: (a) Schematic of the MOTT structure designed by Fujimaru et al. [35]. (b) Simulated I-V 

characteristic of the MOTT design as shown in (a) (after Fujimaru et al. [35]) . 
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Figure 3.5(a) and (b) show the I-V characteristics of the MOTT with different gate oxide 

thicknesses, fabricated by Fujimaru group. Transistor behaviour is reported at 90 K, but 

not at room temperature due to huge off-state current. One of the reasons that the device 

could not function properly at room temperature is due to the barrier height of the tunnel 

barrier. The barrier height was found to be 0.3 V [34, 35], that was only half of the expected 

value. The authors believed that if a barrier height of 0.6 V could be fabricated, then , 

the tunnel barrier would be effective in suppressing the Schottky current , and the device 

should be able to operate at room temperature [34] . Meanwhile, the gate oxide thickness of 

t he M OTT can affect the I-V characteristics significantly. As shown in Figure 3.5 ( a) , the 

MOTT with 38 nm gate oxide thickness exhibit poor on/off ratio. However, the MOTT 

with 10 nm gate oxide thickness gives an on/ off ratio of five orders of magnitude, as shown 

in Figure 3.5 (b) . Therefore, the thickness of the gate oxide should be carefully controlled 

during the fabrication process. 

[X10-9 ] Vds =0.5 V 3".----.-.--.-----,----:.=r---=-=-=,=, 
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-4 ·2 0 2 
V 9 (V) 

(b) 

Figure 3.5: Experimental I-V characteristics of the MOTT at 90 K as designed by Fujimaru group: (a) 

gate oxide thickness=38nm [35], (b) gate oxide thickness=lOnm [34] . 
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(b) Results of Snow Group 

A different device design for the MOTT was used by Snow et al. [38, 41], as shown in 

Figure 3.6. The tunnel barrier is fabricated using conducting tip atomic force micro

scope (AFM). Niobium oxide and aluminium oxide were used as the tunnel barrier and 

gate oxide, respectively. The aluminium oxide was chosen for the gate oxide because it 

has a high dielectric constant of approximately 10 and a large potential barrier of 2 V. 

However, there is one drawback in the device structure: a large parasitic gate capacitance 

is produced by the large buried gate metal finger. This is because the gate metal was 

defined by the optical photolithography, and that had resulted in a gate metal larger than 

the 40 nm tunnel barrier width. This leads to poor high frequency performance in the 

device operation. The group also used titanium oxide for the tunnel barrier in another 

experiment [41]. 

(a) NbOx; Tunnel Barrier 

(b) 

Figure 3.6: (a) Schematic of the MOTT structure designed by Snow et al. [38], (b)A 2J.lm x 2J.lm AFM 

image of the tunnel junction region [38]. 
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Figure 3.7 shows that the fabricated device (as shown in Figure 3.6) exhibits transistor 

behaviour at room temperature. However, it is still not efficient due to low on-state current. 

The group claimed that the performance of the device is limited by the transport properties 

of the amorphous oxide tunnel barrier. After tunneling through the barrier, the electron 

must travel across a low electric field region in the amorphous oxide layer. The charge

trapping effects and low electron-mobility will cause a buildup of space charge in the tunnel 

barrier, which will then limit the current flow. Therefore, further research is needed in 

order to improve the electron transport properties of amorphous oxide tunnel barrier. The 

authors have pointed out that large electron mobilities are shown in crystalline transition 

metal oxide at room temperature, and recent research had shown that the transition metal 

oxide could be crystallized by thermal annealing [38]. Therefore, crystallization on the 

metal oxide may improve the transport properties of the amorphous oxide tunnel junction. 
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Figure 3.7: Experimental I-V characteristics of MOTT designed by Snow et al. [38] at room temperature. 
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3.7 Conclusion 

The MOTT is a nanometer switching device with the conduction current controlled by 

the gate bias. The operating characteristics of the MOTT are similar to the MOSFET. 

The device performance is largely dependent on the properties of the transistor body, the 

tunnel barrier. The barrier height of the tunnel barrier relative to the metal electrode 

determines the magnitude of the MOTT conduction current, as F-N tunneling current 

is exponentially dependent on the barrier height. The advantages offered by the MOTT 

include non-crystalline device structure, suppression of short channel effects, high speed 

operation and small device active area. 

The fabrication of the MOTT had been investigated by two different groups. The MOTT 

fabricated by the group of Fujimaru could only operate at low temperature, e.g. 90 K. 

At room temperature, the transistor cannot operate properly due to huge leakage current. 

Although the device fabricated by the group of Snow could exhibit transistor behaviour 

at room temperature, its onloff ratio is not good enough. Hence, it is very important 

to suppress the leakage current at room temperature. From Equation 3.1, it should be 

noted that F-N tunneling current is independent of the temperature. If the temperature 

dependent Schottky emission current can be reduced significantly, then the device should 

be able to show good transistor behaviour at room temperature. Moreover, a tunnel 

barrier fabricated by conducting tip AFM has problems in scalability and is not suitable 

for industry. It is essential to fabricate a scalable device that is industrially acceptable. 

Furthermore, due to the metal source, the MOTT can only exhibit electron F-N tunneling, 

which makes it impossible to realise complementary operation as in CMOS. In order to 

address the above stated issues, a new device design based on the MOTT design has been 

proposed and a suitable fabrication process has been investigated for the tunnel barrier in 

the following chapters. 



Chapter 4 

Vertical Metal Insulator 

Semiconductor Tunnel Transistor 

4.1 Introduction 

The vertical metal insulator semiconductor tunnel transistor (VMISTT) is a modified ver

sion of the MOTT. It is proposed to address the performance and fabrication issues in the 

MOTT. A schematic view of the VMISTT structure is shown in Figure 4.1. In this design, 

an oxide channel is sandwiched between the source and drain. The source/channel/drain 

columnar structure is fully surrounded by the gate oxide, covered by the gate metal. The 

principle of operation of a VMISTT is similar to that of a MOTT. However, it is different 

in two important aspects from the MOTT. First, by replacing the source by doped (single 

or poly crystalline) silicon and choosing an appropriate tunnel barrier and metal drain, it 

is possible to make both n-type and p-type devices for the complementary operations in 

the VMISTT, as will be discussed in more detail later in this chapter. 

Secondly, the VMISTT has a vertical lay-out, which allows the metal oxide to be grown 

by controllable, scalable methods, such as evaporation or sputtering of a metal followed 

by thermal or plasma oxidation. This will lead to a better controlled oxide layer [39] and 

hence a strongly reduced leakage current as compared to the lateral MOTT. The thickness 

of tunnel barrier could be well defined to a precision of a single monolayer, unlike in 

conventional MOSFETs, which lateral features are defined lithographically. This will help 

to reduce the leakage current and hence enhance the performance of the VMISTT. 

39 
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Figure 4.1: Cross-sectional view of the schematic diagram of a VMISTT. 
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It has been observed that double gate MOSFETs and vertical MOSFETs have more efficient 

gate control than their single gate counterparts [17, 27]. With a vertical structure, the gate 

electric field will be able to modulate the circumference region of the tunnel barrier, as can 

be seen in Figure 4.2(a). The inner region of the tunnel barrier will remain unmodulated, 

as the gate electric field cannot penetrate into this region. If an efficient tunnel barrier 

is fabricated such that other current transport mechanisms are suppressed, then the main 

leakage current will be the non-modulated F-N tunneling current. As a result, it is very 

important to have a small tunneling area to reduce the non-modulated F-N tunneling 

current. In Figure 4.2(b), with a smaller tunneling area, the gate-modulated F-N tunneling 

current will be the dominant current in the device. By advances in photolithography, the 

vertical design will allow the decrease in the tunneling area. The gate electric field will 

be able to modulate the whole tunnel barrier and possibly lead to complete gate control, 

which will result in an operation similar to a fully-depleted MOSFET, as illustrated in 

Figure 4.2( c). Therefore, it is believed that the proposed VMISTT will result in better 

performance at room temperature, as the surround gate structure will allow more efficient 

gate control than its single-gate counterparts [27]. 

Subsequent processing of the VMISTT can continue along the same lines as those for ver

tical MOSFETs, with the gate oxide replaced by a high-k dielectric [15, 19, 61]. There are 

intensive investigations underway on suitable high-k dielectrics in replacing Si02 as the 

gate oxide in conventional MOSFETs [5]. High-k dielectrics can achieve a smaller equiva-
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(c) 

Figure 4.2: Schematics of the influence of the gate bias Vc on the VMISTT with different cross-sectional 

area: (a) the circumference of the columnar structure is modulated by Vc, the non gate-modulated region 

will contribute the non-modulated F-N tunneling current , (b) the non gate-modulated region decreases 

as the diameter of the columnar structure decreases , the magnitude of t he non-modulated F-N tunneling 

current will decrease as well, (c) the diameter of the columnar structure is reduced such that Vc can 

effectively modulate all the region in the structure. 

lent oxide thickness (EOT) than Si02 with a thicker physical t hickness, which will result 

in a better gate modulation on the channel. These advantages are also applicable to the 

VMISTT. Gate oxide with higher dielectric constant t han t hat of the tunnel barrier can 

enhance gate electric field penetration in the tunnel barrier, and hence allow better mod

ulation of the tunnel barrier potential profile. Problems associated with electron mobility 

are not relevant to the VMISTT, easing the requirements for the high-k dielectric. 

The structure and design aspects of the proposed VMISTT are discussed in this chapter, 

followed by studies on the effect of variation in the device parameters on the VMISTT 

performance. The results will include analytical solut ions and simulations using the device 

simulation package ATLAS from SILVACO . The challenges in fabrication of t he device are 

identified, and t he problems related to the design of the VMISTT are addressed. 
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4.2 Principle of Operation of VMISTT 

The principle of operation of the VMISTT is similar to that of the MOTT. It uses the 

gate modulation of F-N tunneling current from charge carriers in the source terminal of 

the transistor. One of the main difference between the MOTT and the VMISTT is that 

the metallic source in the MOTT is replaced by doped Si in the VMISTT. Therefore, the 

VMISTT can realise electrons and holes F -N tunneling through the selection of the Si 

source whilst the MOTT can only allow F-N tunneling of electrons to occur during the 

transistor operation. This feature of the MOTT makes it unable to perform complementary 

operations as in CMOS. However, as shown in Figure 4.3, a p-type VMISTT (p-VMISTT) 

can be realised by using a p-type Si (p-Si) for gate modulated hole F-N tunneling, and an 

n-type VMISTT (n-VMISTT) by using an n-type Si (n-Si) for gate modulated electron 

F-N tunneling. This feature of the VMISTT makes it possible to realise complementary 

operations as in CMOS. 
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e 

Figure 4.3: Schematic energy band diagrams of MOS capacitor with: (a) p-Si substrate at zero and 

positive substrate biases, (b) n-Si substrate at zero and negative substrate biases. e and h are the electrons 

and holes in the Si, respectively. 

As the source is responsible for the supply of electrons or holes, it is essential to ensure 

that charge carriers tunnel only from the semiconductor to the drain electrode through 

the oxide channel and not from the metal drain to the semiconductor. This is possible 
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when metals with appropriate work function are selected for the drain terminal. The band 

diagrams in Figure 4.3 illustrate the situation. For ap-VMISTT in Figure 4.3(a), the holes 

tunnel from the p-Si through the triangular barrier at increased negative drain bias. A 

high work function of the drain metal ensures that the barrier for the electrons from the 

drain to the p-Si is large so that the electron current is minimized. In this case, platinum 

Pt is a suitable candidate for the metal drain in the p-VMISTT. It has a relatively high 

metal work function, which is 5.6 eV [4]. On the other hand, for an n-VMISTT shown 

in Figure 4.3(b), a low value of the metal work function ensures the electron tunneling 

from the n-Si to the metal drain and suppresses the hole current in the opposite direction. 

Therefore, aluminium Al with its relatively low work function of 4.1 eV [4] is a suitable 

candidate for the metal drain in the n-VMISTT. 

p-VMISTT n-VMISTT 
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F 
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p-VMISTT n-VMISTT 

Ec 
...... E 

F 

Metal oxide p-Si Metal oxide n-Si 

(b) 

Figure 4.4: Schematic energy band diagrams of the complementary operations of VMISTT for (a) zero 

or negative gate bias (b) positive gate bias. 

With the application of the gate bias, the complementary operations can be realised with 

the p-VMISTT and the n-VMISTT. As shown in Figure 4.4(a), at zero or negative gate 

bias, the F-N tunneling in the p-VMISTT will be enhanced, while the F-N tunneling in the 

n-VMISTT will be suppressed. On the other hand, Figure 4.4(b) shows that at positive gate 

bias, the F -N tunneling in the n-VMISTT will be enhanced, and the F -N tunneling in the 

p-VMISTT will be suppressed. This is similar to the operation of a CMOS inverter (refer 

to Section 2.4). 
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4.3 Simulation Method 

To study t he characterist ics and performance of t he VMISTT, t he SILVACO device simu

lator ATLAS is used to simulate t he t unnel barrier potent ial profile and the I-V character

istics of the VMISTT. ATLAS is a physically-based device simulator [62] . The user need to 

specify the physical structure and models of the device, as well as t he bias condit ions. The 

physical structure is divided into segments. Using a set of different ial equations derived 

from Maxwell Equations , ATLAS can predict the electrical characteristics of the device on 

each segment, based on the models and t he bias condition, and is hence able to simulate 

the electrical performance of the device [62] . 

Figure 4.5 shows the device structure used for the simulations of an n-VMISTT. For the 

ease of calculation , a two dimensional vertical device structure is considered. Based on t he 

discussion in Chapter 3, a typical set of device parameters was selected for t he VMISTT 

simulations. Unless otherwise stated , all t he device parameters used in t he simulation 

will be based on t he values shown in Table 4.1. The effect of t hese parameters on device 

performance will be presented later . 
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Figure 4.5: Schematic of an n-VMISTT used for ATLAS simulations. 
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Table 4.1: Device parameters used for ATLAS simulations. 

device parameter symbol [units] default value 

device depth D [nm] 1000 

tunnel barrier thickness dox [nm] 10 

gate oxide thickness dg [nm] 2 

n-Si doping concentration ND [cm- 3 ] 1019 

barrier between oxide and n-Si <!>B [V] 0.6 

dielectric constant of tunnel barrier lOr 30 

dielectric constant of gate oxide 109 100 

effective mass constant of carrier m* 1 

(a) Simulations of the Tunnel Barrier Potential Profile 

In ATLAS, there is no discontinuity in the potential profile at an oxide/semiconductor 

interface. Hence, the potential profile of an n-VMISTT cannot be simulated using an 

n-Si source. This is because in the real case, there is a discontinuity in the potential 

profile due to the formation of the Schottky contact when the Si comes in contact with the 

oxide [63]. However, the potential profile can be simulated by replacing the Si source with 

a metallic source in the ATLAS program, as ATLAS assumes a Schottky contact between 

the oxide and the metal. Using a metallic source to replace the n-Si for the potential profile 

simulation of an n-VMISTT is a good approximation because electron is the charge carrier 

in both cases (see Appendix C.1 for the ATLAS script). 

(b) Simulations of I-V Characteristics of the VMISTT 

To simulate the F-N tunneling current in ATLAS, fnord model is triggered [62]. The F-N 

tunneling current in ATLAS has the form [62]: 

(4.1) 

(4.2) 

(4.3) 

where E is the electric field across the tunnel barrier; me = m*mo, m* and mo being the 
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tunneling effective mass and electron rest mass, respectively; h is the Planck's constant and 

<I> E is the barrier height between the oxide/Si interface. For a specified <I> E, the parameters 

FAE and FEE can be determined from Equations 4.2 and 4.3. Based on the parameters 

given, ATLAS can simulate the F-N tunneling current at the oxide/Si interface (see Ap

pendix C.2 for the ATLAS script). 

(c) Leakage current in the VMISTT 

Negligible gate leakage is assumed in the simulation. This is justifiable if the gate oxide 

energy gap and the band off-set are considerably higher than those of the tunnel barrier. 

In ATLAS, this is done by setting the fnord parameters of the gate oxide to zero. 

Due to the low value of <I> E, thermionic emission of carriers from the Si source into the 

conduction band of the oxide can occur at high temperatures [63]. This is known as 

Schottky emission [4]: 

(4.4) 

where Asc is the effective Richardson constant, and has a value of 120 A/cm2/K2 [4]; T 

is the temperature and k is the Boltzman's constant. From the expression, it is noted 

that the Schottky current increases exponentially with the increase in temperature. The 

simulation results can only provide the F-N tunneling current. Thus, in the following 

analysis, Schottky current at a specified temperature will be added to the F-N tunneling 

current to account for the thermally activated leakage current. 

4.4 Verification of ATLAS Model 

To verify the I-V characteristics of an n-VMISTT simulated by ATLAS, the F-N tunneling 

current is manually calculated from the gate-modulated tunnel barrier potential profile 

simulated by ATLAS, using a metallic source as mentioned in Section 4.3. Firstly, the 

tunnel barrier potential profiles at different sets of gate and drain biases are obtained from 

ATLAS simulation based on the device parameters shown in Table 4.1. After that, for 

each set of gate and drain biases, the F-N tunneling current is manually calculated from 

the potential profiles. The following example describes the method used to calculate the 
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F-N tunneling current at Vc = 3 V and VD = 3 V. The same procedure is applied to all 

the other sets of gate and drain biases. 

A 

e 

x 

tunnel barrier source 

Figure 4.6: The estimation of electric field at the Fermi level. The plot shows a zoom-in potential profile 

near the source terminal at depth=O.l nm. The slope of the line AB=ifJB/x give an estimation of the 

electric field at the Fermi level. 

Figure 4.6 shows the tunnel barrier potential profile at depth=O.l nm below the gate oxide 

at Vc = 3 V and VD = 3 V. The horizontal broken line drawn across the potential profile 

indicates the source Fermi level Ef . The effective electric field E can be approximated 

from the slope of the line AB, which is ipB/X. Then, using Equations 4.1 to 4.3, the 

F-N tunneling current at that specified depth can be determined. The same procedure is 

repeated for the potential profiles at different depths. The F-N tunneling current density of 

an n-VMISTT at different depth is shown in Figure 4.7. The total current can be obtained 

by performing an integration on the curve. However, as the curve cannot be expressed in 

a simple exponential function or a polynomial function, the total current is estimated by 

summing the area of rectangles under the curve as shown in Figure 4.7. 

Figure 4.7 shows that the area under the curve is divided into 4 regions. Region A cor

responds to the area under the curve for depth<O.4 nm. Due to the quantum mechanical 

reflection from the oxidejSi interface, the carriers cannot reside as close as possible to the 

interface. This is known as carrier quantum confinement effect [64, 65]. A 0.4 nm depletion 

region is generally estimated to account for this phenomenon [64]. Hence, it is required to 

exclude region A from the calculation of the total current. The total area under the curve 

in region B, C and D is estimated from the area of the rectangles. It is noted that the 

interval between two consecutive rectangles is 0.1 nm in region Band 1 nm in region C. A 



4.4 Verification of ATLAS Model 48 

2 4 6 8 10 
depth [nm] 

Figure 4.7: Estimated F-N tunneling current density at different depths. The graph is divided four 

regions: A, B, C, D, as explained in the text. The dotted line rectangles are visual aid for readers to 

understand the calculation method of the total current. 

smaller interval is required in region B because the value of the tunneling current decreases 

sharply as the depth increases. Therefore, higher accuracy is required. In region C, the 

variation in current is not as significant as in region B, hence, a 1 nm interval between two 

consecutive rectangles is a good approximation. 

Figure 4.8 shows the variation of the modulated potential profile along the depth of the 

tunnel barrier at VD =l V. It is observed that the potential profile near the gate oxide 

interface is strongly modulated by Ve , and the effect of the gate modulation decreases 

as the depth increases. At a depth of 10 nm, the potential profile is almost the same as 

the non-modulated potential profile. This suggests that the gate electric field can only 

effectively modulate the tunnel barrier potential profile up to a depth of 10 nm. Therefore, 

for depth> 10 nm, the total non-modulated tunneling current can be estimated from the 

area of a rectangle of depth=990 nm, as the total depth is 1000 nm. The total current is 

the sum of the rectangles area in region B, C and D. Using the same procedure for other 

sets of Ve and VD , the characteristics of drain current ID versus Ve can be obtained. 

Figure 4.9 compares the ATLAS simulated (see Appendix C.2 for the ATLAS script) and 
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Figure 4.8: ATLAS simulated potential profiles of an n-VMISTT at V D= 3 V and V c =3 V. 
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Figure 4.9: The comparison of t he AT LAS simulated I-V characteristics and t he manually calculated 

I-V characteristics from t he tunnel barrier potent ial profile. Refer to Table 4. 1 for the device parameters. 
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the manually calculated I-V characteristic of an n-VMISTT based on the device parameters 

in Table 4.1. It is noted that the I-V characteristics obtained from these two different 

methods are comparable. There is one major difference between the two curves: the onset 

of the current in the ATLAS simulated I-V characteristic occurs at a lower Ve. This can 

be explained by the method that ATLAS uses in the simulation. The F-N equation in 

Equation 4.1 used by ATLAS is only valid in a one dimensional model, where the electric 

field E is constant throughout the tunnel barrier length. But, the VMISTT with gate 

modulation is a two dimensional model, in which the electric field varies along the tunnel 

barrier length. This will lead to inaccuracy in the ATLAS simulation results. 

Figure 4.10 shows the tunnel barrier potential profile for different Ve at depth=O.l nm and 

VD =l V. In theory, the F-N tunneling current is determined by the effective electric field 

EB at the source Fermi level E f , indicated by point B in Figure 4.10. However, ATLAS 

does not take E f into account: it uses the electric field EA at the oxidejSi interface, i.e. 

point A in Figure 4.10, to calculate the F-N tunneling current. This approach is acceptable 

at low and at high Ve regions because EA and EB in the respective regions are similar. 

However, it will give inaccurate results in the intermediate Ve region (0.3 V < Ve < 1.5 V). 

In Figure 4.10(a), the effective electric field EB is mainly due to the non-modulated po

tential profile, EB at E f is equal to EA at the oxidejSi interface. At high Ve , EB is due 

to the gate-modulated potential profile. As shown in Figure 4.10(c), EA is similar to E B. 

Hence, at low Ve and high Ve , the current density obtained by these two different methods 

should be of similar magnitude. For intermediate Ve , the position of Ef is important be

cause it determines the VT of the transistor. As shown in Figure 4.10(b), for Ve = 0.5 V, 

ATLAS sees that EA is due to the gate modulated potential profile, which corresponds to 

a huge current density in the ATLAS simulated I-V characteristic. Nonetheless, EB at E f 

is actually due to the non-modulated potential profile. Hence, the current density of the 

transistor remains low, and rises sharply only after Ve > 0.65 V. 

The above comparison shows the inaccuracy in ATLAS simulations in intermediate Ve 

region. Also, the onset of the current in ATLAS simulation is independent of the oxidejSi 

barrier height <I> B. All these will affect the determination of subthreshold slope and VT of 

the transistor. Therefore, in order to study the effect of <I> B on the transistor performance, 
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Figure 4.10: The simulated tunnel barrier potential profile for different Vc at depth=O.1 nm: (a) Vc =O V 

at depth=O.1 nm and non-modulated potential profile, (b) Vc=O.5 V at depth=O.1 nm and non-modulated 

potential profile, (c) Vc=1 V at depth=O.1 nm and non-modulated potential profile . The non-modulated 

potential profile is taken at depth=500 nm. Refer to Table 4.1 for the device parameters. 
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the manually calculated I-V characteristics is used. On the other hand, as ATLAS simula

tions produce similar current density as that of the manually calculated I-V characteristic 

at high VG , ATLAS is used to simulate the I-V characteristics of the VMISTT to investi

gate the effect of oxide dielectric constant and the tunnel barrier thickness on the current 

density at high VG . 

4.5 Simulation Results and Discussion 

The effect of the device parameters on an n-VMISTT is studied in this section. Similar 

results are expected for a p-VMISTT. The performance parameters that are of interest 

are the off-state current Io!!, the on-state current Ion, the on-off current ratio fon/ fOff' 

the subthreshold slope SVT, and the threshold voltage VT . The typical values of these 

parameters for a MOSFET are shown in Table 4.2. For the analysis in this section, fa!! 

and Ion are defined as the current density at VG = 0 V and at VG = 1.5 V, respectively. 

SVT can be determined from the maximum slope in the I-V characteristic. As discussed in 

Section 2.3, a steep subthreshold slope is essential because it indicates that the transistor 

can be switched off and on at a small variation of VG . VT of a VMISTT is the gate voltage 

at which the potential profile is sufficiently modulated to allow a large flow of F-N tunneling 

current. It is defined here as the VG at the maximum subthreshold slope. 

Table 4.2: Typical values of a MOSFET [2,43]. 

performance parameter symbol [units] value 

on-state current fon [J.LA/J.Lm] 103 

off-state current foff [J.LA/ J.Lm] 10-2 

on-off current ratio fon/ fo!! 105 
'" 106 

subthreshold slope SVT [mY/dec] 70",100 

threshold voltage VT [V] 0.2 

(a) Effect of Temperature 

As the Schottky current is exponentially dependent on temperature, the device operating 

temperature T can have a great impact on the transistor performance. Figure 4.11 shows 

the effect of temperature on an n-VMISTT I-V characteristics. The effect of temperature 

on the performance parameters are summarized in Table 4.3. It is observed that the 
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temperature only affects the low Vc region. At 77 K, the performance parameters are the 

same as that with F-N tunneling only. This implies that Schottky emission can be neglected 

at 77 K and f OJf is due to the non-modulated F-N tunneling current only. From 77 to 200 K, 

there is only a slight increment in fa!! . It is due to the thermally activated Schottky current . 

However , it does not have significant effect on the performance parameters. At 300 K, fa!! 

is sharply higher because of the Schottky current. This deteriorates all the performance 

parameters: fan I fa!! decreases by about five orders of magnitude, SVT increases from 

14.21 to 40.51 m V Idec, and VT increases from 0.75 to 0.95 V. From the analysis, it is shown 

that the VMISTT can be improved dramatically if is operated at lower temperature. It 

should be noted that the Schottky current has no effect on the high Vc region. 
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Figure 4.11: Manually calculated I-V characteristics of an n-VMISTT at VD = 1 V, at different temper

atures . Refer to Table 4.1 for device parameters used in the simulations. 

Table 4.3: The performance parameters of an n-VMISTT at different temperatures . 

Temperature [K] f a! ! [p,A/ p,m] fon [p,A/ p,m] fon l f o!! SVT [mY Idee] VT [V] 

300 1.33x10- 4 2.64x 100 1.99 x 104 40.51 0.95 

200 2.28x 10-9 2.64x 100 1.16 x 109 14.21 0.75 

77 2.00x10- 10 2.64x 100 1.32 x 1010 14.21 0.75 

F-N tunneling only 2.00x10- 10 2.64xlOo 1.32 x 1010 14.21 0.75 
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(b) Effect of Barrier Height 

T he oxide/Si barrier height <PB is an important parameter of a VMISTT. A low value of 

<P B is essential as this will ensure the onset of F-N tunneling current at low VD so that it 

is comparable to conventional MOSFETs. Hence, due to its relatively high barrier , Si02 

is not a suitable candidate for the tunnel barrier. However , if <P B is too low, the charge 

carriers will have enough energy to overcome the barrier through Schottky emission at 

high temperature. This leakage current can overwhelm the gate modulated F-N tunneling 

current, and affect the device performance, as shown in the previous section. 
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Figure 4.12: Manually calculated I-V characteristics of an n-VMISTT at VD = 1 V and 300 K , for 

different <I> B. Refer to Table 4.1 for device parameters used in the simulations. 

F igure 4.1 2 shows the I-V characteristics of an n-VMISTT at VD = 1 V and 300 K for 

different <P B . The effect of <P B on transistor performance is summarized in Table 4.4. The 

simulation results show that <P B has a significant effect on the device performance. The 

lower the <P B , the higher the foff and fan . However , f off has a higher increment rate than 

fan as <PB decreases. The foff is mainly contributed by the Schottky current , and t he f an is 

due to the gate modulated F-N tunneling current . By comparing Equation 4.1 and 4.4 , it 

can be seen that the Schottky current is more exponentially dependent on the variations of 

<PB than the gate modulated F-N tunneling current . This results in a decrease in f on/ f off 

as <P B decreases, which is undesirable as a drain current swing of about 5 to 6 orders of 
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magnitude is required [2]. The increase of fof f at lower 1> B also affects SVT. It is noted 

that SVT increases dramatically as 1> B decreases. On the other hand, VT increases as 1> B 

increases. This is because the onset of drain current is dependent on 1> B, as explained in 

Section 4.4. 

From Table 4.4, it is suggested that 1> B = 0.6 V is a suitable oxide/Si barrier height for 

a n-VMISTT. Although the drain current swing is about four orders of magnitude only, 

it is higher than that of 1> B = 0.4 V, and it also has steeper subthreshold slope. For 

1> B > 0.6 V, the fon/ fOfJ and SVT are superior to that at 1> B = 0.6 V, but the fan values 

are much lower. In addition, the VT at 1>B = 0.6 V is also lower than those with higher 

barrier. 

Table 4.4: The effect of the oxide/Si barrier height <P B on n-VMISTT at 300 K. 

<!>B [V] Io!! [flAI flm] Ion [flAI flm] Ion/lo!! SVT [mY Idee] VT [V] 

0.4 3.03x10-1 8.51x 101 2.81x102 102.05 0.85 

0.6 1.33x10-4 2.64xlO° 1.99x104 40.51 0.95 

0.8 5.84x10-8 2.08x 10-2 3.56x 105 23.54 1.10 

1.0 2.57x 10-11 1.07x10-5 4.18x105 17.80 1.35 

(c) Effect of Drain Bias 

The magnitude of drain bias VD determines the magnitude of the non-modulated F-N 

tunneling current. Figure 4.13 and Table 4.5 show the effect of VD on the I-V characteristics 

of an n-VMISTT at different temperatures. It is observed that VD only affects the I-V 

characteristics at low Vc. At high temperature, VD has no significant impact on the I-V 

characteristics. This is because the magnitude of the Schottky current is so large at high 

temperature that it overwhelms the effect of VD . However, at 77 K, the Schottky current is 

strongly suppressed. It is hence noted that a lower value of VD can reduce foff significantly 

and improve fon/ foff, SVT, and VT . This is because at low temperature, foff is due to the 

non-modulated F-N tunneling current only. Lower VD will increase the effective potential 

thickness of the non-modulated potential profile and thus reduce the non-modulated F-N 

tunneling current. Therefore, a lower VD can be chosen to improve device performance if 

the transistor is operated at a lower temperature. 
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Figure 4.13: Manually calculated I-V characteristics of an n-VMISTT at VD = 0.6 V and 1 V, at 

different temperatures T . Refer to Table 4. 1 for device parameters used in the simulations. 

Table 4.5 : The effect of drain bias VD on n-VMISTT at different temperatures. 

Temperature [K] VD [V] I Of f [J.LAI J.Lm] I on [J.LAIJ.Lm] I on/ l off SVT [mY Idee] VT [V] 

300 0.6 7.27x 10- 5 2.28x100 3.14x104 36.07 0.90 

1 1.33 x 10-4 2.64x 10° 1.99 x 104 40.51 0.95 

77 0.6 1.06x10- l9 2.28x100 2. 15xlOl9 4.04 0.70 

1 2.00x 10- l0 2.64x100 1.32 x 1010 14.21 0.75 
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( d) Dielectric Constant 

The ratio of the tunnel barrier dielectric constant over the gate oxide dielect ric constant 

R heavily influences the gate modulation as the gate electric field can penetrate further in 

t he channel for a higher gate dielectric constant. Figure 4.14 shows the effect of R on the 

1-V characteristics of an n-VMISTT. It is noted that Ion can be increased by one order of 

magnitude if R is reduced from unity to 0.1. Therefore, the VMISTT will have a better 

performance if a small value of R is realised through the choice of tunnel barrier and gate 

oxide . 
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Figure 4.14: ATLAS simulated I-V characteristics of an n-VMISTT at VD = 1 V and 300 K , for different 

dielectric constant ratio R. Refer to Table 4.1 for device parameters used in the simulations. 
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( e) Effect of Tunnel Barrier Thickness 

Figure 4.15 shows the effect of tunnel barrier thickness dox on the I-V characteristics of 

an n-VMISTT at 300 K. At low Ve , dox has a significant effect on the current density: 

10ff decreases dramatically as dox increases. As explained before, at low Ve , t he current 

density is due to the non-modulated potential profile. The effective potential thickness is 

directly related to d ox . Therefore, as d ox increases, the F-N tunneling current, which is 

exponentially dependent on the oxide thickness, will decrease sharply. On the other hand, 

at high Ve , there is not much difference in Ion for different dox . This can be explained with 

the aid of the gate modulated potential profile of different dox shown in Figure 4.16. It is 

noted that the effective potential thickness of the gate modulated potential profile are very 

similar, regardless of the value of dox . This suggests that at high Ve , the gate electric field 

has an overwhelming effect in controlling the effective potential thickness , and hence dox 

has little effect . 
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Figure 4.15 : ATLAS simulated I-V characteristics of an n-VMISTT at VD = 1 V and 300 K, for different 

tunnel barrier thickness dox . Refer to Table 4.1 for device parameters used in the simulations. 

Figure 4. 15 suggests that dox = 10 nm is a suitable value for the VMISTT because of the 

higher drain current swing than that with d ox = 5 nm. Higher value of d ox also seems 

suitable for the VMISTT as it will further reduce 10ff. However , the resistance of tunnel 

barrier has to be taken into account because it will increase as dox increases. This will 
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Figure 4.16: ATLAS simulated tunnel barrier potential profile at VD = 1 V and 300 K, for different 

tunnel barrier thickness dox . Refer to Table 4.1 for device parameters used in the simulations. 

further reduce Ion, which is a significant drawback as the Ion of an n -VMISTT is already 

lower than that of a typical MOSFET. It should also be noted that the resistance of tunnel 

barrier is not modelled in the simulations due to the difficulties in estimating its value. 

(f) Effect of Device Depth 

Figure 4.17 shows the effect of device depth D on the I-V characteristics at 300 K. It is 

observed that Io!! will decrease as D decreases. This can help to improve Ion / lo!! and 

VT . This is because the Schottky current density is proportional to D. Thus, a reduction 

in D will reduce Ioff . This has no effect on the gate-modulated F-N tunneling current 

because the penetration of the gate electric field into the tunnel barrier is about 10 nm (see 

Figure 4.8). However, it is extremely difficult to have a small value of D due to fabrication 

related issues. This will be discussed in Section 4.6. 
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Figure 4.17: Manually calculated I-V characteristics of an n-VMISTT at VD = 1 V and 300 K, for 

different depth D. Refer to Table 4.1 for device parameters used in the simulations. 

(h) Summary of the Simulation Results 

The simulations show the effect of the device parameters on the VMISTT performance. 

The most critical parameter is the oxidejSi barrier height 1> B. A too low value of 1> B will 

result in a huge off-state current Io!! and a small subthreshold slope SVT. On the other 

hand, a too large value of 1> B will lead to a low on-state current Ion. Another important 

parameter is the tunnel barrier thickness dox . A low dox will increase I o!! , and a high dox 

will result in a low Ion due to the increase in the tunnel barrier resistance. It has been 

shown that 1> B = 0.6 V and dox = 10 nm are suitable values for an n-VMISTT as this 

can give reasonably good I-V characteristics. A low value of the dielectric constants ratio 

R will also improve the gate modulation on the tunnel barrier potential profile. These 

parameters have to be taken into consideration when choosing the materials for t he tunnel 

barrier and the gate oxide. 

Table 4.6 compares the performance parameters of a MOSFET and an n-VMISTT. The 

n-VMISTT has a lower IofJ and a steeper subthreshold slope. However , it also has a lower 

Ion and a higher VT . Nonetheless, the simulation is based on a 2-dimensional n-VMISTT 

structure. A surround gate structure should result in a higher Ion due to the increase of 

the gate control [27]. A higher gate dielectric constant , which results in a higher dielectric 
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constant ratio R, and a thinner gate oxide can also enhance the gate modulation on the 

potential profile, and thus increase Ion. Furthermore, due to the metal drain and gate, the 

interconnect resistance will be lower so that a high value of Ion might not be required as in 

the MOSFET. Besides, Iojf can be reduced with a smaller device depth, which can improve 

Ion/ Iojf as well. It is shown by the simulations that the performance of the VMISTT can 

be further improved if operated at a lower temperature and a lower YD' Therefore, from 

the simulation results, the VMISTT is a promising candidate for replacing MOSFETs in 

some CMOS applications. 

Table 4.6: Comparison of the performance parameters of a MOSFET [2, 43] and an n-VMISTT. The 

parameter values of n-VMISTT are obtained from ATLAS simulation based on Table 4.1 at VD=l V. 

performance parameter symbol [units] MOSFET 2-dimensional n-VMISTT 

on-state current Ion [I1A /l1m ] 103 10° 

off-state current IOff [I1A /l1m ] 10-2 10-4 

on-off current ratio Ion/Ioff 105 ~ 106 104 

inverse subthreshold slope SVT [mY/dec] 70~100 40.51 

threshold voltage VT [V] 0.2 0.95 

4.6 Fabrication Challenges of the VMISTT 

There are three main challenges for the fabrication of a VMISTT transistor: fabrication 

and optimisation of the tunnel barrier, fabrication of the vertical pillar, and deposition of 

the gate oxide over the vertical pillar. The experimental chapters of this thesis will focus 

on the fabrication and characterisation of the tunnel barrier. However, an overview of each 

fabrication challenges is briefly discussed. 

(a) Fabrication and Optimisation of the Tunnel Barrier 

From the simulation results, the oxide/Si barrier height is a critical parameter for the 

VMISTT. Therefore, it is crucial to identify a suitable material for the tunnel barrier. 

Besides Schottky current, there are other possible current transport mechanisms such as 

Poole-Frenkel emission, trap-assisted tunneling, and hopping conduction [4]. These mech

anisms are undesirable and are classified as the leakage current in the VMISTT. It is 

important to suppress these mechanisms to allow F-N tunneling to be the dominant mech-
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anism in the tunnel barrier. To achieve that, a suitable material and a suitable process 

must be chosen to fabricate the tunnel barrier. Further discussion on this will follow in 

the next chapter. 

(b) Fabrication of Vertical Pillar 

Fabrication of the vertical pillar is an important process because a vertical pillar with 

minimum roughness is essential to ensure a good interface between the tunnel barrier and 

the gate oxide. This will allow better gate modulation on the tunnel barrier potential 

profile. The diameter of the pillar, which is equivalent to the depth D of the VMISTT in 

the simulation section, is set to 1000 nm. This will present some process problems as the 

possible candidates for the metal electrodes are noble metals such as gold, silver, platinum, 

and copper etc. Reactive ion etching (RIE) on these metals is very difficult due to the hard 

nature of the materials. In addition, as the tunnel barrier thickness is very thin and about 

10 nm, there is a possibility that during the etching process, metal may be deposited on 

the tunnel barrier surface. This is undesirable because it will create a leakage path in the 

device structure. The vertical MOSFETs fabrication techniques described in Chapter 2 

can be used to fabricate the vertical pillar. 

( c) Deposition of Gate oxide over the Vertical Pillar 

The deposition technique of gate oxide must be able to provide a good interface between 

the gate oxide and the metal oxide, so that the gate bias can effectively modulate the 

tunnel barrier. As shown by the simulation results in previous sections, the gate oxide 

dielectric constant should be greater than the tunnel barrier dielectric constant to ensure 

efficient gate control. Also, the gate oxide must be as thin as possible so that most of 

the gate electric field will appear over the tunnel barrier for modulation. In addition, the 

barrier height of the gate oxide to the source and drain terminal and to the tunnel barrier 

must be relatively high to prevent gate leakage current to the source, drain or tunnel 

barrier. Deposition techniques such as atomic layer chemical vapour deposition (ALCVD) 

in the application in high-k dielectrics have received a lot of attention recently [66]. This 

technique can be employed for the gate oxide deposition in the VMISTT. 
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4.7 Conclusion 

The VMISTT has been proposed as a candidate to replace the MOSFET. The VMISTT 

is a vertical version of the MOTT, with the source metal replaced by doped-Si. The 

vertical structure can improve the performance by increasing the channel width of the 

device, and allowing better gate control over the tunnel barrier. Most importantly, the Si 

source of the VMISTT makes it possible to realise complementary operation as in CMOS. 

ATLAS device simulations were used to study the effect of the device parameters on the 

1-V characteristics of the VMISTT. It has been shown that the oxide/Si barrier height and 

tunnel barrier thickness have significant effect on the VMISTT performance. In addition, 

the performance can be further improved if the device is operated at lower temperature and 

with a lower drain bias. The challenges in the design of the VMISTT have been identified. 

The next few chapters of this thesis will focus on the first stage of this project, which is 

the fabrication and optimisation of the tunnel barrier. 



Chapter 5 

Fabrication Methods of Ti02 

5 .1 Introduction 

The tunnel barrier is the body of the VMISTT and an essential part of the transistor. It 

is important to choose a suitable material for the tunnel barrier. The main criterion for 

the tunnel barrier is low barrier height 1> B relative to the Si conduction band as well as 

the valence band. This is to ensure low turn-on voltage for the electron F-N tunneling 

current in the n-VMISTT and the hole F-N tunneling current in the p-VMISTT. However, 

1> B cannot be too low as Schottky emission will be significant and overwhelming the F -N 

tunneling current. Ti02 appears to be a promising material for the tunnel barrier because 

its band off-set is around 1 e V for both electrons in the conduction band and holes in the 

valence band [5, 67J. As shown in the simulations in Chapter 4, a 1> B of 1 V is high enough 

to suppress the Schottky emission current, and allow an on-off current ratio of 105 (refer 

to Section 4.5). 

Up to this stage, only Schottky emission and non-modulated F-N tunneling current are 

identified as the main leakage currents in the VMISTT. Actually, there are other cur

rent transport mechanisms that could happen in an insulating thin film, such as Poole

Frenkel (P-F) emission, trap-assisted tunneling and hopping conduction [63, 68, 69J. All 

these mechanisms are also classified as leakage current in the VMISTT. These mecha

nisms are trap-related and are due to the defects and interface states in the tunnel barrier. 

Hence, a suitable thin film fabrication technique should be chosen to grow high quality 

tunnel barrier with high uniformity, minimum surface roughness and good interface with 

the substrate. In addition, it should be noted that the Ti02 in the MOTT were fabri-

64 
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cated by non-industrial acceptable method such as anodic oxidation by AFM tips [38, 41]. 

Therefore, the chosen fabrication technique should also be industrial acceptable. 

In this chapter, an overview of the properties of Ti02 thin film is presented in the next 

section to provide a better understanding of this material. Several popular thin film fabri

cation techniques are discussed. Two fabrication methods were studied experimentally in 

details: thermal oxidation of electron beam (e-beam) evaporated Ti thin films and molec

ular beam epitaxy (MBE) of Ti in an oxygen atmosphere. It is shown that the thermally 

grown Ti02 layers are superior to the MBE grown Ti02 layers. Hence, further analysis 

will be presented on thermally grown Ti02 layers in later chapters. 

5.2 The Properties of Ti02 Thin Film 

Ti02 is a popular material with many applications in electronics due to its high permit

tivity [5, 70]. It has been investigated for static random access memory (SRAM) appli

cations [71, 72]. It is physically and chemically stable and titanium metal is generally 

accepted in most of the CMOS fabrication process [67]. Understanding the structural and 

electrical properties of the Ti02 layers is critical for the successful implementation of this 

material as the tunnel barrier in the VMISTT. 

Ti02 has three different crystalline polymorphic forms: rutile, anatase, and brookite [67, 

70]. However, only the rutile and anatase have major roles in the Ti02 applications [70] 

and hence the discussion is focused on this two structures. Figures 5.1 and 5.2 shows the 

unit cells of rutile and anatase Ti02 , respectively. The lattice constants (a, b, and c) of 

the unit cell of the rutile and anatase are listed in Table 5.1. The bandgap Eg of Ti02 is 

reported to be between 3 and 3.7 eV depending on the crystalline phase [67, 73]. Both the 

conduction band difference !:::.Ec and the valence band difference !:::'Ev of Ti02 to Si are 

about 1 eV [5, 67], as illustrated in Figure 5.3. This makes Ti02 a suitable material for 

the tunnel barrier in n-VMISTT as well as in p-VMISTT. Owing to different crystalline 

phases, Ti02 has a range of dielectric constants [70, 74, 75]. The dielectric constant can 

be as low as 20 for an anatase phase Ti02 , and as high as 170 for a rutile phase Ti02 . 
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Figure 5.1: (a) Unit cell of the rutile phase Ti02, (b) structure depicting the lat tice constant of t he unit 

cell a, b, and c. The values of t he lattice constant are listed in Table 5.1. Figure based after [70]. 
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Figure 5.2: (a) Unit cell of the anat ase phase Ti02, (b) structure depicting t he lattice constant of the 

unit cell a, b, and c. The values of the lattice constant are listed in Table 5. 1. Figure based after [70]. 

Table 5.l: The cryst al systems and lat tice constants (a , b, c) of Ti02 [70]. 

rut ile 

anat ase 

Crystal system a [A] b [A] c [A] 

tetragonal 

tetragonal 

4.58 4.58 2.95 

3.73 3.73 9.37 

Temperature has a significant effect on t he atomic structure of Ti0 2 . It has been shown that 

the anatase phase will be t ransformed to rutile phase for annealing temperature greater 

than 600°C [67, 74], t his will increase t he dielectric constant of Ti02 but decrease the 

bandgap [67] . Therefore, t he barrier height <I> B between Ti0 2 and Si substrate at the 
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Figure 5.3: Energy band diagrams of (a) AI/Ti02 /n-Si (b) Pt/Ti02 /p-Si MOS capacitor. 

conduction band as well as the valence band will decrease. As mentioned in Chapter 4, 

a high tunnel barrier dielectric constant will be a detriment to the maximization of the 

gate control over the drain current in the VMISTT. Therefore, a compromise between the 

dielectric constant and the barrier height is required to optimise the efficiency of the tunnel 

barrier for the VMISTT. However, as <!>B has a more significant impact on the VMISTT 

performance than the tunnel barrier dielectric constant, the emphasis will be placed on 

<!> B· 

Oxygen deficiencies are expected in Ti02 [76]. It is reported that the defect states of Ti02 

are 0.7 to 1 eV below the conduction band [77-80]. These defect states could enhance the 

trap-related mechanisms like P-F emission, trap-assisted tunneling and hopping conduc

tion. A suitable fabrication technique could help to reduce the density of the defect states 

and furthermore ensure thin film uniformity and minimum surface roughness. 
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A metal oxide semiconductor (MOS) capacitor structure is generally used for the electrical 

characterisation of the oxide layers. However, the electrical properties of Ti02 layer can be 

affected by the growth technique and the interfacial layer due to reactions at the TiOdSi 

interface [5, 70]. In addition, depending on the choice of the top metal electrode of the MOS 

capacitor, the interfacial layer at the metal/Ti02 interface can also affect the electrical 

properties of Ti02 [70]. Therefore, fabrication technique and top metal electrode are 

important to minimize the effect of interfacial layers. 

5.3 Fabrication Techniques of Ti02 Thin Film 

The quality of the tunnel barrier depends largely on the fabrication process. There are 

various type of growth techniques for Ti02 , e.g. thermal oxidation [81 ~86], plasma oxida

tion [87], radio frequency (RF) sputtering [72, 74, 88, 89], plasma-enhanced chemical vapor 

deposition (PECVD) [90, 91], metal organic chemical vapor deposition (MOCVD) [67, 92~ 

94] and reactive evaporation [95~97]. It is necessary to understand the principle of these 

growing techniques and be aware of the advantages and disadvantages of each technique 

so that a suitable deposition process can be chosen to fabricate Ti02 layers. 

(a) Thermal Oxidation of Ti Thin Film 

Thermal oxidation is a simple process to fabricate Ti02 thin films. Before thermal oxida

tion, a thin layer of Ti is deposited on the substrate. This can be done by RF sputter

ing [84, 85] or electron-beam (e-beam) evaporation [83, 86] of the Ti thin film. E-beam 

evaporation of Ti thin film is favoured to RF sputtering because the underlying substrate 

surface smoothness is preserved [98]. Also the e-beam evaporated Ti thin film is fiat on a 

nano-scale level. Thus, a high quality tunnel barrier can be grown without making pin

holes [35]. During the process, an electron beam is directed at a pure Ti source. This will 

produce a large fiux of Ti vapour and deposit a thin layer of Ti film on the substrate. The 

substrate can be rotated during the process to ensure film uniformity. After that, the Ti 

thin film is oxidized at a specific temperature and pressure. Besides the simplicity of this 

process, it will also give a uniform metal layer with minimum roughness [99]. In addition, 

the chances of impurity incorporation is minimum and the oxide growth rate is low, which 

is suitable for thin layers. The drawback of this method is the uncertainty in the film 

thickness and the stoichiometry of the oxide formed during the oxidation process, which 

depend on the oxidation conditions and the Ti thin film thickness [83]. Besides Ti02 , there 
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are several oxide phases for titanium such as TiO, Ti20 3 and Ti30 5 [83, 100, 101]. These 

oxide phases could be formed during the oxidation process. In addition, inter-diffusion 

between Ti and Si atoms during the high temperature oxidation process can occur, and 

can even lead to the formation of silicide. Titanium silicide has been reported to be formed 

at temperatures above 4000 C [102-106]. Also, titanium silicates could be formed due to 

the reaction among Ti, Si and 0 atoms. 

(b) Plasma Oxidation of Ti Thin Film 

Plasma oxidation is similar to thermal oxidation. The Ti thin film can be deposited by 

e-beam evaporation or RF-sputtering before being oxidized in oxygen plasma. Since the 

electron temperature of the ionized oxygen is about 10000 K, the oxidation process can 

be carried out at low temperature [107]. This can reduce the chance of inter-diffusion 

between the metal and the Si substrate and the formation of silicide. However, as there 

are high electric field present during the process, the as-deposited oxide layer may contain 

high interface traps density and have low electric field strength [107]. 

(c) RF Sputtering of Ti02 Thin Film 

In RF sputtering, the Ti02 thin film is deposited on a substrate by bombardment of argon 

Ar ions on the target in an oxygen ambient or inert ambient. The main advantage of 

this technique is the replication of target composition in the deposited film [107]. It is 

suitable for low vapour pressure, high melting point material (e.g. tungsten, platinum), 

because high temperatures are not required for the source heater [108]. However, interface 

roughness and uniformity of the film will be a problem in the fabrication of the tunnel 

barrier since the substrate surface could be damaged by the active ions, which will result 

in poor interface quality [107]. In addition, the sputter gas must be very pure to ensure 

good adhesion of the oxide layer on the substrate [108]. 

(d) Chemical Vapour Deposition of Ti02 Thin Film 

In a chemical vapour deposition (CVD) process, the reactant species will be transported 

into the reactor. The reactions will take place at the substrate and an oxide layer will be 

deposited. The unwanted reaction products will be removed [107, 108]. The advantages of 

CVD includes high throughput and uniformity. However, contamination in the oxide layer 

is a main problem because most of the reactions are of the pyrolytic nature, which involves 

decomposition or transformation of a chemical compound as a result of heating [81, 107]. 
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Plasma enhanced CVD (PECVD) is one type of CVD process that has the advantages 

offered by plasma oxidation. The high electron temperature in PECVD allows the oxide 

layer to be deposited at much lower temperature and the impact of energetic species can 

improve the adhesion of oxide layer to the substrate [107]. Nonetheless, the underlying 

substrate could be damaged and result in poor interface between the oxide and substrate. 

For metal organic CVD (MOCVD), a metal organic compound precursor is used in the 

reactor. MOCVD can provide a uniform layer [93] and be suitable for stoichiometric and 

micro-structural thin film deposition [92]. However, the carbon in the precursor may con

taminate the thin film during the deposition process, and increase the leakage current [81]. 

(e) Reactive Evaporation of Ti02 Thin Film 

The Ti02 thin film can be formed in-situ by a reaction between an oxygen containing re

active gas and a thermally evaporated Ti vapour [95~97]. The Ti vapour can be produced 

by molecular beam epitaxy (MBE) technique, which is a refined form of e-beam evapora

tion [107]. An MBE system requires ultra high vacuum to ensure no gas phase collisions 

occur before the beam atoms arrive at the substrate [109]. The main advantages offered 

by the MBE is the precise control of the film thickness and the excellent uniformity of the 

layer [109]. 

Summary 

Each fabrication technique has its own advantages and disadvantages. It is believed that 

thermal oxidation of e-beam evaporated Ti thin film is a suitable technique due to the 

advantages that it can offer: minimum roughness at the TiOdSi interface and uniformity 

of the grown oxide layer. In addition, the as-grown layer will have minimum contamination. 

These will result in an improved and more consistent electrical properties of the tunnel 

barrier. The leakage current due to the surface roughness could also be suppressed. Also, 

this method is industrial acceptable. Reactive evaporation of the Ti02 layer by the MBE 

technique will also be studied. The capability of precise control of the oxide thickness can 

allow better electrical characterisation of the oxide. 
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5.4 Thermal Oxidation of Electron-beam Evaporated 

Ti Thin Film 

The oxidation temperature is the prime parameter for thermal oxidation. If the temper

ature is too low, the Ti thin film will not be fully oxidized, which will result in a huge 

leakage current due to the non-oxidized Ti atoms in the layer. Oxidation of Ti is generally 

performed at temperatures above 3000 C [83, 86, 110]. On the other hand, if the tem

perature is too high, it is possible that a substantial interfacial Si02 layer will be grown 

at the Ti02/Si interface. This is undesirable as it will reduce the F-N tunneling current 

due to the high barrier of Si02 . Although the growth of an interfacial layer Si02 layer is 

inevitable, even at room temperature, a thin Si02 interfacial layer may be tolerated as the 

carriers can pass through the Si02 layer by direct tunneling. 

Oxidation of Ti thin film can lead to the formation of different types of titanium oxide, 

depending on the experimental conditions [83, 100]. The expansion factor of different 

titanium oxides are listed in Table 5.2. These expansion factors are calculated by using 

the atomic mass and density of the oxides and Ti [70, 101]. It is shown that the thickness 

of titanium oxide increases with increased oxidation. According to the simulation results 

in Chapter 4, the tunnel barrier should have a thickness of about 10 to 15 nm to give a 

good device performance. Therefore, the thickness of the e-beam evaporated Ti thin film 

should be around 7 to 10 nm. 

Table 5.2: The expansion factor for different titanium oxide phases. 

Oxide Phase Expansion Factor 

TiO 1.21 

Ti203 1.51 

Ti305 1.66 

Ti02 (rutile) 1.78 

Ti02 (anatase) 1.96 

Ti02 MOS capacitors were fabricated to optimise the fabrication process and to charac

terise the oxide layer. Generally, to reduce leakage current in the as-deposited oxide, post 

oxidation annealing is used to repair the damage or defects in the oxide layer [67, 111]. 

Therefore, the effect of post oxidation annealing on the as-grown oxide layers in inert 
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atmosphere and at temperatures higher than the oxidation temperature were studied. 

The back contact of the MOS capacitors is an Al layer on Si. Normally, an alloying process 

is performed at the final stage of the fabrication process to ensure the back contact is 

ohmic. However, as the alloying is performed at 450°C, this can lead to the diffusion of 

Al top electrode into the Ti02 layer and the formation of an Ab03 interfacial layer at the 

AI/Ti02 interface [70, 112]. In fact, if the substrate is highly doped (> 1019cm-3), the 

depletion region in the Si will be extremely narrow. Hence, alloying may not be necessary 

because the carriers will tunnel through the metal semiconductor barrier and the resulting 

I-V characteristics will be ohmic as well [107]. Therefore, it is necessary to investigate the 

effect of alloying of the Al back contact in the Ti02 MOS capacitor. 

5.4.1 Experimental Details & Instruments 

(a) Experimental Details 

Two batches of Ti02 MOS capacitors were fabricated to optimise the oxidation conditions 

for Ti02 layer. Figure 5.4 shows the process flow of the first batch. p-Si wafers with resis

tivity of 0.02 Dcm were used. First, the wafers were cleaned in two solutions in sequence 

to remove contaminants on the wafer surface. This cleaning process was developed by 

Radio Corporation of America (RCA). The first solution consists of ammonia (NH40H), 

hydrogen peroxide (H20 2 ) and water (H20). It consists of a volume ratio of 1 : 1 : 5 of 

NH40H : H20 2 : H20. The NH4 0H is used to remove heavy metals by forming amino 

complexes with them, and the H20 2 is used to oxidize the organic contaminants on the 

wafer surface. The constituents of the second solution are hydrochloric acid (HCI), hydro

gen peroxide and water. It consists of a volume ratio of 1 : 1 : 6 of HCI : H20 2 : H20. 

This solution is used to remove aluminum, magnesium and light alkali ions. During each 

cleaning step, the wafers were dipped in the solutions for 10 min at 73°C. After the RCA 

cleaning, the wafers were cleaned with hydrofluoric acid (HF) solution. This will remove 

the native oxide formed on the wafer surface. The wafers were then sent for evaporation 

of Ti thin films immediately after the HF cleaning process. 10 nm Ti thin films were de

posited by vacuum e-beam evaporation on the wafers without any substrate heating. The 

evaporation pressure was 2.25x 10-6 torr, and the evaporation rate of Ti was 0.3 nm/s. 
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The samples were oxidized at three different temperatures: 300, 400 and 500°C for 30 min

utes. After the oxidation, the batch was split into half. One half was annealed at 700 °C in 

nitrogen ambient for 30 minutes. The other half was metallized without post oxidation an

nealing. In the metallization stage, a 1 pm thick Al top electrode was vacuum evaporated 

using a shadow mask to make various contact pad sizes and a 1 pm Al layer was evaporated 

on the back surface. Finally, all samples were alloyed in hydrogen and nitrogen ambient at 

450 °C for 30 minutes to make the ohmic back contacts. The ratio of the gases in alloying 

is 60% hydrogen and 40% nitrogen. The process listing is shown in Appendix B.2. The 

results of t his batch are discussed in Section 5.4.2 and 5.4.3. 

AI 

10nm Ti Ti02 ~ 
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p,;sl q q Q for 30min in N2 ==> ==> 

I I==> AI--I ••• No annealing . 
RCA and Ti Deposition. Oxidation at '-------=-----' Metallization. Back contact 
HF treated. 300,400 and HF cleaning deposition. 

500·C for 30min. on Si back. 

Alloying at 450·C 
for 30min in H2/N2 

Figure 5.4: Process flow of the Ti02 MOS capacitors fabricated by thermal oxidation of e-beam evapo

rated Ti thin films in the first batch. 

The process flow of the second batch is shown in Figure 5.5. p-Si wafers with resistivity of 

0.02 Ocm were used. The wafers were RCA cleaned and HF treated before evaporation of 

t he Ti thin films. The conditions of the evaporation were the same as the first experiment. 

After the evaporation of the Ti thin films , the samples were oxidized at 450, 500 and 

550°C for 30 minutes. Subsequently, the samples were metallized without post oxidation 

annealing. The metallization process was the same as the first experiment. Finally, each 

group was split into two parts , and one part was alloyed in hydrogen and nitrogen ambient 

at 450 °C for 30 minutes to make the ohmic back contacts. The process listing is shown 

in Appendix B.3. The structural characterisation presented in the next chapter will show 

that the films grown are indeed Ti02 . In order to study the effect of alloying of the Al 

back contacts, samples with different substrate resistivity (0.5 Ocm and 17 Ocm) were also 

fabricated. 
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Figure 5.5: Process flow of the Ti02 MOS capacitors fabricated by thermal oxidation of e-beam evapo

rated Ti thin films in the second experiment. 

The conditions of thermal oxidation is optimised by studying the I-V and the C-V char

acteristics of t he thermally grown Ti02 layers. The effect of the oxidation temperatures, 

post oxidation annealing, and alloying of the Al back contact are discussed in the next 

few sections. The I-V characteristics of the samples were measured by a HP4155A para

metric analyser at room temperature. The C-V measurements were done by a HP4280A 

capacitance-meter and a HP4192A impedance analyser. In all the measurements, the bias 

was applied to the substrate of t he samples and the Al top electrode was kept at ground 

potential. 

For the I-V measurements, the positive and negative bias sweeps were started from zero 

and for every bias sweep, the sample was kept at zero bias for 10 s to remove any possible 

charge storage effect . The voltage step was 20 m V, with a step delay time of 10 ms. For the 

C-V measurements, the voltage sweep was set such that the MOS capacitors were driven 

from inversion mode to accumulation mode. The voltage step was 50 m V, with a step delay 

of 10 ms. Measurements were done on pads at different locations on each of the wafers 

to ensure that the results obtained were typical for the particular sample. Nominal values 

of the top electrode area were used in the analysis. However , it is observed that for some 

wafers t here is variation in t he top electrode area due to the shifting of the shadow mask 

during the metal evaporation stage. This variation may affect the result of the electrical 

analysis. 



5.4 Thermal Oxidation of Electron-beam Evaporated Ti Thin Film 75 

(b) Experimental Instruments 

HP4155A Semiconductor Parameter Analyzer 

HP 4155A is used for measuring the I-V characteristics of the samples [113]. It has four 

source monitor units (SMUs). Each SMU unit has three different modes: (1) voltage source 

and current monitor mode, (2) current source and voltage monitor mode, and (3) source 

common mode. Each SMU can force and measure up to ±100 V or ±100 rnA. It can 

perform two types of measurements: sweep and sampling. In the experiment, the sweep 

measurement is used: one SMU (say SMU1) is set to voltage source and current monitor 

mode, and another SMU is set to source common mode. The device under test (DUT) 

is connected between these two SMUs. During each sweep measurement, SMU1 forces 

voltage and measures the current flowing across the D UT. 

HP4280A lMHz Capacitance Meter 

HP4280A can measure capacitance up to 2 nF at a fixed 1 MHz frequency [114]. A parallel 

circuit model is used when measuring the capacitance and the conductance. To measure the 

capacitance, a constant amplitude sine wave is applied to the DUT. The resulting current is 

detected by an I-V converter, which then determines the admittance of the DUT. A vector 

voltage ratio detector can separate the real and imaginary components of the admittance, 

which are the conductance (real component) and the capacitance (imaginary component) 

of the DUT. 

HP4192A LF Impedance Analyzer 

HP4192A can measure the capacitance of the DUT for a range of frequencies from 5 Hz 

up to 13 MHz [115]. The maximum value of the measured capacitance could be up to 

100 mF depending on the impedance or admittance range and the measuring frequency. 

The theory of operation is similar to HP4280A, and it can measure the capacitance in 

parallel or series mode. 
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5.4.2 Oxidation Temperature: 300, 400 and 500 °C 
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Figure 5.6: I-V characteristics of the Ti02 layers grown at different oxidation temperatures Tax . The 

oxide layers are not annealed, and the back contact of the samples are alloyed. 

It is essential to optimise the oxidation temperature to grow Ti02 layer from Ti thin film. 

The I-V characteristics of the Ti02 layers grown at 300, 400 and 500 DC are shown in 

Figure 5.6. It can be observed that t he leakage current decreases with increases in Tax . 

This implies that the oxide quality improves as Tax increases. For samples oxidized at 300 

and 400 DC, the leakage current is so high t hat the I-V characteristics at high applied biases 

cannot be measured by the measurement instrument. For samples oxidized at 500 DC, the 

leakage current decreases sharply, which implies that an effective oxide layer is formed. 

The kinetics of titanium oxidation begins with a fast oxidation stage and followed by 

a slowing down stage due to the formation of a passivating film [83] . In addit ion, the 

diffusivity of oxygen in titanium layer and the titanium chemical reactivity will increase 

with temperature [83]. Thus, it is believed that at 300 and 400 DC, a thin passivating film 

is formed at the beginning of the oxidation phase. However, the temperatures were not 

high enough to lead to a complete oxidation of the Ti thin films. Hence, a very leaky oxide 

layer was formed. At 500 DC, the diffusivity of oxygen and titanium chemical reactivity 

has increased , and a better oxidation was achieved. Hence, it is suggested that Ti02 layer 

can be grown from Ti thin film at 500 DC. The oxidation temperature will be optimised by 
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investigating t he I-V and C-V characteristics of Ti02 layers grown at 450, 500 and 550 °C , 

which will be discussed in Section 5.4.5 . 

5.4.3 Post Oxidation Annealing at 700 °C in N 2 Ambient 

Annealing at high t emperature is generally employed to repair the defects in t he as

deposited and as-grown oxide layer [67, 74] . Figure 5.7 shows t he effect of post oxidation 

annealing on the I-V characteristics of t he Ti02 layers. The samples were annealed at 

700 °C in N2 ambient for 30 mins. It is observed t hat t he post oxidation annealing has re

duced the leakage current of t he samples by about four orders of magnitude when compared 

to the sample t hat was oxidized at 500 °C without annealing. As shown in Figure 5.7, t he 

annealed samples show similar leakage current density regardless of the oxidation temper

atures. This indicates t hat t he annealing has significant ly altered t he characteristics of t he 

as-grown Ti02 layers. 
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Figure 5.7: Comparison of the I-V characteristics of the non-annealed and annealed samples. The 

annealed samples were annealed at 7000 C in N2 ambient for 30 mins. The back contact of the samples 

were alloyed . 

Figure 5.8 compares the C-V characteristics of the as-grown Ti02 layer with those of 

t he annealed Ti02 layers. The maximum capacitance Cox and the minimum capacitance 

C min of the samples are summarized in Table 5.3. C ox of the annealed samples are quite 
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Figure 5.8: Comparison of the C-V characteristics of the non-annealed and annealed samples. The 

annealed samples were annealed at 7000 C in N 2 ambient for 30 mins. The back contact of the samples 

were alloyed. 

Table 5.3: The maximum capacit ance Cox and minimum capacitance Cmin of the annealed and non

annealed samples grown under different oxidation temperatures, Tox. 

Sample Cox [x lO- 6 F / cm2] Cmin [x lO- 7 F / cm2] 

Tox = 500 °C , non-annealed 2.20 5.11 

Tox = 500 °C , annealed 1.44 4.40 

Tox = 400 °C , annealed 1.35 4.40 

Tox = 300 °C, annealed 1.26 4.66 

similar and are lower than that of the non-annealed sample. The difference can be due to 

the interfacial layer grown in t he annealed samples, which reduces the total effective Cox . 

Although the annealing process was performed in N2 ambient , at 700 °C, oxygen atoms in 

the oxide layer can become active and diffuse to the interface to form an interfacial Si02 

layer [67, 74] . In addition, it is observed that C ox of the annealed samples increases as T ox 

increases. This could be due to the level of oxygen content in the T i0 2 layer. As ment ioned 

before, the diffusivity of the oxygen atoms in the Ti thin films and the reactivity of t he 

oxygen atoms with the Ti atoms increase with increasing T ax. Hence, t he oxygen content 
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in the as-grown oxide layers increases as Tox increases. During the annealing process, the 

diffusivity and reactivity of the oxygen atoms increase. Some oxygen atoms will react with 

the Ti atoms and some will reach the substrate and react with the Si atoms to form silicon 

oxide. The formation of titanium silicates is also possible. Due to the diffusion of oxygen 

atoms towards the Si substrate, more oxygen vacancies will be created in the oxide layers. 

The stoichiometry of the Ti02 layer will decrease, and the dielectric constant of the Ti02 

layer will decrease [116, 117]. Hence, Cox of the annealed samples increases as Tox increases. 

It is believed that the significant reduction in the leakage current could be due to the 

growth of an interfacial Si02 layer between the Ti02 layers and the Si substrate during the 

annealing process. This could reduce the F-N tunneling current due to the high barrier in 

the interfacial Si02 layer. Therefore, it is suggested that post oxidation annealing at high 

temperature is not beneficial for thermally grown Ti02 layer. 

5.4.4 Alloying of the Al Back Contact 

As mentioned before, alloying is used to create an ohmic contact between the Al back 

contact and the Si substrate. However, this process is performed at 450 DC, and this may 

cause the diffusion of Al top electrode into the Ti02 layer and the formation of an Alz03 

interfacial layer at AI/Ti02 [70, 112]. As the Si substrates used in the experiment have a 

doping concentration of 1019 cm -3, alloying may not be necessary. 

1-V measurements were performed to investigate the effect of alloying of the Al back con

tact. The samples were cut and the Al back contacts scratched to form two isolated Al 

pads. Then, the I-V characteristics between the two Al pads were measured. Figure 5.9 

shows the I-V characteristics of the Al back contacts. Some of the samples have Ti02 

deposited on the front surface, and others are just unprocessed samples with the Al back 

contact only. The lead resistance was measured to be 2.8 D. The I-V characteristics of 

all the measured samples are linear. The experimental resistances Re and the calculated 

resistances Rc from the I-V plots are listed in Table 5.4. It is noted that the experimental 

resistances for 0.02 Dcm and 0.5 Dcm substrate are about 0.2 D and 2.5 D, respectively. 

This is either smaller than (for 0.02 Dcm substrate) or similar to (for 0.5 Dcm substrate) 

the lead resistance, which is about 2.8 D. 
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Figure 5.9: The I-V characteristics of the back contact of various samples. The current flow in the lead 

is also shown for comparison. 

Table 5.4: The comparison between the experimental derived resistance Re and the calculated resist ance 

Rc of the samples. The area A is the estimated cross sectional area for current flow , and the length x is 

the estimated distance between two Al pads. The 'unprocessed' samples refer to the samples with Al back 

contacts but no Ti02 layer. 

Sample Resistivity Area length R e [D] Rc [D] 

p [Dcm] A [x10-6 m2 ] x [mm] (= px / A) (Figure 5.9) 

Ti02 , alloyed 0.02 l.5 2.0 0.27 4.0 

Ti02 , non-alloyed 0.02 2.5 2.0 0.16 6.6 

unprocessed, non-alloyed 0.02 l.5 2.0 0.27 8.7 

unprocessed, non-alloyed 0.5 2 l.0 2.5 1l.2 

Ti02, alloyed 17 2.5 2.0 136 9l.0 

To ascertain that the measurement method is a correct indication for the ohmic behaviour 

of the back contact, the same measurement is performed on a 17 Ocm alloyed substrat e. 

The calculated resistance Rc from the I-V plot is about 91 O. This matches well to the 

resistance of 136 0 calculated from the roughly estimated A (cross sectional area for current 

flow) and x (distance between two Ai pads), assuming uniform current flow through the 

thickness of the wafer. Therefore, this measurement method can be used to check the 
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ohmic behavior of the back contact. From the above analysis, it can be concluded that 

alloying has no significant effect on the ohmic behaviour of the Al back contact on the 

0.02 Dcm and 0.5 Dcm substrates. The I-V characteristics of the Al back contact on these 

two substrates are linear and the contact can be regarded as an ohmic contact. 

Figures 5.10 and 5.11 show the I-V and C-V characteristics of both the alloyed and non

alloyed MOS capacitors, respectively. The Cox and C min of the alloyed and non-alloyed 

samples grown at 500°C are summarized in Table 5.5. It is noted that the leakage current 

and the capacitance of the alloyed sample is higher than that of the non-alloyed sample. 

This observation can be explained if the alloyed sample has a thinner effective oxide thick

ness. As mentioned before, alloying at 450 °c can cause the diffusion of Al atoms from the 

top electrode into the Ti02 layer. If the interfacial layer is very leaky, the total effective 

oxide thickness is reduced. The 'bump' feature in the non-alloyed sample will be discussed 

in Section 5.4.5. 

In summary, alloying of the Al back contact is not required for the Ti02 MOS capacitors 

fabricated on a highly doped Si substrate. In fact, the diffusion of Al atoms into the Ti02 

layer during the alloying process will deteriorate the electrical characteristics of the device. 

Therefore, the analysis presented later will be based on the Ti0 2 MOS capacitors with 

non-alloyed back contact. 

Table 5.5: The maximum capacitance Cox and the minimum capacitance C min of the alloyed and non

alloyed samples grown at 500°C. 

Sample Cox [xlO-6 F /cm2] 

Tox = 500°C, non-alloyed 1.39 

Tox = 500°C, alloyed 2.20 

5.52 

5.11 
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Figure 5. 10: Comparison of the I-V charact eristics of the alloyed and non-alloyed samples , wit h t he 

Ti02 layers grown at 500 cc. 

N 
E 
~ 

2 

~ 1.5 

Q) 
t) 
c 
ro 

+-' 
'0 
ro 
0.. 
ro 
o 

0.5 

Q.3 

•••• ••••••••••••• 

-2 

••• •• 

• • •• •• 

• 

-1 0 

• 
• 

• 
• • 

Substrate Bias [V] 

• ••••••• •• • •• •• •• •• • 

• Alloyed 
o Non-alloyed 

2 3 

Figure 5.11: Comparison C-V characteristics of the alloyed and non-alloyed samples, with the Ti02 

layers grown at 500 cc. 
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5.4.5 Thermal Oxidation: 450, 500 and 550 °C 

It has been shown in Section 5.4.2 t hat Ti02 layer can be grown at 500 ac. It is t herefore 

important to optimise t he oxidation temperature by comparing the electrical characteristics 

of Ti02 layers grown at t emperature around 500 ac. Figure 5. 12 shows t he I-V character

istics of the Ti02 layers grown at 450, 500 and 550 ac. It can be observed t hat t he leakage 

current decreases with increases in Tax . Comparing the I-V characteristics of Ti02 layers 

grown at Tax between 450 and 550 ac in Figure 5.12, it is believed t hat as t he oxidation 

t emperature increases, the oxide layer will be closer to Ti02 stoichiometry. Ti02 wit h 

better stoichiometry will have lower leakage current [117] . However , t he format ion of a 

Si02 interfacial layer at high t emperature will also reduce the current . Figure 5. 12 shows 

that t he leakage current difference between 500 ac and 550 ac is relatively small. This 

indicates that t here is not much change in the Ti02 stoichiometry and in t he interfacial 

layer t hickness for t he oxide layers grown at t hese two temperatures. A more detailed 

analysis of t he I-V characteristics and t he current t ransport mechanism will be presented 

in Chapter 7. 
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Figure 5.12: I-V characteristics of t he Ti02 layers grown at different oxidation temperatures T ox · 
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Figure 5. 13: C-V characteristics of t he T i02 layers grown at different oxidation temperat ures Tax . 

The C-V characteristics of t he Ti02 layers grown at different Tax are shown in Figure 5. 13. 

It is noted t hat t he C-V characteristic of t he samples show a 'bump ' feature around 0 V. 

This is most likely t o be due to t he non-equilibrium effects similar to those observed at high 

frequency C-V measurements of silicon carbide (SiC) MOS capacitors at room tempera

ture [118] and at low temperatures C-V measurements in Si MOS capacitor [119, 120]. The 

charge exchange of t he surface states is due to t he emission or capture of a charge [119] . 

The emission t ime constant of t he surface states depends on t he energy difference between 

the surface state state energy and t he band edges whilst t he t ime constant of t he capture 

of carriers by t he surface state depends on the free carrier density at t he surface [119]. 

When the device is in inversion mode, all the surface states are negatively charged. When 

changing t he bias such that the device is driven into depletion, t he capture t ime constant 

of t he surface state is high because t he hole concentration at t he Si surface is low in the 

inversion or depletion region. The surface states very close to the conduction band edge 

are able to follow the changing bias and emit electrons because the emission time constants 

are very short . The other negatively charged surface states can only be discharged when 

the hole concent ration at the surface are high enough for the holes capture to occur. When 

the capt ure of hole happens , t he slope of C-V characteristic will change, which results in 

the 'bump' feature in Figure 5. 13. The widt h of the 'bump' depends on t he negatively 
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charged surface state density in non-equilibrium. It is noted from Figure 5.11 that the C-V 

characteristic of the alloyed sample has no 'bump' feature. This could be due to the re

duction of the surface state density during the alloying process or the high leakage current 

in the alloyed sample. 

Table 5.6: The maximum capacitance Cox and the minimum capacitance C min of the samples grown 

under different oxidation temperatures Tox. 

Sample Cox [xlO-6 F/cm2] 

Tox = 450°C 1.56 

Tox = 500°C 1.39 

Tox = 550°C 1.09 

6.91 

5.52 

4.95 

Table 5.6 summarizes the values of Cox and C min of the samples. It is observed that 

the Cox decreases with increasing oxidation temperature. There are three possible reasons. 

Firstly, the increase of the titanium oxide thickness with increased oxidation. Secondly, the 

increase of the interfacial layer thickness between the Ti02 and the Si [82, 111]. Thirdly, 

the diffusion of Al from top metal electrode into the Ti02 layer, which reduces the total 

effective oxide thickness. It will be shown in Chapter 7 that Al from the top electrode can 

diffuse into the Ti02 layer even at room temperature. It is believed that the diffusivity 

of Al decreases with better stoichiometry in the Ti02 layer. As better stoichiometry is 

expected for the Ti02 layer formed at higher temperature, the diffusion of Al into the 

oxide layer is less significant and the total effective oxide thickness of the oxide grown 

at 550°C will be thicker than those grown at lower temperatures, hence resulting in a 

lower Cox. The minimum capacitance C min of the samples also decreases as the oxidation 

temperature increases. This is likely to be due to the capacitance associated with the 

interface traps [45]. 

From the discussion above, it is believed that better stoichiometry can be achieved at 

550°C due to lower leakage current. It is noted that there is little difference between the 

leakage current of the oxides grown at 500 and 550 DC. Therefore, oxides grown at either 

500 or 550°C can be chosen for further analysis. However, the analysis of the current 

transport mechanisms is very difficult for under-oxidized Ti02 as there is no good model 

for the effect of oxygen vacancies on the conduction. When the sample is slightly over

oxidized, a stoichiometric Ti02 layer will form together with a thin interfacial layer. The 
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latter is easier to incorporate in the transport models. In addition, the effect of surface 

states in the oxide grown at 550°C is lower compared to those formed at lower oxidation 

temperatures. Therefore, Ti02 grown at 550°C will be analysed in more details in the 

next chapters. 

5.4.6 Summary 

Ti02 layers were grown by thermal oxidation of e-beam evaporated Ti thin films at tem

peratures between 300 and 550°C for 30 mins. The thickness of the Ti thin films is 10 nm. 

For samples grown at 300 and 400 DC, there is a huge leakage current due to poor quality 

of the oxide layers. From the I-V characteristics of the samples, the optimised oxidation 

temperature for thermally grown Ti02 is determined to be 550 DC. The Ti02 layer grown 

at this temperature gives minimum leakage current and it is believed that this is due to 

better stoichiometry of the oxide. 

It has been demonstrated that annealing the samples in N2 ambient at 700 DC can reduce 

the leakage current sharply, regardless of the oxidation temperatures. However, this is 

likely to be due to the growth of an interfacial Si02 layer at the Ti02/Si interface. This 

is undesirable because the F-N tunneling current will be reduced due to the high barrier 

of the Si02 layer. Therefore, post oxidation annealing is not beneficial for the thermally 

grown Ti02 layer. 

Alloying increases the leakage current and maximum capacitance of the samples. This is 

due to the diffusion of Al into the Ti02 during the alloying process, which reduces the 

total effective oxide thickness and deteriorate the electrical properties of the Ti02 layer. It 

has been shown that the Al back contact at low resistivity substrate (0.02 rlcm) is ohmic. 

Hence, alloying is not required for the Al back contact. 

In summary, Ti02 layer can be grown from e-beam evaporated Ti thin film at 550 DC. No 

post oxidation annealing is required for the thermally grown oxide layer, and no alloying 

is required for the Al back contact on a highly doped Si substrate. 
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5.5 Ti02 layer grown by Molecular Beam Epitaxy 

A molecular beam epitaxy (MBE) deposition system is very useful for growing thin films. 

It can accurately control the thickness of the thin film. It can also deposit a vast va

rieties of compounds and mixtures by controlling the timing and flux of the molecular 

beams [107, 109]. Because of these advantages of the MBE system, the combinatorial 

methods for synthesis and screening of materials (also known as composition-spread) can 

be used [121, 122]. This method involves the growth of a continuous film of varying com

position, which is then discretely characterised. The MBE system can be used to grow a 

huge amount of compounds and their mixtures. From there, the dielectric constant and 

interfacial properties of the thin film can be characterised. The systematic correlation 

between the chemical and structural properties and also the electrical properties can be 

shown. Therefore, the factors that influence the electrical properties of the thin film can 

be studied and understood. 

Row 0-9 
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Site 99 

Oxide layer along this 
dotted line 
has equal thickness 

Figure 5.14: The MBE sample layout. Site 00 has the minimum Ti02 thickness. The oxide thickness 

gradually increases to Site 99, which has the maximum thickness. For site 00, n=l; for site 01 and site 10, 

n=0.5, and so on. 

An MBE deposition system was used to grow Ti02 layer. The Ti atoms were evaporated at 

temperatures between 1750 and 1850 DC using an effusion cell. The evaporated Ti atoms 

can react with an oxygen flux near the substrate to form the oxide layer on the Si substrate. 

With the implementation of an oxygen cracker in the system, atomic oxygen with higher 

reactivity are produced. The oxygen cracker is used to produce a source of atomic oxygen. 

By passing the molecular oxygen through an electron bombardment heated fine tungsten 
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capillary, the molecular oxygen is cracked to atomic oxygen by bouncing along the hot 

walls [123]. This increases the reactivity between the oxygen and titanium atoms, and 

allows the growth of a better quality Ti02 layer. Due to a special design in the system, 

the concentration of the Ti02 layer will be the same but the oxide thickness will vary 

throughout the surface, as shown in Figure 5.14. This is useful for characterisation of the 

Ti02 layer as the I-V and C-V characteristics will vary with the oxide thickness, and the 

electrical and interfacial properties of the Ti02 layer can be studied. 

1 
CTi0

2 I CSi0
2 

CSi 

Figure 5.15: A simple capacitor model for the MBE sample, C T i02 and CSi02 are the capacitances of 

the Ti02 and interfacial Si02 layers, respectively. The variable capacitance, CSi , is the capacitance due 

to the depletion region in the silicon substrate. 

The oxide layer deposited by the MBE system can always be modelled as three capacitors 

connected in series mode, as shown in Figure 5.15. CTi02 , CSi02 and CSi are the capacitance 

per unit area due to the as-grown Ti02 layer, the interfacial Si02 layer and the depletion 

region in the Si substrate, respectively. Therefore, the total capacitance per unit area can 

be expressed as 

(5.1) 

where dTi02 and ETi02 are the thickness and dielectric constant of the Ti02 layer, re

spectively, dSi02 and ESi02 are the thickness and dielectric constant of the Si02 layer, 

respectively, and dSi and ESi are the depletion width and dielectric constant of the silicon 

substrate, respectively. dSi varies with the applied bias, and hence the capacitance due to 

the depletion region in the Si substrate will vary with the applied bias as well. The Ti02 

thickness dTi02 can be expressed as 
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(5.2) 

where n is the index for different oxide thickness as shown in Figure 5.14, and n=[O, 0.5, 

1, ... , 9]. The oxide thickness is minimum at n=O, and maximum at n=9. do is the 

Ti02 thickness at site 00 and l:lt is the difference of the oxide thickness between nand 

n + 1. l:lt can be estimated because the maximum oxide thickness can be determined 

from the fabrication process, and the minimum oxide thickness can be assumed to be zero. 

Substituting Equation 5.2 into Equation 5.1, the following expression can be obtained: 

1 

C 
(5.3) 

By plotting the graph of l/C versus n, the slope S and the y-axis intercept Yintercept of the 

linear line can be expressed as: 

l:lt 
S=--- (5.4) 

(5.5) 

The values of Sand Yintercept can be extracted from the graph of l/C versus n. Using 

Equation 5.4 and assuming a reasonable value for l:lt, tTi02 can be determined. Then, 

from Equation 5.1 and 5.5, as CSi can be assumed to be negligible in the accumulation 

mode of the device at site 00, dSi02 can be determined by assuming a reasonable value for 

do, which is supposed to be closed to zero. 
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5.5.1 Experimental Details 

The process flow of the Ti02 MOS capacitors fabricated by the MBE technique is shown 

in Figure 5. 16. p-Si substrate with resist ivity of 0.02 Ocm were used. First , t he wafers 

were RCA cleaned and HF treated before a 1 Mm Al layer was deposited at t he back of 

the Si substrate. The front side of t he Si substrates were etched with HF just before t he 

growth of the Ti02 layer. The Ti effusion temperature was 1800 ec, and the substrate 

temperature was 300 ec. The deposition time was 900 seconds. Two different setups were 

used to grow the Ti02 layers: with and without an oxygen cracker. The partial pressure 

of the oxygen were 7x l0-7 torr and 5xl0-6 torr for setup with and without the oxygen 

cracker, respectively. For both cases, the Ti02 layer thickness at site 99 is estimated to be 

30 nm from previous calibration. After the growth of the oxide layers, a 300 nm thick gold 

electrode was deposited on t he oxide layers through a shadow mask. The size of the gold 

pads is 1 mmx 1 mm. 

~ = 
RCA and 
HF treated. 

~ 

..... AI 

Back contact 
deposition. 

Growth of Ti02 Top contact 
Substrate temperature=300oC deposition. 
Ti effusion temperature=1800oC 
Deposition time=900 seconds 

Figure 5.16: Process flow of the Ti02 MOS capacitors fabricated by MBE. 

Atomic force microscopy (AFM) and scanning electron microscopy (SEM) were used to 

inspect the surface roughness of the oxide layers . AFM measurements were performed 

using Topometrix Accurex 2 and the SEM measurements were done using a Leo 1450VP 

SEM. The I-V characteristics of the oxide layers were measured by HP4155A. The principle 

of operation of AFM and SEM are presented in Chapter 6. 
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5.5.2 Physical Observation 
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Figure 5.17: (a) The AFM picture of the Ti02 layer grown without the oxygen cracker. (b) Line 

measurement refers to the blue line across the AFM picture (a) . The pictures show that the surface is 

non-uniform and consists of extruding structures with about 14 nm height . 

Unlike the thermally oxidized samples, the ent ire surface of the MBE sample grown without 

the oxygen cracker looks rough and grainy. There are bright spots visible throughout the 

surface when viewed under the microscope (in reflection mode) . These bright spots could 

be due to the extruding structures or pits on the surface. The AFM scan of the sample 

in Figure 5. 17 clearly show large features on t he oxide. In addition, t he SEM picture of 

the sample in Figure 5. 18 shows t hat there are pits scattered on the oxide surface. One 

possible explanation is that not all the Ti atoms reacted fully with the oxygen molecules 

to form Ti02 molecules on t he Si substrate. Instead, some of the Ti atoms were deposited 

on the substrate directly, which results in the grainy structure and the pits on t he oxide 

layer. 
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As for the sample grown with t he implementation of t he oxygen cracker, t here are no bright 

spots visible under the microscope. This implies a better quality of oxide layer, as the Ti 

atoms have better reactivity with the oxygen atoms produced by the oxygen cracker. 

200~m 

I 
EHT = 21 .54 kV 
Mag = 90X 

wo= 15mm Date :18 Feb 2004 
Time :13:04:31 

Figure 5.18: The SEM picture of the Ti02 layer grown without the oxygen cracker. The pit is just 

beside the gold pad, which is showing white in the picture. The diameter of the pit is about 200 p,m. 

5.5.3 Electrical Analysis 

As shown in Figure 5.14, the oxide thickness grown on the sample increases along t he 

diagonal of the sample. The device at site 00 has minimum oxide t hickness and t he device 

at site 99 has maximum oxide thickness. Therefore, it is expected t hat the leakage current 

flowing through the devices will decrease along the diagonal as the oxide thickness increases. 

During the I-V measurements of the samples, it is observed that for t he same device if the 

probe tip remains at the same location of the electrode, the leakage current will increase 

in a subsequent measurement. Therefore, unless some unusual characteristics showed up, 

the first measurement of t he device was always recorded for t he analysis. 
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Figure 5.19: The I-V characteristics of the Ti02 layers along the diagonal of the sample grown without 

the oxygen cracker. 
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Figure 5.20: The I-V characteristics of the Ti02 layers along the diagonal of the sample grown wit h the 

oxygen cracker. 
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Figure 5.19 and 5.20 shows the I-V characteristics of the MOS capacitors along the diagonal 

of the sample grown without and with the oxygen cracker, respectively. It is observed that 

the magnitude of the current density has no correlation to the oxide thickness in both 

cases. This indicates that the oxide layers were leaky and the increase in oxide thickness 

has no effect on reducing the magnitude of the leakage current. It is noted that the Ti02 

layer grown with the oxygen cracker shows lower current density than that grown without 

the oxygen cracker. This is expected because the Ti02 layer grown without the oxygen 

cracker show grainy structures and pits. These features can become centers of high electric 

field, lead to oxide breakdown, and result in huge leakage current . 

----B-- MBE without oxygen cracker 
----B-- MBE with oxygen cracker 
----B-- Thermal Oxidation 

10-1~~~~~~~~~~~c=~~~~~~~~~~ 
o 0.5 1.5 2 2.5 3 
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Figure 5.21: The I-V characteristics of the Ti02 layers grown by MBE technique and thermal oxidation 

on e-beam evaporated Ti thin film. For samples grown by the MBE technique, I-V characteristic of device 

at site 99 was chosen. For thermal oxidation technique, the oxide layer was grown from 10 nm Ti thin film 

at 550 °e. 

Figure 5.21 compares the I-V characteristics of the MBE grown Ti02 layers and the ther

mally grown Ti02 layer. For MBE grown Ti02 layers, the I-V characteristic were based 

on the device at site 99, which has an oxide thickness of about 30 nm. For thermally 

grown Ti02 layer, the oxide was grown from a 10 nm Ti thin film at 550 °e, which will 

result in a Ti02 layer thickness of 18 nm as shown in Table 5.2. It is observed that the 

implementation of the oxygen cracker can help to reduce the leakage current by two orders 

of magnitude in the MBE grown samples. However, the thermally grown Ti02 layer has a 



5.5 Ti02 layer grown by Molecular Beam Epitaxy 95 

much lower leakage current compare to those of the MBE grown Ti02 layers, even though 

the thermally grown oxide layer is thinner than those of the MBE grown Ti02 layers. This 

indicates that thermal oxidation of e-beam evaporated Ti thin film is a better technique 

as it produces oxide layers with lower leakage current. 

5.5.4 Summary 

An MBE technique was used to grow a continuous Ti02 layer of varying thickness. The 

Ti02 layer was formed on the Si substrate by the reaction with an oxygen flux. It is 

observed that the oxide layer grown without an oxygen cracker has grainy structures and 

pits on the surface, and exhibits huge leakage current. The oxide layer quality can be 

improved by growing the oxide layer with the implementation of an oxygen cracker, as the 

oxide layer shows a visually more uniform surface, and the devices exhibit lower leakage 

current than those fabricated without the oxygen cracker. However, the main objective of 

using the MBE technique is to characterise the dielectric constant and interfacial properties 

of the Ti02 layers based on the varying oxide thickness. In both cases, i.e. in molecular 

oxygen or atomic oxygen environment, the magnitude of the current density of the Ti02 

MOS capacitors exhibit no correlation to the oxide thickness. This indicates that further 

optimisation is required to improve the oxide quality before the advantages offered by the 

MBE technique can be fully exploited. 

Besides the reactivity of the gas in the reaction chamber (which is molecular oxygen and 

atomic oxygen in this case), the oxide quality is also determined by the titanium effusion 

temperature and the deposition time. The Ti vapour pressure varies with the effusion 

temperature. A 50°C difference in the effusion temperature will make one order of magni

tude difference in Ti vapour pressure [4], which will affect the growth of Ti02 significantly. 

Lower Ti effusion temperature will allow the Ti atom to react with oxygen and form Ti02 

at the substrate surface. Longer deposition time is necessary to grow the oxide to the re

quired thickness because of the slow growing rate. Therefore, lower Ti effusion temperature 

and longer deposition time should result in a better quality oxide. 
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5.6 Conclusion 

Various fabrication techniques for growing thin oxide layer have been reviewed. For thermal 

oxidation technique, Ti02 layers were grown from e-beam evaporated Ti thin films at 

temperatures between 300 and 550°C. It has been shown that the optimised oxidation 

temperature is 550 DC, as the oxide layer grown at that temperature gives minimum current. 

The effect of post oxidation annealing on the as-grown oxide layer has been investigated. 

It is shown that post oxidation annealing in nitrogen at 700°C reduces the current by 

introducing an Si02 interfacial layer between the Ti02 and Si substrate. This is undesirable 

because it will decrease the F-N tunneling current as well. Hence, post oxidation annealing 

is not beneficial for thermally grown Ti02 layers. It has also been shown that no alloying is 

required as the Al back contact is ohmic due to the highly doped Si substrate. In addition, 

alloying can cause diffusion of Al atoms from the top electrode into the Ti02 layer, which 

will reduce the oxide thickness and alter the oxide electrical properties. 

For the MBE technique, Ti02 layers were grown by reactions of evaporated Ti atoms with 

an oxygen flux. The oxide layers have a varying thickness to allow the characterisation 

of the dielectric constant and interfacial properties. It is observed that an oxide layer of 

better quality can be grown if the Ti atom are reacted with atomic oxygen instead of the 

molecular oxygen. However, the leakage current through the Ti02 MOS capacitors shows 

no correlation with the oxide thickness. Further optimisation is required to improve the 

oxide quality. 

By comparing I-V characteristics of the thermally grown and the MBE grown Ti02 layers, 

it is observed that the thermally grown Ti02 layer exhibits lower leakage current, even 

though the oxide thickness is thinner than those grown by the MBE technique. This 

suggests that thermal oxidation of e-beam evaporated Ti thin film can produce better 

oxide quality than the MBE technique. Therefore, more analysis will be performed on the 

thermally grown Ti02 layer in later chapters. 



Chapter 6 

Structural Analysis of Thermally 

Grown Ti02 

6.1 Introduction 

The optimised oxidation temperature for thermally grown Ti02 layers is 550 DC, as deter

mined in Chapter 5. Another important parameter is the thickness of the Ti02 layer, as 

it will affect the I-V and C-V characteristics of the oxide. The Ti02 layer thickness can 

be determined from the thickness of the Ti thin film, according to the expansion factors 

listed in Table 5.2. If the Ti thin film is fully oxidized, the resulting Ti02 layer thickness 

will be 1.8 times that of the Ti thin film. The simulation results in Chapter 4 indicates 

that the tunnel barrier thickness should be around 15 nm to give a drain current swing of 

four orders of magnitude in VMISTT. Therefore, Ti02 layers grown at 550 DC from 7 and 

10 nm Ti thin films are studied and compared. 

One of the drawbacks of thermal oxidation of Ti thin film is the uncertainty in the film 

thickness and the stoichiometry of oxide formed during oxidation, which depends on the 

oxidation conditions and the e-beam evaporated Ti thin film thickness [83J. As can be 

seen from Table 5.2, Ti has various oxide phases and each has different expansion factor. 

This will lead to the uncertainty in the oxide thickness if the oxide phase is unknown. In 

addition, the e-beam evaporated Ti thin film thickness is estimated from the evaporation 

rate and the evaporation time. This can also result in uncertainty in the oxide thickness 

even if the oxide phase is known. Hence, scanning electron microscope (SEM) was used 

to produce a microscopy view of the Ti02 MOS capacitor structure so that the physical 

97 
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thickness of the oxide layers can be determined. 

Another issue related to thermal oxidation is the interfacial oxide layer at the TiOdSi 

substrate [81]. Titanium silicates can be grown at temperature above 4000 C [124]. As the 

optimised oxidation temperature is 550° C, it is possible that silicates will be formed during 

the oxidation process. Time-of-flight secondary ions mass spectrometry (TOF-SIMS) was 

used to perform elemental analysis of the Ti02 layers grown at 5500 C from 7 and 10 nm of 

Ti thin films. It was used to analyse the composition and the depth profile of the thermally 

grown oxide on Si substrates. 

As mentioned in previous chapter, Ti02 has three different crystalline polymorphic forms: 

anatase, rutile and brookite [70]. Among these three different forms, anatase and rutile 

are the more commonly observed crystalline forms in Ti02 [125]. The crystal structure of 

the thermally grown oxide layer is determined by x-ray diffraction (XRD). 

In this chapter, the electrical characterisation of the Ti02 layers of different thicknesses are 

presented. This is followed by the focus of this chapter, the structural analysis of the Ti02 

layers of different thicknesses. An oxide thickness is chosen for further characterisation of 

the tunnel barrier in the next chapter. 

6.2 Experimental Details & Instruments 

6.2.1 Experimental Details 

Ti02 MOS capacitors were fabricated to study the electrical and structural properties of 

the Ti02 layers grown from 7 nm Ti thin films. The process flow is shown in Figure 6.1. 

The experimental details is similar to that described in Section 5.4.1. 7 nm Ti thin films 

were deposited by vacuum e-beam evaporation on p-Si (resistivity of 0.02 Dcm) without any 

substrate heating. The wafers were RCA cleaned and HF treated before evaporation. The 

evaporation pressure was 2.25x 10-6 Torr, and the evaporation rate of Ti was 0.3 nm/s. 

The samples were oxidized at 550°C for 30 minutes. After that, a 1 /-Lm thick Al top 

electrode was vacuum evaporated using a shadow mask to make various contact pad sizes 

and a 1 /-Lm Al layer was evaporated on the back surface. The process listing is shown in 

Appendix B.3. The Ti02 layers grown from 10 nm Ti thin films are from the second batch 
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described in Section 5.4.1. 

RCA and 
HF treated. 

Ti Deposition. Oxidation at 
550°C for 30m in. 

~ 

AI __ ._ 

Metallization. Back contact 
HF cleaning deposition. 
on Si back. 

Figure 6.1: Process flow of the Ti02 MOS capacitors. 
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The electrical measurement setup was same as that described in Section 5.4. 1. Cross

sectional SEM was done using a Hitachi S-4800 microscope to visualise the oxide layers 

grown. TOF-SIMS measurements were performed with an ION-TOF TOF.SIMS 5 instru

ment. For erosion a 500 eV Cs+ beam with a target current of 52 nA was applied to an 

area of 300x300 11m2
. A 25 keY Bit beam, with a target current of 0.33 pA, was used for 

analysis. The analysed area was approximately 100 x 100 11m2
. During the TOF-SIMS ex

periment, the analysed intensity as a function of the sputtering t ime was stored. The final 

crater depth was determined by a mechanical profiler and this crater depth was transferred 

to a depth scale assuming a constant sputter rate. This assumption is not exactly correct 

because the sputtering rate varies with the chemical composition of the material. 

XRD was performed with a Siemens D5000 X-ray diffractometer. As the diffracted beams 

from the 18 nm Ti02 layers can be weak for XRD analysis , t hicker oxide layers were 

grown from 100 and 500 nm vacuum e-beam evaporated Ti t hin films without substrate 

heating. The wafers were RCA cleaned and HF t reated before evaporation. The samples 

were oxidized at different temperatures (550 and 750 DC) for 2 hours. The process listing 

is shown in Appendix B.5. 
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6.2.2 Experimental Instruments 

(a) Atomic Force Microscope 

An Atomic Force Microscope (AFM) can be used to analyse the surface roughness of the 

samples by scanning the sample surface [126]. Figure 6.2 shows the schematic of an AFM 

machine. The laser beam is directed towards the end of the cantilever. As the probe 

tip (which is mounted at the end of the cantilever) scans across the sample surface, the 

topographic features will cause deflection of the tip and the cantilever, which reflects the 

laser beam towards a four segment photodetector. The difference in the light intensity on 

the sectors of the detector indicates the position of the laser spot on the detector. Thus, 

the amount of deflection of the cantilever can be calculated and the surface roughness can 

be analysed. 

, / 

photod etector 

If 
/ 

/ 

cantilever ,/ 
----__ ~ .. ~/ probe tip 
_-----~\f..-----

L...--_________ --1!samPle 

Figure 6.2: Schematic of an AFM machine. 
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(b) Scanning Electron Microscope 

A Scanning Electron Microscope (SEM) can create images with magnification greater than 

100,000 [127] . This is much higher than the normal light microscope magnification, which 

is less t han 1000. This is because the wavelength of the electron is about 100,000 smaller 

t han the wavelength of the light. Figure 6.3 shows the schematic of an SEM machine. The 

sample (target) is placed inside a vacuum chamber. An electron beam will be focused to 

a very fine spot through a series of magnetic lenses . The focused beam is moved back and 

forth across the target by a set of scanning coils. As the electron beam hits each spot on 

the sample, secondary electrons are knocked out from the sample surface. These secondary 

electrons are counted by a detector and its signal is sent to an amplifier. The final image 

is built up from the number of electrons emitted from each spot on the sample. 

Electron gun 0 
Condensing -~::::l 

lenses 

Scan coi ls --"-

Objective lens 
Detector and amplifier 

Target 

Figure 6.3: Schematic an SEM machine. Figure based upon [127]. 
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(c) Time-of-flight secondary ion mass spectrometry (TOF-SIMS) 

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) is used to determine the 

composition of the sample surface constituents [128, 129] . It can also be used for depth 

profiling. Figure 6.4 illustrates the schematic of a TOF-SIMS machine. A pulsed primary 

ion beam is directed to the sample to desorb and ionize species from the sample surface. 

These ionized species are known as secondary ions , and are accelerated into a mass spec

trometer. As the "time-of-flight" of an ion from the sample surface to t he detector is 

proportional to the square root of its mass, the ions with different masses will arrive at t he 

detector separately. The next pulse of primary ions will start after all the secondary ions 

have been analyzed so that the heavy ions in the first pulse will not be overtaken by t he 

light ions in the second pulse. By measuring the "time-of-flight" of t he ions, t he masses 

can be analyzed and the composition of the sample can be studied. For t he application in 

depth profiling, sputtering is required to remove a layer of the sample surface so that the 

pulsed primary ion beam can ionize species from the revealed surface. This can be done 

during the time interval between consecutive pulsed beams. 

ion mirror 

--::::-
.......... :,... ......... ----/---

pulsing 

• raster 

target 

detector , 
transport 

optics 

extractor 

Figure 6.4: Schematic a TOF-SIMS machine. Figure based upon ref [130]. 
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(d) X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a technique to investigate of t he structure of t he material [131, 

132]. It can produce a spectrum of diffraction peak as a function of the x-ray diffract ion 

angle. From the diffraction peaks, the crystal structure of a known material can be deter

mined. Figure 6.5 illustrates the schematic of a x-ray diffractometer. The x-ray is directed 

towards t he target , and the diffracted rays are collected at t he detector. The detector and 

the sample holder are mechanically coupled wit h a goniometer so that t he rotation of t he 

detector relative to t he rotation of t he sample holder is fixed at 2:1 ratio. The divergent 

slits and t he receiving slits help to reduce background noise, limit scattered radiation and 

collimate the radiation. 

x-ray tube detector 

receiving slits 

Figure 6.5: Schematic of a x-ray diffractometer. F igure based upon ref [131]. 

Theory of X-ray Diffraction 

Diffraction is a phenomenon of waves interaction wit h a regular structure with a repeat 

distance similar to t he wavelength of the waves. A material with crystalline structure has 

an orderly arrangement of atoms [131 , 132]. The wavelength of x-rays is comparable to 

the interatomic distances in crystalline solids, which is on t he order of a few angstroms. 

Therefore, diffraction can occur when x-ray beam is directed towards a crystalline solid. 

The diffracted waves will consist of sharp interference maxima, which can be used to 

determine t he crystal structure of the solid. 
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Figure 6.6: Schematic of x-ray diffraction on a crystal solid. The atoms and crystal plane of the crystal 

solid are represented by blue dots and black line , respectively. Figure based upon ref [132]. 

Figure 6.6 illustrates t he x-ray diffraction from a two dimensional crystal structure. When 

the x-ray interacts with the atoms on a crystal plane , the x-ray will be reflected away. At a 

specific angle 8, t he reflected rays will form a diffracted beam if the rays differ in phase by 

a whole number of wavelengths. Those reflected rays will reinforce each other and produce 

a maxima on t he diffraction pattern. For diffraction to occur, the relationship between 

the interplanar spacing dhk1 and t he x-ray diffraction angle 8 can be expressed by Bragg's 

Law [131, 132]: 

(6.1) 

where A is the wavelength of t he x-ray, which is 1.54 A for a copper source, and n is 1,2,3, 

etc. From t he x-ray diffraction angle, the interplanar spacing dhk1 of the unknown crystal 

solid can be determined. If t he crystal solid is known, dhk1 can be determined from the 

lattice constant and the Miller indices of different crystal planes, as shown in Table 6.1. The 

diffraction angle 8 can be calculated using Equation 6.1. The diffraction pattern can then 

be used to determine the crystal phase of the solid by matching the calculated diffraction 

angle 8 with t hose of the peaks on the diffraction pattern. It should be noted that the 

peaks on the diffraction pattern will occur at an angle twice that of the diffraction angle. 

This is because the reflected x-rays will be at an angle of 28 from the incident x-rays, as 

shown in Figure 6.5. 
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Table 6.1: The values of interplanar spacing dhkl in some common crystal systems [132]' a and c are the 

lattice constant of a crystal, h, k, l are the Miller indices of the crystal plane. 

Crystal systems dhkl [A] 

cubic [;2 (h2 + k2 + [2)]-1/2 

I [h2+k2 !2.]-1/2 tetragona a2 + c2 

hexagonal, hexagonal indexing [~(h2 + hk + k2) + ~ )]-1/2 

The full width half maximum (FWHM) ofaXRD diffraction peak can be used to determine 

the grain size D of a crystalline material. Figure 6.7 shows the determination of the FWHM 

from a XRD diffraction peak. The grain size G of the material can be calculated from 

Debye-Scherrer's formula [131] 

G = 0.94-\ 
f3cosB 

(6.2) 

where -\ is the wavelength of the x-ray, f3 is the FWHM of the diffraction peak expressed 

in radian, and B is the diffraction angle. 

28 

Figure 6.7: Illustration of the FWHM f3 of a x-ray diffraction peak with intensity A. 
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6.3 Electrical Characterisation 

The I-V characteristics of the Ti02 layers grown from 7 and 10 nm Ti thin films at 5500 C 

are shown in Figure 6.8. It is noted that the leakage current through the Ti02 layer 

decreases strongly as the oxide thickness increases. This is expected as most of the current 

transport mechanisms are exponentially dependent on the thickness of the sample [4J. The 

difference in the leakage current is more prominent at negative substrate bias than that at 

positive substrate bias. This is due to the depletion region created in the p-type substrate 

at negative substrate bias. 

-- 7nmTi 
-e- 10 nm Ti 

1 0-10 L....~~.........J.~~~-'--'-~~~....t...~~~....r..............';:=====:::;::ij 
-3 -2 -1 0 1 2 3 

Substrate Bias M 

Figure 6.8: Comparison of I-V characteristics of the Ti02 layers grown from 7 and 10 nm Ti thin films 

at 5500 C. 

The results of C-V measurements are shown in Figures 6.9. The maximum capacitance Cox 

and minimum capacitance Cmin of the samples are summarized in Table 6.2. Cox decreases 

as the oxide thickness increases. This is expected because the capacitance is inversely 

proportional to the oxide thickness. It is noted that the C-V characteristics of the oxide 

layers show a 'bump' feature around zero bias, which has been discussed in Section 5.4.5. 

The 'bump' is more significant in the 13 nm Ti02 layer than the 18 nm Ti0 2 layer, which 

indicates higher surface states density in 13 nm Ti02 sample [118J. There is also oscillation 

in the C-V characteristic of the 13 nm Ti02 layer at the inversion region. This could be due 

to a poor interface quality and a strong influence of the surface states on the oxide electrical 
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properties. The structural characterisations of these two samples will be presented in the 

next section. 
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Figure 6.9: Comparison of C-V characteristics of the Ti02 layers grown from 7 and 10 nm Ti thin films 

at 5500 C. 

Table 6.2: The maximum capacitance Cox and the minimum capacitance C min of the samples grown 

from the Ti thin films of different thicknesses. 

Ti02 thickness [nm] C acc [xlO-6 F /cm2 ] Cmin [xlO-7 F /cm2 ] 

13 1.88 6.49 

18 1.09 4.95 
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6.4 Structural Characterisation 

6.4.1 SEM Analysis 

Figure 6.10 show the cross-sectional SEM picture of the oxide layer grown from a 7 and 

10 nm Ti film at 550 °e, respectively. It is observed that the t hickness of the oxide layer is 

about 12 nm for a 7 nm Ti t hin film and 19 nm for a 10 nm Ti thin film. This agrees well 

with t he expected thickness-expansion factor of 1.8 when Ti is fully oxidized to Ti02 , as 

shown in Table 6.3. Therefore, the nominal thickness will be used for the thermally grown 

Ti02 layer , i. e. 13 and 18 nm of Ti02 layers can be grown from 7 and 10 nm of Ti t hin 

films. 

(a) (b) 

Figure 6.10: Cross-sectional field emission of SEM micrograph of the oxide grown from (a) 7 nm and 

(b) 10 nm Ti layer . The oxide layer appears as a bright band in the diagram. 

Table 6.3: The comparison of the Ti02 thicknesses grown from 7 and 10 nm Ti thin films. It is shown 

that Ti02 thicknesses determined from the SEM micrograph match well to that determine from Table 5.2. 

A rutile Ti02 is assumed to calculate the expected Ti02 thickness from Table 5.2. 

Ti thickness [nm] Ti02 thickness [nm] Ti02 thickness [nm] 

(from SEM) (from Table 5.2) 

7 12 13 

10 19 18 
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6.4.2 TOF-SIMS Analysis 

Figure 6.11 shows the SIMS profile of t he sample grown from a 7 nm thick Ti film. It 

is observed t hat the Ti02 signal decays slowly from the surface and falls sharply after 

10 nm and is only detected for depths < 12 nm. This value provides a good estimate 

for the oxide t hickness and agrees with the nominal thickness of Ti02 and the SEM pic

ture. The Ti signal from the oxide region exhibits a long tail that extends into t he Si 

substrate. This could be due to diffusion of Ti atoms into the Si as diffusivity of Ti in Si is 

1.45 x 10-2 exp ( -1. 79 e V / kT) cm2s- 1, which is about one order of magnitude higher than 

that of 0 in Si [133] . Furthermore an increase of the CsTi ion formation efficiency in the 

Si compared to the Ti02 matrix cannot be excluded [134]. Notably, Si02 and t itanium 

silicate (TiSi03 ) signals are also detected in this region and both peak at a depth of ap

proximately 10 nm. This indicates that the interfacial layer formed by reactions among Ti, 

Si and 0 atoms.The presence of oxygen at high temperature leads to t he formation of Si02 

and titanium silicate at the interface. The peak of t he Si02 signal at the surface is most 

likely due to a polysiloxane (PDMS) contamination of t he sample surface. Therefore, the 

SIMS depth profile of the sample grown from a 7 nm Ti thin film confirms that the total 

oxide t hickness is about 12 nm and there is an interfacial layer of 4 nm t itanium silicate. 
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Figure 6.11: TOF-SIMS data of the oxide grown by thermal oxidation of 7 nm Ti layer a t 550 °e. 
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Figure 6.12: TOF-SIMS data of the oxide grown by thermal oxidation of 10 nm Ti layer at 550 ce. 

The SIMS profile of the sample grown from a 10 nm Ti thin film is illustrated in Figure 6.12. 

It is observed that the signals show similar pattern to those in Figure 6.ll. The Ti02 signal 

decays sharply after 25 nm and is not detectable for depths > 30 nm. This value is not 

in agreement with the nominal thickness or the oxide layer thickness observed in the SEM 

micrograph shown in Figure 6.10(b) . The discrepancy is likely to be due to t he assumption 

of constant sputtering rate used in determination of the crater depth. The assumption of 

constant sputtering rate is acceptable for the oxide layer because of the small variation in 

the chemical compositions in the oxide layer. Hence, this assumpt ion can be used for the 

SIMS analysis of the oxide grown from a 7 nm Ti t hin film because the sputtering process 

stops after the Ti02 signal disappeared. However, for the SIMS analysis of the oxide grown 

from a 10 nm Ti thin film, the sputtering process continued even after t he Ti02 signal had 

disappeared. The sputtering yield of Si is higher than that of the Ti02 [135] and hence 

the constant sputtering rate assumption is not valid for the depth scale. A more precise 

depth scale can be done by performing t he sputtering rate on a reference materials (Ti02 

and Si). Therefore , the SIMS profile in Figure 6. 12 cannot be used to determine the oxide 

thickness. However , it shows the evidence of the Ti02 layer and the interfacial layer grown 

from the 10 nm Ti thin film. 
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6.4.3 XRD Analysis 

In the XRD analysis, the diffraction peaks over a range of 2e values were studied. The 

occurrence of the diffraction peaks depends on the crystal system and the crystal structure 

of the material. Table 6.4 lists out the crystal systems and respective lattice constants of 

Si, Ti and Ti02 . This can be used to determine the occurrence of the diffraction peaks of 

each material with the formulae in Table 6.1. 

Table 6.4: The crystal systems and lattice constants (a, b, c) of Si [42], Ti [101] and Ti02 [70]. 

Crystal system a [A] b [A] c [A] 

Si cubic 5.43 5.43 5.43 

Ti hexagonal 2.95 2.95 4.69 

Ti02 (rutile) tetragonal 4.58 4.58 2.95 

Ti02 (anatase) tetragonal 3.73 3.73 9.37 

Figure 6.13 shows the XRD result of a 500 nm Ti film oxidized at 550 DC for 2 hours. It 

can be seen that there is one significant diffraction peak at 69.2 D, which is due to Si(004). 

Another diffraction peak with relatively small intensity is observed at 32.9 D, which is due to 

Si(002). Although Si(002) is forbidden due to the vanishing structure factor in the diamond 

structure [131, 136], multiple diffractions of the beam in the crystal structure could result 

in the final diffracted beam appears to correspond to a forbidden reflection [137]. It is 

noted that there is a diffraction peak with very small intensity, which is due to the non

oxidized Ti atoms. It is observed that the diffraction from Ti in the sample is relatively 

weak compared to those from the Si substrate. This is due to the Ti thickness, which is 

much thinner compare with that of the Si substrate, as the diffracted beam will be weak 

if the specimen thickness is thin [131]. 
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Figure 6.13: The XRD result for sample with 500 nm Ti thin film and oxidized at 550 DC. 
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The effect of the Ti thin film thicknesses and the oxidation temperatures on the crystal 

structure of the thermally grown oxide layer are shown in Figure 6.14. The diffraction 

peaks related to the oxide layers are observed between 35 and 45 D . It is noted t hat there 

is no diffraction peak for samples with 100 nm Ti thin films , regardless of the oxidation 

temperatures. For samples with 500 nm Ti thin film and oxidized at 550 DC, there is one 

relatively large diffraction peak at 37.16 D and a small peak at 39.68 DC. This is due to 

Ti(002) and Ti(101) , which has a peak at 38.37 D and 40.14 D, respectively. The 2B values 

of Ti(002) and Ti(101) were determined using Equation 6.1 and the formulae in Table 6.1. 

The low angle shift in the values of 2B is due to the enlargement of the lattice volume via 

the incorporation of oxygen atoms during the oxidation process [85 , l10]. This results in 

an increase in the lattice constant of the Ti crystal [l10]. The interplanar spacing of Ti will 

increase according to the equation listed in Table 6.1 , and hence the diffraction peaks will 

shift to a lower value of 2B. The peaks of oxygen-enriched Ti(002) and Ti(101) indicate 

an incomplete oxidation in the 500 nm Ti thin film at 550 DC. As no diffraction peaks are 

observed in the layer oxidized from 100 nm Ti thin film at 550 DC, it is suggested t hat the 

oxide layer is fully oxidized and is amorphous. 
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For samples with 500 nm Ti t hin film and oxidation t emperature of 750 ec, the diffraction 

peak of Ti(002) and Ti(101) have disappeared. This implies t hat t he Ti t hin film is fully 

oxidized. Furthermore, a relatively small peak appears at 43 .34 e. This is due to rut ile 

crystal R(210), which has a diffraction peak at 28=44.12. The low angle shift is likely 

due to the insufficient oxidation t ime for t he complete t ransformation from amorphous 

to rutile phase [125, 138]. In addit ion, t he weak intensity of t he R(210) peak indicates 

that the oxide layer is still largely amorphous. This is in agreement with the literature, 

as t hermally oxidized Ti will only be t ransformed to rutile phase at longer oxidation t ime 

or at higher oxidation temperature [85]. It is noted t hat R(210) peak is not observed at 

sample with 100 nm Ti t hin films and oxidized at 750 ec. This could be due to a t hinner 

oxide layer formed by t he 100 nm Ti t hin film , which make the weak R (210) signal even 

difficult to be detected. 
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Figure 6.14: The comparison of t he XRD data for samples with different Ti thickness and oxidation 

t emperature Jrox . 
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Figure 6.15 shows the R(210) peak from the sample with 500 nm Ti thin film and oxidized 

at 750°C. The FWHM of the R(210) peak is 0.11°. The R(210) peak occurs at 2B=43.3°, 

hence, the diffraction angle B is 21.7°. Using Equation 6.2, the grain size G of the oxide 

layer is determined to be 81.2 nm. It is reported that Ti thin films oxidized at 700 and 

800°C will result in Ti02 layers with grain size of about 58 and 100 nm, respectively [85]. 

Hence, for Ti thin film oxidized at 750°C, a Ti02 grain size of 81.2 nm is reasonable. 

1- Ti=500 nm, T =750°C 
ox 

43 43.1 43.2 43.3 43.4 43.5 
29 [degree] 

Figure 6.15: The FWHM (3 of diffraction peak R(210) of sample with 500 nm Ti thin film and oxidation 

temperature at 750 °e. 

XRD on the 13 and 18 nm Ti02 layers, which were oxidized at 550°C for 30 mins, show 

no diffraction peak. One possible explanation is that the oxide layers are too thin for 

diffraction peak of strong intensity to be observed. However, as the XRD results show 

that thicker thermally oxidized Ti layers grown at 550°C are amorphous, it is believed 

that thinner oxide layers oxidized at the same temperature but shorter oxidation time are 

amorphous as well. 
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6. 5 Conclusion 

Structural and electrical properties of the Ti02 layers grown from 7 and 10 nm Ti thin 

films were studied. SEM pictures show that 13 and 18 nm Ti02 layers can be grown from 7 

and 10 nm Ti thin films, respectively. TOF-SIMS was used to perform elemental analysis 

of the thermally grown Ti02 layers. It has been shown that Ti atoms will diffuse into Si 

substrate during the oxidation process. Also, an interfacial layer consist of Ti, Si, and 0 

atoms is observed in the SIMS depth profile. X-ray diffraction was used to identify the 

crystal phase of thermally oxidized Ti02 layers. The results show incomplete oxidation in 

the oxide layers grown from 500 nm Ti thin films with oxidation temperature at 550°C. 

However, a weak rutile phase signal, R(210), was detected in the layers oxidized at 750°C. 

This suggest that crystallization of thermally grown Ti02 layers occurs at higher oxidation 

temperatures. In addition, there is no diffraction peaks on the XRD results of Ti0 2 layers 

grown from 100 nm Ti thin films with oxidation temperature at 550°C, which indicates 

that the Ti02 layers grown at those conditions are amorphous. Therefore, it is believed 

that Ti02 layers grown at 550°C and with Ti thin film thickness thinner than 100 nm are 

amorphous also. 

The I-V characteristics of the Ti02 layers has shown that the leakage current through the 

oxide layer decreases as the oxide thickness increases. Comparison of the C-V characteris

tics of the Ti02 layers indicates that the surface states have greater influence on thinner 

oxide. To minimize the influence of surface states on the electrical properties, Ti02 layers 

grown from 10 nm of Ti thin films were used to study the electrical properties of the Ti02 

layers with different Si substrates and top metal electrodes. 



Chapter 7 

Current Transport Mechanism in 

Thermally Grown Ti02 

7.1 Introduction 

One of the main advantages of VMISTT is the possibility of complementary operation as 

in CMOS. As mentioned in Chapter 4, to realise complementary operation, the choice of 

Si source and metal drain for VMISTT is important. The Si source will supply the charge 

carriers for conduction current. The requirement for the metal drain is such that it has 

a work function which suppresses the F-N tunneling of the electrons from the metal. For 

an n-VMISTT, the electron is the charge carrier. Thus, n-Si is chosen for F-N tunneling 

of electron to occur at the applied gate and drain bias. It is essential to have a low 

work function metal drain to suppress hole tunneling from the metal to the Si substrate. 

Therefore, Al with a work function of 4.2 eV [4], is chosen as the metal drain for the n

VMISTT. On the other hand, for p-VMISTT, the hole is the charge carrier. Therefore, p-Si 

should be used to supply holes for the F-N tunneling at the applied biases. A high work 

function metal drain is required to suppress the electron F-N tunneling from the metal to 

the Si substrate. Thus, Pt with a work function of 5.6 eV [4], is chosen as the metal drain 

for the p-VMISTT. 

The MOS capacitor is used to characterise the tunnel barrier because a non-gated VMISTT 

is essentially a MOS capacitor. By choosing the appropriate Si substrate and the top metal 

electrode for the MOS capacitors, the current transport mechanism in the oxide layer can 

be studied. The observation of F-N tunneling through the oxide layer is important, as this 
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will allow the F-N tunneling current to be modulated by the gate bias in the VMISTT 

operation. 

Ti02 MOS capacitors with two kinds of top electrode (AI, Pt) and two Si substrate (n-type, 

p-type) were fabricated to characterise the Ti02 layers through electrical measurements. 

The Ti02 layers were grown from 10 nm Ti thin films at 550°C. There are four types 

of different MOS capacitor structures: AI/Ti02 /n-Si, AljTi02 /p-Si, Pt/TiOdn-Si, and 

Pt/Ti02 /p-Si. This is to study the effect of the Si substrates and top metal electrodes on 

Ti02 layers. 

7.2 Current Transport Mechanisms in Tunnel Barrier 

An ideal tunnel barrier for the VMISTT will exhibit F-N tunneling as the dominant current 

transport mechanism for the entire temperature range. This will not be the case for a 

real tunnel barrier, as there are other mechanisms which will be dominant at various 

temperatures and bias conditions. To design and fabricate a good tunnel barrier, it is 

important to understand the nature of these mechanisms so that the related leakage current 

can be suppressed. The following discussion is using the electron as the charge carrier. 

Similar arguments apply to holes. 

(a) Fowler-Nordheim Tunneling 

Fowler-Nordheim (F-N) tunneling is the field emission of electrons from a metal or semi

conductor surface into the conduction band of an insulator through a triangular barrier, 

as illustrated in Figure 7.1. It occurs under the influence of a strong electric field. The 

current voltage (I-V) relationship of F-N tunneling can be expressed as [58-60J 

(7.1) 

where J is the current density, and AFN and BFN are constants, which can be expressed 

as 

(7.2) 
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B _ 87rJ2m*mo(qcI>B)3/2dox 
FN - 3qh (7.3) 

m* is the tunneling effective mass of the charge carrier in the tunnel barrier, mo is the free 

electron rest mass, dox is the thickness of the tunnel barrier, q is the electronic charge and 

h is Planck's constant. If the dominant current transport mechanism is F-N tunneling, 

then, the graph of In(J/V2) versus l/V will show a linear line of slope -BFN . From the 

slope, the barrier height qcI> B in e V can be determined, 

( 
B2 ) 1/3 

qcI>B = 0.2778 x m~~x (7.4) 

where dox is measured in nm. 

e 

Drain Tunnel Barrier Source 

Figure 7.1: Band diagram of the drain/tunnel barrier/source structure showing F-N tunneling. 

Theoretically, F-N tunneling is independent of the temperature. However, the number 

of electrons of a given energy incident on the barrier is temperature dependent, and the 

oxide/Si barrier height cI> B is also temperature dependent [59, 139, 140J. These will results 

in small variation of tunneling current magnitude with temperature. 
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(b) Trap-assisted Tunneling 

When there are traps or defects in the oxide, trap-assisted tunneling could occur through 

the traps [141, 142]. As shown in Figure 7.2, trap-assisted tunneling is a two step tunneling 

process: first, the electron from the source will tunnel into the traps, then, it will tunnel to 

the conduction band of the oxide. The I-V relationship for trap-assisted tunneling is quite 

similar to F-N tunneling except for the V 2 pre-factor, and is given by [141] 

(7.5) 

where ATAT is a constant, which can be expressed as 

(7.6) 

The traps energy level, qCJ>T in eV, can be determined from the slope BTAT of the linear 

lnJ versus l/V: 

( 
B2 ) 1/3 

qCJ>T = 0.2778 x m::[ (7.7) 

o 
o 

-o~- _ .... __ e __ _ 

Traps 

Drain Tunnel Barrier Source 

Figure 7.2: Band diagram of the drain/tunnel barrier/source structure showing the trap assisted tun

neling. 
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(c) Schottky Emission 

At high temperatures, thermionic emission of electrons from the source into the conduction 

band of oxide is expected to be the dominant carrier transport mechanism [4, 68, 69]. This 

is also known as Schottky emission, which is illustrated in Figure 7.3. The I-V expression 

of Schottky emission is as followed [4]: 

(7.8) 

where Asc is the effective Richardson constant, T is the temperature and k is the Boltzman's 

constant. From the expression, it is seen that the Schottky current increases exponentially 

with an increase in temperature. 

Drain Tunnel Barrier Source 

Figure 7.3: Band diagram of the drain/tunnel barrier/source structure showing Schottky emission. 

At a given temperature, a linear lnJ versus VV plot will indicate the possibility of the 

presence of Schottky emission. The slope of the linear portion in the plot, Esc, can be 

used to determine the dielectric constant tr of the oxide provided the thickness of the oxide 

dox is known, or vice versa: 

q q 
Esc = kT d 

47ftr t O ox 
(7.9) 

It is important to check if tr falls within the reported values. If that is true, then, Schottky 

emission is the dominant current transport mechanism in that voltage range [72]. If not, 

the current is due to some other mechanisms. On the other hand, at constant applied bias, 

the Schottky barrier height qif>B in eV can be extracted from the slope (3sc of the In(J/T2) 

versus l/T straight line plot using 
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q<I> B = -8.617 X 10-5 (3sc (7.10) 

The V qV/ (47rErEOdox ) term in Equation 7.8 is due to the image-foree-induced lowering 

effect [4], it is visualised as b:..¢ in Figure 7.4. When an electron is at a distance x from 

the source, a positive charge will be induced on the surface of the source. This is known 

as the image charge. The attractive force F between these two charges is called the image 

force, it is equivalent to the force between the electron and an equal positive image charge 

located at -x: 

(7.11 ) 

The total potential energy of the electron with an applied electric field E is given by 

(7.12) 

where PE(x) = qEx is the potential energy due to the applied electric field at a distance x 

from the metal surface. Pe is the potential energy of the electron and is equal to the work 

done on the electron by moving it from infinity to the point x: 

(7.13) 

The maximum potential occurs when d[Ptotal(X)]/dx = O. Therefore, the location of the 

top of the barrier Xm and the image-foree-induced lowering b:..¢ can be determined: 

(7.14) 

qV 
(7.15) 

The carriers in the source will see a lower barrier (<I> B - b:..¢). 
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tunnel barrier source 

Figure 7.4: Band diagram between the source and tunnel barrier, showing the image barrier lowering 

effect. Figure based upon ref [4]. 

(d) Poole-Frenkel Emission 

When there are traps in the bulk of the oxide, the Poole-Frenkel (P-F) effect may be 

significant [4, 68, 69, 143, 144]. It is very similar to Schottky emission, except that it is 

the field dependent thermionic emission from the traps instead of the source, as shown in 

Figure 7.5. It can be expressed as [4, 144] 

J = ApFVexp [-kqT (<I>T _ qV)] 
7rEr EO dox 

(7.16) 

and 

(7.17) 

where J-L and no are the mobility of the charge carriers and the carrier density, respectively. 

The image force lowering term vqV/(7rErEodox) is twice that of the Schottky emission 

because of the immobility of the positive charge associated with the traps [4]. P-F emission 

is only effective for the traps which are neutral when filled and positively charged when 

empty. For traps which are neutral when empty and charged when filled, there is no P-F 

effect due to the lack of Coulomb interaction [145]. The oxide dielectric constant can be 

determined from the slope B pF of a linear lnJ/V versus vV plot: 

q q 
B pF = kT d 

7rEr EO ox 
(7.18) 

Similarly, the value of Er must fall within reported values for P-F emission to be the 

dominant mechanism [72]. 
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Traps 

Drain Tunnel Barrier Source 

Figure 7.5: Band diagram of the drain/tunnel barrier/source structure showing Poole-Frenkel emission. 

(e) Hopping Conduction 

At low voltage, current conduction is possible due to the carrier hopping from one trap to 

another [63]. It is indistinguishable from ohmic conduction as it has a linear I-V charac

teristic. It can be expressed as [5, 67]: 

(7.19) 

where l is the interval of separation between adjacent hopping sites, n* is the density of 

free electrons in the oxide, and r is the mean hopping frequency. 

Traps 

Drain Tunnel Barrier Source 

Figure 7.6: Band diagram of the drain/tunnel barrier/source structure showing hopping conduction. 
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7.3 Experimental details 

10 nm Ti thin films were deposited on RCA-cleaned and HF-treated standard 4 inch 

diameter , low-resistivity (0.02 ncm) n-type and p-type Si substrates by vacuum e-beam 

evaporation wit hout any substrate heating. The oxide was subsequently formed by thermal 

oxidation at 550°C for 30 minutes. MOS capacitors were fabricated to characterise the 

Ti02 layers. 300 nm Pt and 1000 nm Al top contacts were formed by vacuum evaporation 

using shadow masks. The back contacts consist of a 1000 nm thick Al layer, which was 

deposited by vacuum evaporation as well. High doping in Si ensured that the back contacts 

were ohmic. The process listing is shown in Appendix B.4. 

m q ~ q EJ qPtl rA.....;1 -~ : --11 ••• 
RCA and Ti Deposition. Oxidation at Metallization. Back contact 
HF treated. 550°C for 30min. HF cleaning deposition. 

on Si back. 

Figure 7.7: Process flow of Ti02 MOS capacitors. 

1-V characteristics were obtained at room temperat ure and low temperatures using the 

HP4155A parametric analyser. Low temperature measurements were performed by mount

ing the samples on a liquid nitrogen cryostat, controlled by a Biorad DL4960 temperature 

controller. The C-V characterization was done at room temperature at 1 MHz using a 

HP4280A capacitance meter and HP4192A impedance analyser. The measurement setup 

was same as t hat described in Section 5.4. l. 
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7.4 Results & Discussion 

7.4.1 Current-Voltage Analysis 

The I-V characteristics of the Ti02 MOS capacitors are shown in Figure 7.8. It is noted 

that the leakage current is higher in the capacitors with Al top electrode, regardless of 

the type of substrate. It has been shown that the choice of the top electrode material can 

affect I-V and C-V characteristics due to reactivity of the metal with the underlying oxide 

at the metal/oxide interface [146]. Al is more reactive than Ti as the heat of formation of 

alumina is higher than that of the titania [147], it tends to react with oxygen of underlying 

Ti02 and creates an interfacial layer of oxygen-deficient titanium oxide, which has a lower 

resistivity and allows more leakage current. This will bring adverse effect on VMISTT 

operation as the interfacial layer can increase the charge density and induce trap-related 

current transport mechanism such as P-F emission and trap-assisted tunneling. Therefore, 

metal with similar work function as Al but less reactive must be considered for the drain 

electrode of n-VMISTT. 

Figure 7.8: The room temperature current voltage characteristics of the 18 nm Ti02 layers. The 

capacitors with Al top contact give higher leakage current than those with Pt top contact. 
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Figure 7.9: The energy band diagram of Ti02 MOS capacitors with different metal electrodes and Si 

substrates. 

It is interesting to observe in Figure 7.8 that at negative substrate bias, the capacitors with 

n-Si substrate exhibit higher current density than the capacitors with p-Si substrate. On 

the other hand, at positive substrate bias, the capacitors with p-Si substrate show higher 

current density than those with n-Si substrate. This can be explained with the aid of energy 

band diagram shown in Figure 7.9. At negative substrate bias, the energy level of the Si 

substrate will increase, and the band diagram will be tilted such that only carriers flow 

from the substrate is possible. The n-Si substrate will be biased into accumulation mode 

and the majority carriers (electrons) are responsible for the current flow in the capacitors. 

For capacitor with p-Si substrate, the substrate will be driven into inversion mode at 

negative substrate bias. The current is mainly due to the minority carriers (electrons) in 

the inversion layer. Therefore, for capacitors with the same metal electrode, the one with 

the n-Si substrate will exhibit higher current density at negative substrate bias than that 

of the p-Si substrate. This is because the whole n-Si substrate can supply the electrons for 

conduction at accumulation mode, whilst the electrons in p-Si substrate come only from the 
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inversion layer through generation and recombination process. At positive substrate bias, 

there are two possible sources for the current: the electrons in the metal electrode and the 

holes in Si substrate. For p-Si, the substrate will be in accumulation mode, the current is 

contributed by the electrons in the metal and the majority carriers in the substrate (holes). 

For n-Si, holes become the minority carriers as the substrate is driven into inversion mode, 

and the contribution of the minority carriers could be lower as only the inversion layer can 

provide the holes for current conduction. Thus, the current density of the capacitors with 

n-Si is lower than that of the p-Si at positive substrate bias. 

7.4.2 Capacitance-Voltage Analysis 

The results of C-V measurements are shown in Figure 7.10. Two distinct characteristics 

are observed. Firstly, the capacitors with Al top electrode have higher accumulation ca

pacitance than the capacitors with Pt top electrode. If the oxide thickness is the same, 

the accumulation capacitance should be similar regardless of the top electrode. However, 

as mentioned before, the Al top electrode may react with Ti02 and reduce the effective 

oxide thickness. As the capacitance is inversely proportional to the oxide thickness, the 

accumulation capacitance of the capacitors with Al top electrode will show higher value 

than those with the Pt top electrode. Secondly, the minimum capacitances Cmin of the 

capacitors on n-Si substrate are lower than those on the p-Si. This is due to the fact that 

for the similar resistivity, the p-Si substrate has a higher doping concentration than the 

n-Si substrate [4]. As the capacitance due to the depletion region in the silicon substrate 

Cd is proportional to the square root of the doping density, as shown in Equation 2.6. 

Table 7.1 summarizes the maximum capacitance Cox, the minimum capacitance C min , the 

oxide thickness dox and the dielectric constant Er of the capacitors. As there is minimal 

reaction between the Pt top electrode and the oxide, the dielectric constant is calculated 

from the accumulation capacitance of the capacitors with Pt top electrode assuming the 

nominal oxide thickness of 18 nm, as confirmed by SEM. The calculated dielectric constant 

is then used to calculate the effective thickness of the oxide in the capacitors with Al top 

electrode, by assuming that the dielectric constant of the thermally grown oxide is similar. 

This is likely as all the oxides are grown simultaneously under the same conditions. This 

analysis suggests that the top 3 nm of the Ti02 layers is depleted in oxygen due to the Al 

top contact. 
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Figure 7.10: The capacitance voltage characteristics of the 18 nm Ti02 layers at room temperature.The 

capacitors with Al top contact show higher accumulation capacitance than those with Pt top contact. 

Table 7.1: Summary of the C-V analysis of the samples with Ti02 grown from 10 nm of Ti thin film at 

550°C. d ox is fixed for the Pt contacts, while Cr has been fixed to the Pt value for AI. 

sample Cox [xlO-7 F /cm2] C min [xlO-7 F /cm2] d ox [nm] Cr 

p-Si, top contact=Pt 6.16 3.31 18.0 12.5 

p-Si, top contact=AI 7.30 3.26 15.2 12.5 

n-Si, top contact=Pt 6.10 1.78 18.0 12.4 

n-Si, top contact=AI 7.27 1.87 15.1 12.4 
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Figure 7.11: The comparison of the ATLAS simulated ideal C-V curve with the measured C-V charac

teristics of Ti02 MOS capacitors with different type of Si substrate and top metal electrodes. 

As mentioned in Section 2.2.2, by comparing the C-V characteristics of the capacitors with 

the ideal C-V curves, VFB of the capacitors can be determined. Figure 7.11 shows the 

comparison of the ideal C-V curves with the experimental C-V characteristics for different 

type of Si substrates and metal top electrodes. The ideal C-V curves were simulated using 

ATLAS (see Appendix C.3 for the scripts) by assuming <Pm equals <Ps and Qi is zero. 

Table 7.2 lists the values of VFB , <Pm, <Ps, and Qi of each samples. The values of VFB are 

estimated from Figure 7.11. <Ps of the Si substrates is obtained using Equations 2.9 to 2.12, 

with QX=4.17 eV, E g=1.08 eV, and ni=1.45 x 1010cm-3 , respectively [148]. For a substrate 

resistivity of 0.02 Ocm, ND and NA are 1018cm-3 and 3 x 1018cm-3 , respectively [4]. With 

the values of VFB , <Pm, and <Ps, Qi can be calculated from Equation 2.7. 
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Table 7.2: Summary of the oxide charge density (Qi) analysis. VFB are estimated from Figure 7.11. The 

values of 1>m are based on ref [4]. 1>8 are calculated by using Equations 2.9 to 2.12. 

sample VFB [V] 1>m [V] 1>8 [V] Qi [cm-2] 

p-Si, top contact=Pt -1.24 5.6 5.23 6.19x1012 

p-Si, top contact=Al -1.62 4.1 5.23 2.23x1012 

n-Si, top contact=Pt 1.62 5.6 4.25 -1.03x1012 

n-Si, top contact=Al 0.86 4.1 4.25 -4.58xlO12 

Before contact After contact Before contact After contact 

--------- q 

n·Si Interfacial layer Ti02 p·Si 
Interfacial layer 

(a) (b) 

Figure 7.12: The energy band diagram to illustrate the interface charge when Ti02 layer make contact 

to (a)n-Si, (b)p-Si. 

As shown in Table 7.2, the values of the oxide charge density are all above 1012 cm-2 . 

These are similar to the values reported in literature [91, 111]. It is noted that the oxide 

charge is negative for n-Si and positive for p-Si. This indicates that Fermi-level pinning 

happens at the interface of the Ti02 and Si, possibly due to the amphoteric nature of 

the metal-Si bonds [149, 150]. For n-Si substrate, the electrons will fill-in the unoccupied 

interface states located below the substrate Fermi level, which results in a net negative 

charges in the oxide. This is illustrated in Figure 7.12(a). On the other hand, for p-Si 

substrate, the interface state will act as electron-donor states and transfer the electrons 

to the substrate. This will results in a net positive charges in the oxide as illustrated in 

Figure 7.12(b). 
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7.4.3 Current Transport Mechanism 

Owing to the reaction of Al on Ti02 , Pt/TiOdp-Si capacitor was chosen for in-depth 

analysis of the current transport mechanisms in the thermally grown Ti02 thin films. Due 

to the large work function of the Pt, the current is expected to consist predominantly of 

electrons and holes from the Si substrate for negative and positive substrate bias, respec

tively. Observation of hole F-N tunneling from the Si substrate will be essential for the 

implementation of the complementary operation of the VMISTT. 

10-9 L..........~---"----'-~'---'-~----..J.~~J..L.ill.l.lLUlJi 
-10 -8 -6 -4 -2 0 2 4 6 8 10 

Substrate Bias [V] 

Figure 7.13: The comparison of the I-V characteristics of the 18 nm Ti02 layers (p-Si and Pt top 

electrode only) at room temperature and at 84K. 

Figure 7.13 compares the I-V characteristics of a Pt/TiOdp-Si capacitor at room tem

perature and at 84 K. It is shown that the current flowing through the device is strongly 

temperature dependent. As the thermally grown Ti02 has high interface charge density 

as shown by C-V analysis, Poole-Frenkel (P-F) emission due to the traps or defects in 

the oxide is possible. The lnJ/V vs .JV P-F plot is shown in Figure 7.14. The slope of 

the straight line results in a dynamic dielectric constant Edyn of 7.89. As pointed out by 

O'Dwyer [151]' only a self-consistent Edyn can ensure the current conduction is due to P-F 

emission. Edyn should be greater than the optical dielectric constant Eopt and less than the 

static dielectric constant, Cstatic to be self-consistent [152]. Eopt can be determined from the 

refractive index of Ti02 , TJ=2.75 [153J. Hence, Copt = TJ2 = 7.56. Estatic is obtained from the 
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c-v measurement, which is 12.5. Edyn is within the expected range and P-F emission is 

the dominant current transport mechanism at room temperature. 

o 

o 

o 0 

00 

Ed =7.89 yn 

Figure 7.14: The Poole-Frenkel plot of the 18 nm Ti02 layer at room temperature. The straight line is 

a fit to Equation 7.16. 

At 84 K, the thermal activation mechanisms, such as P-F emission, will be suppressed. 

Therefore, tunneling processes, which are temperature independent, could be the dominant 

current transport mechanism at low temperature. At high bias, F-N tunneling of carriers 

through the triangular barrier to the conduction band of oxide will occur. When there are 

traps or defects in the oxide, trap-assisted tunneling could occur through the traps [141, 

142]. 

The F-N plot of the Pt/Ti02 /p-Si capacitor at negative substrate bias is shown in Fig

ure 7.15. There is a linearity of about three orders of magnitude at high bias. This is due to 

the F-N tunneling of electrons from the inversion layer of p-Si substrate. The Ti02 /Si po

tential barrier ipTi02/Si at the conduction band is determined from the slope of the straight 

line and Equation 7.3, which gives ipTi02/ Si = 0.73 V. 
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Figure 7.15: The Fowler-Nordheim plot of the 18 nm Ti02 layers (with p-Si only) at 84 K, at negative 

substrate bias. The straight line is a fit to Equation 7.1. 
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Figure 7.16: The Fowler-Nordheim plot of the 18 nm Ti02 layer (Pt top electrode, p-Si substrate) at 

84 K. The four different regimes indicate four different mechanisms in the oxide. 
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Figure 7.16 shows the F-N plot of a Pt/TiOdp-Si capacitor at positive substrate bias. 

It is noted that there are four significantly different regimes visible in the F-N plot. At 

low bias (regime A), hopping conduction is the dominant current transport mechanism, 

as shown by the J vs V hopping plot in Figure 7.17. The current increases sharply for 

a bias greater than 4.5 V, due to trap-assisted tunneling (regime B) as will be explained 

in the next paragraphs. This is followed by a quasi-saturation stage (regime C) for biases 

between 6.5 V and 8 V. A similar phenomenon was observed by Wong et al. [154] m 

thermally nitrided Si02 . For bias above 8 V, F-N tunneling can occur (regime D). 
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Figure 7.17: The hopping conduction plot of the 18 nm Ti02 layer at 84 K and at low positive substrate 

bias. The straight line is a visual guide. 

Figure 7.18 shows the In J versus l/V trap-assisted tunneling plot. It is clear that for biases 

between 4.5 and 6 V, the current transport mechanism is due to trap-assisted tunneling 

of holes. Using Equation 7.7, the trap activation energy is found to be 0.90 eV above 

the valence band, which is similar to the trap level observed earlier by Klusek et al. [155] 

in heavily reduced Ti02 . The filling of this trap level by holes in our samples led to the 

saturation of current in regime C in Figure 7.16. The more well-known trap level at 0.7 eV 

below the conduction band [78, 79] was not observed here as the substrate is p-type and 

holes are the majority charge carriers. 
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Figure 7.18: The trap-assisted tunneling plot of the 18 nm Ti02 layer (Pt top electrode, p-Si substrate) 

at 84 K and positive substrate bias. The straight line is a fit to equation 7.5. 

In conclusion, F-N tunneling of holes is not observed in thermally grown Ti02 layer at 

room temperature due to P-F emission. At low temperature, such as 84 K, trap-assisted 

tunneling becomes the dominant current transport mechanism. The trap activation energy 

is 0.90 eV. It is these traps or defects in the oxide that enhance the trap-related current 

transport mechanisms. It is concluded that F-N tunneling is not the dominant current 

transport mechanism in Ti02 layers grown by thermal oxidation on e-beam evaporated Ti 

thin films. Therefore, unless the trap density can be reduced significantly, F-N tunneling 

current cannot be observed in Ti02 . 
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7.4.4 Comparison of the Electrical Properties with Reported Lit

erature 

In this section, the electrical characteristics of our thermally grown Ti02 thin films were 

compared with reported fabrication methods in literature. This is to investigate if a better 

quality of Ti02 (in terms of leakage current) can be fabricated by other techniques. Figures 

7.19 and 7.20 show leakage currents flowing through similar MOS capacitors where oxide 

layers of similar thicknesses were deposited by different techniques. The graphs show I

V characteristics of the capacitors under accumulation condition only to ensure that the 

leakage current is not influenced by the depletion region in the silicon substrate. Figure 7.19 

compares the I-V characteristics of our thermally grown Ti02 with those of as-deposited 

oxide layers grown by other techniques [87, 91, 111J. It is observed that the leakage current 

in the thermally grown Ti02 is about three orders of magnitude lower than that in plasma

oxidized Ti02 [87J and in e-beam deposited Ti02 [111J. At low bias, thermally grown Ti02 

also has a lower leakage current than PECVD-grown Ti02 [91J. As the leakage current in 

other techniques is unacceptably high, post deposition treatments are usually performed 

in oxygen. Leakage currents in capacitors using thermally grown Ti02 are compared with 

those using annealed oxides grown by other techniques in Figure 7.20. The devices have 

similar structures and oxide thicknesses. The MOCVD-grown Ti02 was post-annealed 

at 750°C in O2 [67J while the e-beam grown Ti02 was annealed at 700°C in O2 for 

60 mins [111J. From Figure 7.20, it is clear that leakage currents in our thermally grown 

Ti02 thin films are very similar to those in the post-growth annealed oxide layers. 

It is evident that as-deposited titanium oxide layers produced by plasma oxidation [87], 

PECVD [91], e-beam evaporated [111], MOCVD [67J often exhibit high leakage current 

and post-growth anneals at high temperatures help to reduce this [67, 111J. Interestingly, 

the annealed oxide layers exhibit I-V characteristics similar to those of thermally grown 

Ti02 . Hence, it is suggested that irrespective of the deposition technique, annealing of the 

as-deposited Ti02 in O2 is a similar process to thermal oxidation of e-beam evaporated Ti 

thin films. The leakage current could be due to high density of charges in the oxides, which 

is about 1012cm-2 in thermally grown Ti02 . This is in agreement with values reported in 

literature for Ti02 films fabrication by different methods [91, I11J. It is therefore suggested 

these Ti02 fabrication processes will grow oxide layers with high density of charges. It is 

believed that the traps is related to the high density of charge in the oxide. Therefore, 
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Figure 7.19: The comparison of the I-V characteristics of 12 nm Ti02 grown by thermal oxidation 

with plasma oxidation[87]' e-beam evaporation [111], and PECVD [91J. The thermally grown Ti02 was 

fabricated by oxidizing 7 nm of Ti thin film at 550°C. 

~ e-beam evaporation 
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Figure 7.20: The comparison of the I-V characteristics of thermal oxidized Ti02 with other fabrication 

methods with post deposition annealing: MOCVD [67J and e-beam evaporation [l11].The 12 nm and 18 nm 

thermally grown Ti02 were fabricated by oxidizing 7 nm and 10 nm Ti thin film at 550 °C , respectively. 
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for F-N tunneling to be the dominant mechanism in Ti02 layer, a suitable technique is 

required to reduce the charge density in the oxide. Only then, Ti02 can be a suitable 

tunnel barrier for VMISTT. 

7. 5 Conclusion 

It is shown that Ti02 layers grown at 550 DC have a dielectric constant of 12.5 and a charge 

density of 1012cm-2
. In addition, it is found that the top electrode in a MOS capacitor can 

affect the electrical characteristic of the oxide. Although Al has a suitable work function 

for n-VMISTT, it can react with Ti02 to form an interfacial layer of about 3 nm. This 

may affect VMISTT operation as the interfacial layer can increase the charge density and 

induce trap-related current transport mechanism. Therefore, a metal with a similar work 

function as AI, but less reactive than Al should be considered for the drain electrode in 

n-VMISTT. Copper would seen to be a reasonable alternative. 

The most important criteria for a tunnel barrier is the ability to exhibit F-N tunneling cur

rent at room temperature. However, F-N tunneling is not the dominant current transport 

mechanism in the thermally grown Ti02 layer due to the trap-related mechanisms. It is 

observed that P-F emission is the dominant mechanism at room temperature, due to the 

traps or defects in the oxide. At low temperatures and low bias, the dominant mechanism 

is hopping conduction. F-N tunneling due to electrons is observed at low temperature 

and high negative substrate bias. The TiOdSi barrier at the conduction band is 0.73 eV. 

Quasi-saturation is observed in the I-V characteristic at low temperature and at positive 

substrate bias. It is believed that this is due to filling of defect-related traps above the 

valence band with holes during the trap-assisted tunneling process. The trap activation 

energy is 0.90 eV, identical to the values observed in the literature. F-N tunneling of holes 

is not observed due to the traps in the oxide. 

The leakage current density of the thermally grown Ti02 thin films was compared with 

as-deposited and annealed oxide layers grown by other techniques. Thermally grown Ti02 

thin films have lower leakage current densities than those of as-deposited oxides, and exhibit 

leakage current densities similar to those of annealed oxides. It is suggested that deposition 

of Ti02 followed by annealing is equivalent to direct thermal oxidation of metallic Ti films 

and produce similar oxide quality in terms of leakage currents and interface states. The 



7.5 Conclusion 139 

comparison also suggests that the Ti02 layers grown by those fabrication techniques all 

exhibit high leakage current due to high density of charges in the oxide, which is about 

1012cm -2. It is believed that it is this high charge density that masks the observation of 

F-N tunneling current in Ti02 layers. A technique or process stage is required to reduce 

the charge density so that the trap-related mechanisms are suppressed. In that case, Ti02 

can be considered as the tunnel barrier in VMISTT. 



Chapter 8 

Conclusion 

In this thesis, a new type of transistor, the vertical metal insulator semiconductor tunnel 

transistor (VMISTT) has been proposed. The VMISTT is a vertical modified version of the 

MOTT. It inherits the advantages offered by the MOTT, which includes high speed, simple 

fabrication process, and small transistor active area. Its operation is similar to the MOTT 

but with two different features. Firstly, the metallic source in the MOTT is replaced by a 

silicon source. By choosing appropriate types of silicon and proper metals for the drain, it 

is possible to realise complementary operation in the VMISTT. For an n-type VMISTT, 

the source is n-Si, and the drain metal should have a low value of work function. This is to 

allow electron F-N tunneling from Si at positive gate bias and prevent hole F-N tunneling 

from the drain. On the other hand, for a p-type VMISTT, the source is p-Si, and the drain 

metal should have a high value of work function. With that, hole F-N tunneling can occur 

from the Si at negative gate bias and the electron F -N tunneling can be prevented from 

the drain. Secondly, the vertical structure of the VMISTT can increase the channel width 

controlled by the gate bias, and also allow better material growth and device processing. 

These may help to improve the transistor performance at room temperature, which is one 

of the main drawback of the original MOTT. 

Simulations of an n-VMISTT were performed to understand the effect of device parameters 

on the transistor performance. It has been shown that the barrier height <P B between 

the tunnel barrier and the Si source is an important device parameter which can affect 

the VMISTT performance significantly. The simulations results shows that F-N tunneling 

current is high for a low value of <P B. However, Schottky emission, which is the main source 

of leakage current, is significant at low <P B. For a high value of <P B, Schottky emission can 
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be suppressed. But, this also results in low F-N tunneling current. The tunnel barrier 

thickness dox is another important parameter. If dox is too small, the non-modulated F

N tunneling current will be too high, which results in huge off-state currents. If dox is 

too large, the resistance of the tunnel barrier will reduce the on-state current. Besides 

by optimisation of these two parameters, it has been shown from the simulation results 

that the device performance can also be improved by the ratio of tunnel barrier dielectric 

constant over the gate oxide dielectric constant R. A low value in R can improve the 

gate field modulation of the tunnel barrier potential profile and hence increase the on-state 

current. In addition, the device performance can be further improved by having a smaller 

device depth, lower operating temperature and lower drain bias. The 2-D simulations of 

an n-VMISTT with <pB=0.6 V and dox=10 nm shows an SVT of 42.56 mV Idec, which is 

superior to MOSFET. Although the drain current swing is only four orders of magnitude, 

a higher dielectric constant R and a thinner gate oxide can increase Ion by improving the 

gate modulation on the tunnel barrier potential profile. 

The fabrication of the VMISTT can be divided into three main phase: firstly, the fab

rication and optimisation of the tunnel barrier; secondly, the fabrication of the vertical 

pillar; thirdly, the deposition of gate oxide. The fabrication and optimisation of the tunnel 

barrier is the focus of the experimental chapters of this thesis. Ti02 is a suitable material 

for the tunnel barrier because the barrier height to Si is 1 V at the conduction band as 

well as at the valence band. Ti02 layers were fabricated by thermal oxidation of e-beam 

evaporated Ti thin film. This is because this technique can produce oxides with minimum 

roughness, while preserving the substrate smoothness. Ti02 layers grown by an MBE de

position technique have also been studied. It has been shown that thermally grown Ti02 

layers are superior to the MBE grown oxide in terms of the leakage current. Hence, further 

characterisations were performed on the thermally grown Ti02 layers. 

MOS capacitors were fabricated to characterise the thermally grown Ti02 thin film and 

optimise the fabrication process. It is determined that the optimised oxidation temperature 

for Ti02 layers is 550°C. Post oxidation annealing is not beneficial for the oxide. Annealing 

at temperature higher than oxidation temperature will cause the growth of an interfacial 

Si02 layer. This is undesired because it will reduce F-N tunneling current due to the 

high barrier of the Si02 layer. In addition, it has been shown that alloying of Al back 
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contact is not required for the MOS capacitors because the high doping concentration 

in the Si substrate ensures an ohmic back contact. Furthermore, it is observed that the 

alloyed sample exhibit higher leakage current due to the diffusion of Al atoms from the 

top electrode into the Ti02 layers. This is undesired because it will affect the electrical 

properties of the oxide layer. 

Structural analysis was performed on the thermally grown Ti02 layer. It has been shown 

by SEM that 13 and 18 nm Ti02 layers can be grown from 7 and 10 nm Ti thin film, 

respectively. The TOF -SIMS results indicate that inter-diffusion of Ti and Si atoms occur 

during the oxidation process. There is also evidence of Si02 and titanium silicates interfa

ciallayers at the Ti02/Si interface. XRD analysis shows that the oxide grown at 550 DC is 

amorphous. The rutile phase is only observed in thicker oxide grown at 750 DC for 2 hours. 

To study the effect of top electrode and Si substrate on the oxide layer and current trans

port mechanisms, Ti02 MOS capacitors with different top electrodes (AI, Pt) and Si sub

strates (n-type, p-type) were fabricated. The oxide were grown from 10 nm Ti at 550 DC. 

The I-V and C-V analysis indicate that even at room temperature Al top electrode can 

react with the oxygen in the Ti02 thin films at the Al/Ti02 interface, resulting in the top 

3 nm of the Ti02 being depleted in oxygen. It has been shown that the as-grown oxide 

have a dielectric constant of 12.5 and a charge density of about 1012 cm-2
. 

The current transport mechanism in Ti0 2 at room temperature is P-F emission, due to the 

traps or defects in the oxide. At low temperatures and low bias, the dominant mechanism 

is hopping conduction. F-N tunneling due to electrons is observed at low temperature and 

high bias. The Ti02 /Si barrier at the conduction band is 0.73 eV. Quasi-saturation is 

observed in the I-V characteristic at low temperature. It is believed that this is due to 

filling of defect-related traps above the valence band with holes during the trap-assisted 

tunneling process. The trap activation energy is shown to be 0.90 eV. 

The leakage current density of the thermally grown Ti02 thin films were compared with 

as-deposited and annealed oxide layers grown by other techniques. It has been shown that 

thermally grown Ti02 thin films have lower leakage current densities than those of as

deposited oxides, and exhibit leakage current densities similar to those of annealed oxides. 
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It is suggested that deposition of Ti02 followed by annealing is equivalent to direct thermal 

oxidation of metallic Ti films and produce similar oxide quality in terms of leakage currents 

and interfacial states. 

It is suggested that the leakage current in thermally grown Ti02 layer is mainly due to the 

high charge density, which is about 1012cm-2 in both reported literature and the thermally 

grown Ti02. A better technique is required to reduce the charge density. With that, 

trap-related mechanisms can be suppressed, and F-N tunneling current may arise as the 

dominant mechanism. 

Future works on the VMISTT project can focus on the simulations of VMISTT complemen

taryoperation. Simulations have been performed on the n-VMISTT. Simulations on the 

p-VMISTT need to be performed so that the complementary operations of the VMISTT 

can be studied in details. 

There are two directions to realise the observation of F-N tunneling in the tunnel barrier: 

using a new deposition technique and/or a new material for tunnel barrier. It is believed 

that MBE grown Ti02 layer of varying thickness is useful for understanding and character

ization of the oxide electrical properties. However, the as-grown oxide layer exhibit huge 

leakage current compared to the thermally grown Ti02 layer. Further optimisation on the 

MBE system is required to allow characterisation of the oxide layer. Besides Ti02, Ta205 

is another material with relatively low barrier to the Si. Therefore, the electrical properties 

of Ta205 thin film can be studied. If F-N tunneling is observed in the tunnel barrier, then, 

the fabrication of VMISTT can proceed. 



Appendix A 

List of Symbols 

A 

C 

Cd 

CSi 

CSi02 

CTi02 

cross-sectional area of the current flow [m2
] 

prefactor of Fowler-Nordheim tunneling current 

prefactor of Poole Frenkel emission 

prefactor of Schottky emission 

prefactor of trap assisted tunneling current 

slope of the linear In(JIV2) versus 1/V F-N plot 

slope of the linear In(JIV) versus v'V P-F plot 

slope of the linear lnJ versus v'V Schottky plot 

slope of the linear lnJ versus 1/V trap-assisted tunneling plot 

capacitance per unit area[F 1m2
] 

capacitance due to the depletion region per unit area [F 1m2
] 

capacitance per unit area due to interface traps [F 1m2] 

minimum capacitance per unit area [F 1m2
] 

oxide capacitance per unit area [F 1m2
] 

Si capacitance per unit area [F 1m2
] 

Si02 capacitance per unit area [F 1m2] 

Ti02 capacitance per unit area [F 1m2
] 

oxide thickness of the MBE samples at site 00 [m] 

interplanar spacing of a crystalline solid [m] 
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dox oxide thickness [m] 

dSi Depletion width in Si substrate [m] 

dSi02 Si02 thickness [m] 

dt tunnel barrier thickness in MOTT [m] 

dTi02 Ti02 thickness [m] 

D depth [m] 

E electric field [V 1m] 

Ec conduction band energy level leV] 

E j Fermi energy level leV] 

Eg bandgap [e V] 

E jm metal Fermi energy level leV] 

Ei intrinsic energy level leV] 

Ev valence band energy level [e V] 

F attractive force between the two charges [N] 

G grain size [m] 

h Planck's constant [Js] 

I current [A] 

ID drain current [A] 

IDS drain to source current [A] 

I Dsat drain current at saturation [A] 

Iojj off-state current [/-LA I /-Lm] 

Ion on-state current [/-LA I /-Lm] 

J current density [A/m2
] 

JFN Fowler-Nordheim current density [A/m2
] 

k Boltzman's constant [J/K] 



L 

m* 

mo 

n 

n* 

no 

Ptotal 

R 

S 

SVT 

T 

interval of separation between adjacent hopping sites [m] 

channel length of MOSFETs [m] 

tunneling effective mass of electron 

electron rest mass [kg] 

number for indexing 

density of free electron [cm-3] 

carrier density [cm-3] 

intrinsic carrier for Si [cm-3] 

carrier concentration at Si surface [cm-3] 

p-type semiconductor doping concentration [cm-3
] 

n-type semiconductor doping concentration [cm-3] 

potential energy of an electron [J] 

potential energy due to the applied electric field [J] 

total potential energy [J] 

magnitude of the electronic charge [C] 

depletion region charges per unit area [Cjm2] 

oxide and interface charges per unit area [Cjm2] 

ratio of tunnel barrier dielectric constant over the gate oxide 

dielectric constant 

calculated resistance [0] 

experimental derived resistance [0] 

resistance per unit area due to interface traps [Ojm 2
] 

slope of a linear line 

subthreshold slope [m V j dec] 

temperature [K] 

oxidation temperature [DC] 
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Vsat 

v 

VDsat 

w 

x 

Yintercept 

Zout 

f3 

f3sc 

x 

6.Ec 

6.ET 

6.Ev 

6.L 

6.phi 

saturation velocity [m/s] 

voltage [V] 

supply voltage [V] 

drain voltage [V] 

drain to source voltage [V] 

drain voltage at saturation [V] 

fiat band voltage [V] 

gate voltage [V] 

voltage across the oxide [V] 

threshold voltage [V] 

tunnel barrier width in MOTT [m] 

channel width in MOSFETs [m] 

width of the depletion region in Si [m] 

a variable for length [m] 

location of the image-force-induced lowering [m] 

y-axis intercept of a linear line 

output impedance of the transistor [0] 

full width half maximum [radian] 

slope of the linear In(JIT2) versus liT Schottky plot 

electron affinity [V] 

difference in conduction band energy level [e V] 

activation energy leV] 

difference in valence band energy level leV] 

channel length modulation [m] 

image force induced lowering [V] 

147 



D.t 

to 

tox 

tt 

r 

p 

T 

e 

difference of Ti02 thickness between two consecutive devices 

along the main diagonal of the MBE sample [m] 

permittivity of free space [F jm] 

dielectric constant of the gate oxide 

permittivity of the oxide [F jm] 

dielectric constant of the oxide 

dielectric constant of Si 

dielectric constant of Si02 

dielectric constant of the tunnel barrier 

dielectric constant of Ti02 

mean hopping frequency [Hz] 

wavelength [m] 

surface potential of the Si substrate [V] 

barrier height of tunnel barrier [V] 

metal work function potential [V] 

semiconductor work function potential [V] 
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metal and semiconductor work function potential difference [V] 

(Ei - E f )jq [V] 

barrier height of the traps [V] 

mobility of carriers [m2 jVs] 

electron mobility in channel [m2 jVs] 

resistivity [Dm] 

interface trap time constant [s] 

diffraction angle 
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LMS Listing 

B.l Comparison of the Batches 

Batch A first batch described in Section 5.4.1 

Batch B second batch described in Section 5.4.1 

and the batch described in in Section 6.2 

Batch C 

Batch D 

Batches 

Devices 

Ti Thickness [nm] 

Oxidation 

Temperature rOC] 

Oxidation Time [min] 

Post Oxidation 

Annealing 

Alloying of 

Al back contact 

batch described in Section 7.3 

samples fabricated for XRD, described in Section 6.2 

Table B.1: Comparison of the wafer batches. 

A B C 

AI/Ti02/p-Si AI/Ti02/p-Si AI/Ti02/n-Si 

Pt/Ti02/p-Si 

10 7,10 10 

300 450 550 

400 500 

500 550 

30 30 30 

Batch Split: No No 

(1) 700°C, N2, 30 min 

(2) No 

450°C, H2/N2, 30 min Batch Split: No 

(1) 450°C, H2/N2, 30 min 

(2) No 
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D 

Ti02/p-Si 

100, 500 

550 

750 

120 

No 

No 
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B.2 LMS listing for Batch A 

Refer to Section 5.4.1. 

LMS ID 

1 G-S12 

2 W-C1 

3 WH-2D1 

4 ME-OX 

5 F7-0 

6 F7-0 

7 F7-0 

8 F7-0 

9 ME-O 

10 WH-OX 

11 ME-O 

12 F7-H45CX 

Description 

6 wafers, p-Si, 0.02 Dcm 

RCA clean (wafers 1-6). 

Dip etch, 20:1 BHF, 25°C until just hydrophobic (wafers 1-6). 

Evaporate 10 nm Ti thin films (wafers 1-6). 

Load O2, 300°C for 30 minutes (wafers I, 4). 

Load O2, 400°C for 30 minutes (wafers 2, 5). 

Load O2, 500°C for 30 minutes (wafers 3, 6). 

Load N2, 700°C for 30 minutes (wafers I, 2, 3). 

Evaporate 1000 nm Al on wafer front using shadow mask (wafers 1-6). 

Remove oxide on wafer back using cotton bud in 7:1 BHF (wafers 1-6). 

Evaporate 1000 nm Al on wafer back (wafers 1-6). 

Alloying in HdN2 (60% of H2 and 40% of N2) at 450°C 

for 30 mins (wafers 1-6). 

B.3 LMS listing for Batch B 

Refer to Section 5.4.1 and 6.2. 

1 

2 

3 

4 

5 

6 

7 

8 

10 

11 

LMS ID 

G-S12 

W-Cl 

WH-2D1 

ME-OX 

ME-OX 

F7-0 

F7-0 

F7-0 

ME-O 

WH-OX 

Description 

6 wafers, p-Si, 0.02 Dcm 

RCA clean (wafers 1-6). 

Dip etch, 20:1 BHF, 25°C until just hydrophobic (wafers 1-6). 

Evaporate 10 nm Ti thin films (wafers 1-3). 

Evaporate 7 nm Ti thin films (wafers 4-6). 

Load O2, 450°C for 30 minutes (wafers I, 4). 

Load O2, 500°C for 30 minutes (wafers 2, 5). 

Load O2, 550°C for 30 minutes (wafers 3, 6). 

Evaporate 1000 nm Al on wafer front using shadow mask (wafers 1-6). 

Remove oxide on wafer back using cotton bud in 7:1 BHF (wafers 1-6). 
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12 ME-O Evaporate 1000 nm Alan wafer back (wafers 1-6). 

13 G-3 Cut all wafers into half (wafers 1-6). One half keep for comparison. 

14 F7-H45CX Alloying in H2/N2 (60% of H2 and 40% of N2) at 450 DC 

for 30 mins (wafers 1-6). 

B.4 LMS listing for Batch C 

Refer to Section 7.3. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

LMS ID 

G-S12 

W-C1 

WH-2D1 

ME-OX 

F7-0 

ME-O 

ME-O 

WH-OX 

ME-O 

Description 

6 wafers, 0.02 Dcm: 4 n-Si (wafers 1-4), 2 p-Si (wafers 5-6). 

RCA clean (wafers 1-6). 

Dip etch, 20:1 BHF, 25 DC until just hydrophobic (wafers 1-6). 

Evaporate 10 nm Ti thin films (wafers 1-6). 

Load O2 , 550 DC for 30 minutes (wafers 1-6). 

Evaporate 1000 nm Al on wafer front using shadow mask (wafers 4,6). 

Evaporate 200 nm Pt on wafer front using shadow mask (wafers 1-3,5). 

Remove oxide on wafer back using cotton bud in 7:1 BHF (wafers 1-6). 

Evaporate 1000 nm Al on wafer back (wafers 1-6). 

B.5 LMS listing for Batch D 

Refer to Section 6.2. 

LMS ID Description 

1 G-S12 4 wafers, p-Si, 0.02 Dcm 

2 W-Cl RCA clean (wafers 1-4). 

3 WH-2D1 Dip etch, 20:1 BHF, 25 DC until just hydrophobic (wafers 1-4). 

4 ME-OX Evaporate 100 nm Ti thin films (wafers 1,3). 

5 ME-OX Evaporate 500 nm Ti thin films (wafers 2,4). 

6 F7-0 Load O2, 550 DC for 120 minutes (wafers 1,2). 

7 F7-0 Load O2, 750 DC for 120 minutes (wafers 3,4). 
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Atlas Codes 

C.l Simulation of the Tunnel Barrier Potential Pro

file in VMISTT 

Refer to Section 4.3(a). 

# The device is a 2D n- VMISTT, but with metallic source, as no barTier between the Si and oxide. 

#Potential profile at different biases condition can be obtained by changing vgate and vdmin. 

#nitride: gate oxide, thickness=2nm 

#oxide: channel oxide, thickness=10nm 

go atlas 

mesh 

x.mesh loc=O.OO spac=O.l 

x.mesh loc=O.90 spac=O.Ol 

x.mesh loc=O.98 spac=O.Ol 

x.mesh loc=O.99 spac=O.OOOl 

x.mesh loc=l.OO spac=O.OOOl 

x.mesh loc=l.002 spac=O.OOl 

x.mesh loc=l.Ol spac=O.Ol 

y.mesh loc=O.OO spac=O.Ol 

y.mesh loc=O.008 spac=O.OOOl 

y.mesh loc=O.Ol spac=O.OOOl 

y.mesh loc=O.02 spac=O.OOOl 

y.mesh loc=O.022 spac=O.OOOl 

y.mesh loc=O.03 spac=O.Ol 
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0.2 ID vs Va curve of VMISTT 

region num=l oxide y.min=O.Ol y.max=O.02 x.min=O.O x.max=l.O 

region num=2 nitride y.min=O.O y.max=O.51 x.min=l.O x.max=l.002 

electrode name=drain y.min=O.OO y.max=O.Ol x.min=O.OO x.max=l.O 

electrode name=source y.min=O.02 y.max=O.20 x.min=O.OO x.max=l.O 

electrode name=gate y.min=O.OO y.max=O.51 x.min=l.002 x.max=l.Ol 

contact name=drain workfunction=l 

contact name=gate workfunction=l 

contact name=source workfunction=l 

material material=oxide affinity=3.6 eg300=3.2 nc300=2.50ge19 nv300=2.50ge19 permittivity=30.0 

material material=nitride affinity=O.9 eg300=9.0 nc300=l.Oe19 nv300=l.Oe19 permittivity=lOO.O 

method carriers=2 newton trap maxtraps=8 autonr output efield con.band val.band 

solve init 

solve vgate=3 outf=solve_vgate 

load infile=solve-ygate 

solve vdrain=3 

save outfile=vg3vd3J03.str 

quit 

C.2 ID VS V G curve of VMISTT 

Refer to Section 4.3(b). 

# This code is used to generate the ID vs V G curve of the n- VMISTT 

#The O.6V potential barrier at oxide/Si interface is set by the f.ae and f.be of the fnord parameter. 

#The 1- V characteristic is obtained by setting Vdrain=l V, and sweeping Vgate from 0 to 3 V 

# oxide: channel, thickness = 1 Onm 

#nitride: gate oxide, thickness=2nm 

go atlas 

mesh 

x.mesh loc=O.OO spac=O.Ol 

x.mesh loc=O.Ol spac=O.Ol 

x.mesh loc=O.90 spac=O.Ol 
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o.2ID VB VG curve of VMISTT 

x.mesh loc=l.OO spac=O.OOOl 

x.mesh loc=l.002 spac=O.OOOl 

x.mesh loc=l.Ol spac=O.Ol 

y.mesh loc=O.OO spac=O.Ol 

y.mesh loc=O.Ol spac=O.OOl 

y.mesh loc=O.02 spac=O.OOl 

y.mesh loc=O.20 spac=O.02 

y.mesh loc=O.50 spac=O.Ol 

y.mesh loc=O.51 spac=O.Ol 

region num=l silicon y.min=O.02 y.max=O.50 x.min=O.O x.max=l.O 

region num=2 oxide y.min=O.Ol y.max=O.02 x.min=O.O x.max=l.O 

region num=3 nitride y.min=O.O y.max=O.51 x.min=l.O x.max=l.002 

electrode name=drain y.min=O.OO y.max=O.Ol x.min=O.OO x.max=l.O 

electrode name=source y.min=O.50 y.max=O.51 x.min=O.OO x.max=l.O 

electrode name=gate y.min=O.OO y.max=O.51 x.min=l.002 x.max=l.Ol 

doping uniform conc=le19 n.type region=l 

contact name=drain workfunction=4.1 

contact name=gate workfunction=4.1 

material material=oxide affinity=3.6 eg300=3.2 nc300=2.50ge19 nv300=2.50ge19 permittivity=30.0 

material material=nitride affinity=O.9 eg300=9.0 nc300=l.Oe19 nv300=l.Oe19 permittivity=lOO.O 

models region=2 fnord f.ae=2.5606e-6 f.be=3.1696e7 

models region=3 fnord f.ae=O.O f.be=O.O 

models print 

method carriers=2 newton trap maxtraps=8 autonr output efield con.band val.band 

solve vdrain=l outf= V dl V gO 

save outfile= V dl V gO.str 

load infile= V dl V gO 

log outfile=p V gId_epsJOl V.log 

solve name=gate vgate=O.O vstep=O.l vfinal=3.0 

tonyplot p V gId_epsJOl V .log -set current .set 

quit 
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C.3 Ideal Capacitance-Voltage Curve 

Refer to Section 7.4.2. 

# This is the code for Al/Ti02/n-Si MOS capacitor. 

# The C- V curve is obtained by sweeping the bias from -10V to 10V 

# For device with Pt top electrode, replace Aluminum with Platinum in region 1. 

# For device with p-Si: 

# (1) set "doping region=3 p.type concentration=3e18 uniform", 

# (2) set "contact name=gate workfunction=5.23", 

# (3) change the sweeping from 10V to -10V 

go atlas 

mesh 

x.mesh loc=O spac=O.Ol 

x.mesh loc=l spac=O.Ol 

y.mesh loc=O spac=O.l 

y.mesh loc=O.Ol spac=O.OOl 

y.mesh loc=O.03spac=O.OOl 

y.mesh loc=O.04 spac=O.OOl 

y.mesh loc=O.5 spac=O.l 

region number=l x.min=O x.max=l y.min=O y.max=O.Ol material=Aluminum 

region number=2 x.min=O x.max=l y.min=O.Ol y.max=O.0255 material=oxide 

region number=3 x.min=O x.max=l y.min=O.0255 y.max=O.5 material=silicon 

electrode x.min=O x.max=l y.min=O y.max=O.Ol name=gate 

electrode bottom name=substrate 

doping region=3 n.type concentration=le18 uniform 

contact name=gate workfunction=4.25 

material material=oxide affinity=3.9 eg300=3.2 nc300=2.50ge19 nv300=2.50ge19 permittivity=13 

interface x.min=O x.max=l y.min=O.Ol y.max=O.04 qf=O 

models mos print consrh method carriers=2 newton trap maxtraps=8 autonr 

solve init 

log outfile=CV _lMHz.log solve vgate=-lO vstep=O.5 vfinal=5.0 name=gate ac freq=le6 previous 

tonyplot CV _lMHz.log -set CV.set 

quit 
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Appendix D 

Publications 

D.l Journal Papers 

• "The structural and electrical properties of thermally grown Ti02", L.H. Chong, K. 

Mallik, G.H. de Groot, Reinhard Kersting, Journal of Physics: Condensed Matter, 

18 (2006), p645-657 

• "The vertical metal insulator semiconductor tunnel transistor: a proposed Fowler

Nordheim tunneling device", L.H. Chong, K. Mallik, C.H. de Groot, Microelectronic 

Engineering, 81 (2005), pl71-180 

D.2 Conference /Wor kshop 

• "Design and material characterization of a complementary Fowler-Norhdeim tunnel

ing transistor", L.H. Chong, K. Mallik and C.H. de Groot, MRS Spring Meeting, San 

Francisco, USA, March 2005 

• "Design and material characterization of the vertical metal insulator semiconductor 

tunnel transistor (VMISTT)", L.H. Chong, K. Mallik and C.H. de Groot, Nanoelec

tronics Days, Julich, Germany February 2005 

• "Vertical metal oxide tunneling transistor (VMOTT) and characterization of its tun

nel oxide", L.H. Chong, K. Mallik, C.H. de Groot, Prep 2004, Hatfield, UK, April 

2004 
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