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Abstract 
 
Scaling of electronic devices is driven, from the consumption side, by the need for 

compact electrical products, increase in device speed and from the production side, by 

lowering of production cost. However, aggressive scaling gives rise, among others, to 

high gate tunnelling currents in contemporary silicon dioxide (SiO2) based Metal-Oxide-

Field Effect Transistors (MOSFETs). SiO2 is therefore expected to be replaced in future 

technologies with alternative dielectrics. Several dielectrics with high dielectric constants 

(high-κ) are being studied as candidates for integration into transistors.  

 

It is desirable that any dielectric that replaces SiO2 contains as much as possible the 

electrical properties for which the SiO2 dielectric has been so important in FET 

technology: high band-offset, low oxide/interface state density and consequently high 

mobility. However, mobility in transistors with high-κ gate dielectrics is generally 

lowered compared to their SiO2–based counterparts. Several factors are known to cause 

mobility degradation in SiO2-based MOSFETs. These include effect of charge scattering 

centres on the dielectric/Si interface as well as substrate ionized impurities. Also 

contributing to mobility reduction is phonon scattering, that is, vibration of lattice bonds. 

 

In this thesis, samples of high-κ based MOSFETs and MOS capacitors (MOS-C) were 

experimentally studied for causes of mobility reduction. The study was focused on 

devices of hafnium silicate gate dielectrics. The nature of interface traps in Hf silicate 

was completely characterized by determining the interface state density as well as the 

trap capture cross section. The interface state density levels in the devices was 

experimentally determined by use of two high resolution techniques: the ac conductance 

and the charge pumping techniques. Both methods gave similar values of mean interface 

state density, indicating the accuracy of the experimentally determined mean interface 

density in the Hf silicate dielectric. Additionally, the ac conductance method established 

the detailed interface trap distribution profile in Si energy band gap for the Hf silicate 

dielectric. This study represents the first in depth study of the nature of interface state 

density in Hf silicate gate dielectrics for CMOS applications  

 



 x

Coulomb limited mobility in Hf silicate based FETs was experimentally quantified by 

considering the mobility reduction relative to universal mobility values. Using a full 

quantum mechanical model the mobility limited by Coulomb scattering was calculated 

considering the physical parameters of the device under study. The calculated and 

experimentally determined Coulomb limited mobility components were compared using 

trap charge as the only parameter in the calculation. It was found that a higher trap charge 

density than determined experimentally was required to match the calculated and 

measured Coulomb limited mobility in Hf silicate based FETs. The disparity between the 

theory and the experiment implies that there are other Coulomb scatterers in addition to 

the interface trap charge.  

 

There has been little or no experimental study on the effect of phonons on mobility of Hf 

silicate based devices, especially, in the ultra thin regime since the first report of 

successful integration of Hf silicate as a gate dielectric of FETs (A.L.P. Rotondaro, 

2002). In this thesis is presented, for the first time, experimental results of phonon-limited 

mobility in Hf silicate-based FETs by examining the mobility as a function of 

temperature over a wide range of temperatures below 300 K. Other high-κ based 

transistors were also studied in order to put the temperature dependence in Hf silicate in 

perspective. A new model for phonon limited mobility dependence on temperature has 

been proposed and applied on the experimentally measured data. Compared to the 

existing model, the new model was found to describe the temperature dependence very 

well over the entire temperature range studied and over a wide region in the mid-high 

effective electric field. 

 

As stated, scaling introduces difficulties in device characterization. Mobility reduction 

can not be described by the correct quantity if its evaluation introduces inaccuracies. As 

such several mobility extraction methods were applied on ultra thin high-κ based FETs to 

determine the carrier mobility. A comparison of the results (the determined mobility) 

from all methods showed the disadvantages of each method when applied on high-κ 

based devices in the ultra thin regime. It was found that the split-CV technique is most 



 xi

suitable for (research purposes) studying ultra thin devices – and is thus the preferred 

method applied throughout the thesis wherever mobility evaluation was required. 

 

In all Hf-based dielectrics as this study reveals, have low phonon limited mobility 

component. Its interface state density was determined to be fairly low compared to the 

reported values for other high-κ dielectrics and with process refinement, interface charge 

could be further reduced. Together with a high barrier height, it has already been shown 

to have a very low gate tunnelling current. All these characteristics make Hf silicate a 

good alternative to SiO2 in future scaled CMOS applications.  
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 1

CHAPTER 1 

INTRODUCTION 
1.1 Introduction  

 

The transistor is a basic component that is in the core of electronic devices. It is a 

semiconductor device that can function as an electrical signal amplifier or a switch. 

For basic arithmetic calculations, such as in the Arithmetic Logical Unit of the 

computer, it is the switching function of the transistor that is applied. Due to the 

miniaturization of the transistor, modern electrical appliances available now to 

consumers/users are in more compact and light weight form compared to similar 

products of half a century ago. Examples abound in mobile phone sets, hand 

calculators, laptop computers, mp3 players etc. Transistor miniaturization facilitates 

the integration of very large numbers of electronic components on to the same 

substrate or chip, that is, Very Large Scale Integrated (VLSI) circuit production. Of 

the available unipolar transistors, -- transistors in which current is mainly controlled 

by either positive (holes) or negative (electrons) carriers -- the Metal-Oxide-

Semiconductor Field Effect Transistor (MOSFET) is the most important for VLSI 

circuit technology [1]. Such circuits in which the MOSFET dominates in application 

are microprocessors (computers) and semiconductor memories. The importance of the 

MOSFET to VLSI technology is due to its scalability and low power consumption. In 

order to effectively discuss the benefits and challenges that derive from scaling, a 

brief introduction to device scaling will be next considered. 

1.1.1 Device scaling 

Device scaling refers to a reduction of the device dimensions (Width and Length) and 

other parameters by the same proportionality constant, γ. Shorter channel lengths 

leads to higher drain current as carriers have less distance and time to travel from the 

source to the drain and hence result in higher device speed. The increase in device 

speed with scaling can be understood physically by considering the inversion charge, 

Qi, induced due to a voltage drop, Vg-VT,  across the gate oxide define as: 

 

where 
]/[.

)(

2cmF
T
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VVg C Q

ox
ox
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ε
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−=
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In equation (1.1), VT is device threshold voltage, Cox is the oxide capacitance per unit 

area, Tox is the gate dielectric thickness and ε  is the dielectric constant. The 

MOSFET drain saturation current, Idsat, is also defined as [2]: 
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where the body-effect coefficient, m, (which measures the effect of substrate doping 

concentration on device threshold voltage), is defined as [2]: 
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In equation (1.2), µ is the carrier mobility and VT is the threshold voltage. From 

equation (1.1), a reduction in Tox results in higher capacitance (charge). The effect of 

higher capacitance (in equation (1.2)) is higher drain conductance (current). It should 

be noted that a reduction in Tox requires a reduction in the supply voltage in order to 

maintain the required electric field. Table 1.1 shows the values of the scalable 

parameters under the generalised scaling rules. The above simple consideration shows 

how scaling results in an increase in channel charge (efficiency) and device speed. 

However, scaling of device parameters is not so straight forward. The effects are not 

realised as simply as described above because the parameters are interdependent. 

Additionally there are some factors that are non-scalable such as 

 

 

Table 1.1: Device parameter values under generalised scaling rules. 

PARAMETER VALUE SCALED VALUE 

Channel length L L / γ 

Channel width W L / γ 

Gate oxide thickness Tox Tox / γ 

Substrate doping concentration NA, D NA,D / γ2 

Drain current Id ∝ W/LTox  Id / γ 

Input capacitance Cin ∝ WL/Tox Cin / γ 

Maximum switching frequency fsw fsw / γ2 

Cell area A ∝ WL A / γ2 
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thermal voltage (kBT/q) and Si bandgap. The non-scalability of thermal voltage 

affects the depletion width and leads to short channel effects [2]. For example, 

reduced channel lengths (short channel < 0.5 µm) can give rise to the punch-though 

effects. Punch through is one of the short channel effects where the drain bias directly 

controls the flow of electrons from the source (irrespective of the gate bias) because 

both terminals (source and drain) are so close. Punch through effects can be controlled 

by an increase in the substrate doping concentration by γ2 to decrease the depletion 

width (see equation 3.7b). An increase in the substrate doping concentration, in turn, 

leads to an increase in device threshold voltage (see equation (3.11)) which is 

undesirable as it requires higher gate drive voltages to turn the device on. High 

substrate doping concentrations also give rise to high lateral electric fields in the 

channel which reduces the device break down voltage. The undesirable effect of high 

substrate doping concentration is avoided by introducing light drain doping (LDD) 

device architecture [3]. This reduces the effect of the substrate doping concentration 

by introducing low doping concentration regions between the drain/substrate and 

source/substrate junctions. Device scaling therefore involves multi-parameter 

optimization for the benefits to be realized in practice. The effect of scaling is further 

illustrated below by considering a simple Complimentary MOS cell. 

1.1.2  The CMOS cell 

Fig. 1.1 shows a schematic of a simple Complimentary MOS (CMOS) cell. It 

illustrates the use of a pair of MOSFETs to construct an MOS inverter circuit. The 

term ‘complimentary’ denotes that the structure is made of two opposite unipolar 

devices: positive channel MOSFET (pMOSFET) and negative channel MOSFET 

(nMOSFET). The performance of the inverter circuit therefore reflects the 

performance of each of the component FETs. For example the capacitance (parasitic 

component) of each device contributes to the total load capacitance CL of the circuit. 

The average circuit switching time, SWτ , is related to the load capacitance as [2]: 

)1(
2 p

d
n
d

dL
np

SW II
VC

+
=

+
=

ττ
τ      (1.3) 

where τn and τp refer to the switching time of the n- and p-MOSFET respectively. n
dI

and p
dI refer to the respective drain currents which often differ in magnitude. 
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Fig. 1.1. Arrangement of a pair of MOSFETs to form a CMOS inverter which is applied in 
NAND logic circuits.  
 
Equation (1.3) further illustrates that the higher the drain currents the shorter the 

switching time. Thus, under similar conditions, increase in drain currents lead to 

increase device switching speed. Although equation (1.2) illustrates that increases in 

the gate capacitance lead to increases in the drain current, equation (1.3) shows that a  

disproportionate increase in capacitance leads to higher load capacitance and 

consequently to slow switching speed. It shows the need to minimise parasitic 

capacitance which together with the gate capacitance forms CL. Factors affecting gate 

capacitance are considered in next section. 

 

1.2  The MOS Gate dielectric 
 
The structure of the MOS is considered in detail in section 3.1. However to illustrate 

the importance of the gate dielectric to the device operation, the gate structure marked 

M in Fig 1.1 is shown in Fig. 1.2 for clarity. In current CMOS technology it is 

composed of an insulator, SiO2, thermally grown directly on Si substrate on top of 

which is deposited a metal or poly crystalline Si as the gate material. 
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SiO2 has unique physical and electrical properties that make it suitable for use as the 

gate insulator. SiO2 is a very good insulator because it has a high energy barrier to 

carriers tunnelling from the Si substrate to the gate. SiO2 also is thermally stable. 

CMOS processing involves several stages of thermal treatments and high temperature 

annealing. SiO2 has shown exceptional stability over the years by going through many 

process cycles and device operational conditions whilst maintaining its electrical 

properties. Importantly, SiO2 presents an excellent interface both with Si substrate and 

poly-Si gate as it is a natural oxide of Si. As a result the interface defects densities for 

Si/SiO2 system are typically as low as ~1010 cm-2 [4]. SiO2 can also withstand high 

electric field strengths before breaking down [5]. The above are the properties of SiO2 

that have kept it at the centre of MOSFET technology for over three decades besides 

its scalability. 

 
 
Fig. 1.2. The gate insulator of MOSFETs currently in production is SiO2.The oxide is grown 
or deposited directly on the Si substrate because of its good interface quality. 

 
1.3 Scaling limits for current SiO2 gate dielectrics 

 

Device scaling, besides improving device speed, is also advantageous in terms of low 

cost of production to manufacturers because it enables the integration of 

proportionally more transistors into the same Si chip. It can be seen from table 3.1 

that the device area decreases by the square of the scaling factor. For example, a 
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square chip of sides 0.1 mm can contain 100 FETs each of sides10 µm by 10 µm. By 

reducing the sides of each FET to 2.5 µm, the chip can accommodate 1,600 FETs. 

The trend in increasing numbers of transistors per chip and the associated decreasing 

cost of manufacturing is summarized in ‘Moore’s law’. As early as 1965 Gordon 

Moore (of Intel) had already observed an exponential increase in the number of 

transistors per Si chip and predicted that the increase, driven by the decreasing cost, 

would continue and that by 1970, 65,000 transistors were expected to be integrated 

into one chip [6]. In line with such increasing scaling trends the International 

Technological Roadmap for Semiconductors(ITRS) [7] (also online 

(http://public.itrs.net) has also predicted that gate oxide thickness is expected to be 

less than 2 nm for sub-100 nm technology node devices. A technology node refers to 

the smallest gate length that can be defined by photolithography. It corresponds to the 

shortest channel length for a given process technology [8]. The current technology is 

90 nm. 

 

However, excessive scaling is not without adverse consequences: reduction in oxide 

thickness leads to an increase in device standby power. This is because with thin 

oxides, electrons on Si surface are able to tunnel the barrier height posed by the 

dielectric into the gate even at low voltages, thus contributing to gate current. 

(Tunnelling effects in dielectrics are considered in detail in section 3.4). The trend in 

device power consumption (loss) across transistor technology nodes has been 

examined by Intel Corporation and also reported by Kawamoto et al [8]. Data from 

their study has been reproduced in Fig. 1.3. The figure shows both static and active 

power dissipation. Static power is due to subthreshold (Ioff) and gate (Ig) leakage 

currents. The data shows that static power increases across the technology nodes 

much faster than active power. Much noticeable is that an extrapolation of the 

observed scaling trend shows that static power consumption will exceed device active 

operational power consumption at the 70 nm node. These trends clearly show that the 

scaling limit of SiO2 is being approached.  

 

Studies from material science perspective also show that to ensure reliable device 

functionality, SiO2 can not be scaled to meet the 70 nm node.  The bulk property that 

makes SiO2 function as a good gate dielectric is a high energy band  offset. 
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 Muller et al [9] have used electron-energy-loss (EEL) spectroscopy to show that at 

least four monolayers (that is,  about 0.7 - 1.2 nm) of SiO2 are required in order for 

one monolayer to maintain fully bulk-like SiO2 properties. This is because the first 

and the last layers form interfaces with Si and ploy-Si respectively and have energy 

gaps lower than bulk SiO2. On the basis of these insights they concluded that the 

scaling limits of SiO2 is probably in the range of 0.7 - 1.2 nm. 

 

Their conclusion is corroborated by the findings of Tang et al [10] who made 

theoretical studies using SiO2/Si interface model based on β-cristobalite form of SiO2 

and found that the band offset of the interface degraded considerably when the SiO2 

layer was scaled to less than three monolayers. 

 

 
Fig. 1.3. Power dissipation trends (with extrapolation) across CMOS technology nodes [8]. 
 
Thus theoretical, experimental and practical (power consumption effects) 

considerations all show that SiO2 can not be scaled to meet future technology nodes 

whilst maintaining device reliable functionality. This has led to a search for 

alternative dielectrics as replacement to SiO2 in future CMOS technology that can 

support the current scaling trend. Alternative dielectrics will be considered in the next 
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chapter. The next section gives a summary of the scope and structure of the rest of the 

thesis. 

 

1.4  Aim and motivation 
 

It can be understood from the above that device down scaling effects have given rise 

to the quest for suitable replacement dielectrics for SiO2: the high-κ material. Most 

studies on Hf dielectrics have been focused on HfO2 (see section 2.3) although the 

first Hf silicate based MOSFETs has been demonstrated to be of good electrical 

character and shows good integration prospects. Yet the causes of the lowered 

mobility in Hf silicate based transistors remain to be investigated. Possible causes of 

mobility reduction are coulomb scattering due to ionized impurities (Coulomb 

centres) in Si substrate or near Si/dielectric interface, and interface and trapped 

charges in the oxide or even gate impurities. Mobility reduction is also attributable to 

scattering due to lattice vibrations – phonons scattering. These factors have already 

been well studied for SiO2 [11, 12] [12], [13]. Other high-κ dielectrics such as HfAlO, 

and HfO2, have been investigated recently of causes of mobility reduction [14 15, 16, 

17, 18]. But the causes of mobility reduction in Hf silicate based devices have not 

been studied. There is very little data, to date, available on phonon and Coulomb 

scattering effects on carrier mobility in Hf silicate. Moreover, there is little literature 

on the interface defect density levels, interface defect distribution profile and the 

interface trap capture cross section of defects in Hf silicate. In this regard, an 

investigation into the mobility reduction causes in Hf silicate based devices is thus 

important. These are the motivating factors for focusing on Hf silicates in this study. 

This thesis is centred on the study of Coulomb and phonon scattering effects on 

carrier mobility degradation in MOSFETs with Hf silicate as the gate dielectric. The 

effect of interface trap charge to Coulomb limited mobility can no more be 

emphasized. Takagi et al [19] have established that in the presence of a given 

interface charge density, the Coulomb limited mobility is a power function of the 

channel charge. In studying the Coulomb limited mobility therefore, it is importance 

to characterize the nature of interface charge associated with the dielectric. Interface 

traps are characterized by their mean energy levels in the Si bandgap, by their density 

per unit area and by their capture cross sections. In this respect, the detailed interface 
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charge profile will be determined for Hf silicate as well as the mean interface density 

level and the charge capture cross section. The Coulomb limited carrier mobility in 

the Hf silicate based FETs will be examined experimentally and analytically in the 

face of the determined interface charge density. 

 

Phonon scattering in high-κ material is expected to be more severe relative to the 

SiO2. The reason why the alternative dielectrics (high-κ materials) have higher 

dielectric constants is because they are more polarizable. The difference in electronic 

structure between Si and the metals accounts for the difference in the polar nature of 

the silicon oxide (Si-O) and metal oxide (M-O, where M = Hf, Al, Zr etc) bonds. For 

example, Hf has more electrons in its bonding orbital (its filling orbital is 5d2) than Si 

(with 3p2  filling orbital). The M-O bond is therefore more polarized than the Si-O 

bond for the same voltage. In the presence of the same voltage, more charge (or 

capacitance) will be induced in the M-O bond than in the Si-O bond leading to high 

static dielectric constants ( 0ε ) in the former. However, the high static dielectric 

constants in the high-κ material results in a high electron-phonon scattering strength, 

Ts, as depicted in the relation [20]: 

⎟
⎠
⎞

⎜
⎝
⎛ −= ∞ 0

11
εε

ϖ LOs AT h       (1.4) 

ωLO is the frequency of longitudinal optical phonon, ∞ε  is the optical permittivity 

(which results from energy absorption by material from light at certain wavelengths) 

and A is a constant. Therefore the same physical property that results in the greater 

dielectric constant values for high-κ material is responsible for higher phonon 

scattering strength in that material. This gives rise to a high component of the 

mobility in high-κ based MOSFETs being limited by phonon scattering. As stated 

above, phonon scattering is therefore expected to be a major factor to carrier mobility 

reduction in high-κ based FETs. This thesis presents an experimental investigation 

into phonon related mobility degradation in Hf silicate based MOSFETs. The phonon 

scattering effects on carrier mobility will be examined experimentally by studying the 

temperature dependence of mobility over a wide range below room temperature.  A 

new model that accurately describes the temperature dependence of carrier mobility 

over a wide range of temperatures in the mid-high electric field regions shall be 

proposed. 
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1.5  Organization of this thesis 
 

The rest of the thesis is organized as follows:  

Research developments with alternative gate dielectrics will be reviewed in chapter 2; 

highlighting the limitations of various dielectrics as candidate gate dielectrics.  

 

In chapter 3 is presented the basics of MOS physics which underlies the MOS device 

operation.  

 

The issues of mobility characterization will be explored in chapter 4 by comparing 

various methods for their suitability in the ultra thin regime. 

 

In chapter 5, the theory underlying the methods selected to study the interface state 

densities will be given as well the results of applying them on Hf silicate based MOS 

devices.  

 

Chapter 6 gives the theoretical background to Coulomb scattering and covers the 

quantitative study of the Coulomb limited mobility components in the device under 

study.  

 

Chapter 7 is dedicated to the study of the phonon scattering effects on carrier mobility 

in Hf silicate relative to SiO2 and other dielectrics.  

 

A summary of the main results of the thesis is given in chapter 8 with suggestions for 

further work. 
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CHAPTER 2 

TRENDS IN MOSFETS: OVERVIEW 
2.1 Introduction 

 

The importance of device scaling was considered in chapter 1. However several 

studies have demonstrated that due to the adverse effects of aggressive scaling on 

device performance, SiO2 can not continue to support reliable FET performance 

below gate oxides of 1.2 nm [1]. Yet the current trend of scaling shows that gate 

oxides thicknesses of this order will soon be required in FETs [2]. Therefore to 

maintain high performance and low stand-by power in future CMOS devices, recent 

research efforts are focused on developing alternative dielectrics to SiO2. In this 

chapter several high-κ materials that have been proposed will be reviewed. The major 

draw backs with each material will be discussed. The general structure of a high-κ 

gate stack will also be illustrated. 

 

2.2 Alternative or High-κ dielectrics and gate stacks 
 

Alternative dielectrics have high relative permittivity or dielectric constants (high-κ) 

compared to SiO2. When SiO2 is used as the gate dielectric the induced oxide 

capacitance, Cox, is given by 

ox

oox
ox T

C εκ
=        (2.1) 

where κox and oε  are the permittivity values for SiO2 and vacuum respectively and Tox 

is the gate oxide thickness. If a dielectric with a higher dielectric constant, κHK is used 

to achieve the equivalent capacitance , the thickness of the new dielectric, THK ,can be 

obtained as [3]: 

HK

HK

ox

eq TT
κκ

=  or  eq
ox

HK
HK TT

κ
κ

=     (2.2) 
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Fig. 2.1. Gate current density of SiO2 based MOS compared with data from high-κ based 
devices of similar equivalent oxide thickness. 
 

In equation (2.2), the equivalent oxide thickness Teq, often referred to as EOT, is the 

theoretical thickness of SiO2 that will be required to achieve the same capacitance 

density as the high-κ dielectric. For example, for 20=HKκ , HKT =5 nm can be used to 

obtain the same capacitance as EOT of 1nm. Therefore with high-κ thicknesses 

greater than SiO2, alternative dielectrics will induce same capacitance whilst 

simultaneously reducing the gate current and subsequent high static power dissipation 

in scaled devices. Fig. 2.1 shows the gate tunnelling current density of SiO2 based 

MOS compared to similar data measured from Hf silicate of almost same EOT as the 

SiO2 device. At a gate bias of, for example, 1V the gate current density is lower in Hf 

silicate than in the SiO2 based device by more than two decades. The reduction is four 

orders of magnitude if compared to Hf silicate of EOT 2.3 nm. Increased capacitance 

even with thicker gate dielectrics is therefore a great motivation factor for using high-

κ dielectrics as that heavily reduces gate currents as well. 
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Considering dielectric constants as sole criterion for replacing SiO2 would have made 

so many dielectrics available as good candidates for future CMOS applications. This 

is because many high-κ dielectrics have been shown to reduce gate currents by about 

2 - 4 decades compared to SiO2 of similar EOT [4, 5]. Among the desirable factors of 

a gate dielectric discussed in section 1.2, the most limiting prerequisites on alternative 

dielectrics is a good dielectric/Si interface quality , that is,  ability to integrate on Si 

surface while maintaining high carrier mobility [6]. 

 

 
 

Fig. 2.2. The general configuration of upcoming devices comprise of a gate stack to alleviate 
nitridation or poor interface problems. 

 
High-κ dielectrics generally integrate poorly on Si , that is,  they form interfaces with 

high defect densities and in some cases react with the channel and are 

thermodynamically unstable [7]. For this reason high-κ based devices differ from the 

structure shown in Fig. 1.2 by typically having two or more layers of dielectrics in the 

gate as shown in Fig. 2.2. A thin (~ 1nm) interfacial layer (IL) of SiO2 is often grown 

on the Si substrate to provide a good interface between the high-κ material and Si. 

The IL SiO2 also reduces the phonon scattering effects (arising from typically high 

polar and dangling bonds in the high-κ) on the channel carrier mobility , that is,  it 

reduces phonon limited mobility [8]. Between the high-κ and the gate may be 
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deposited a cap of a dielectric or metal that is good for blocking dopant penetration 

into the gate dielectric and also offers better interface between the high-κ and gate 

material [9]. In spite of the architectures adopted at processing levels to improve high-

κ device structure and integration, carrier mobility is generally low. Carrier transport 

in MOSFETs inversion channel is characterised by mobility and carrier mobility 

degradation is viewed with reference to universal mobility (universal mobility is 

considered in section 3.5.1). Figure 2.3 shows the electron mobility in Hf silicate 

based nMOSFET. Relative to universal data, there is about 300 cm2/ V.s reduction in 

the peak mobility in the Hf silicate based device. Similar mobility degradation have 

been reported for other high-κ based devices [10, 11, 12].  
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Fig. 2.3. A common feature with high-κ based FETs is mobility degradation. Figure shows 
that the measured electron mobility in Hf silicate based MOSFET is reduced relative to 
universal (SiO2 based) mobility. (Universal data from ref [13]). 
 

2.3 Developments in high-κ 
 

As stated above, research on alternative dielectrics is an active area of study. A 

variety of dielectrics are under study as candidates to replace SiO2 in future FETs. 

These include Hf-compounds (HfO2, HfSiO, HfSiON), La2O3, Y2O3, Si3N2 as well as 

oxides of Al and Zr. (Al2O3, ZrO2) [14, 3, 12, 15, 10]. 
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Hf compounds have generally shown desirable characteristics such as large κ-values, 

high bandgaps and also show thermal stability. HfO2, was first studied for memory 

and optical applications since 1970 [16]. Recently it has come under intense study as 

a gate dielectric and is about the most studied of Hf-based dielectrics such as HfAlO, 

HfON, HfSiO and HfSiON. Its dielectric constant is reported to be ~22 – 25 [3]. The 

early CV studies on HfO2 shows that hysteresis can be reduced considerably with 

annealing [17, 18]. Subsequent studies have shown that HfO2 can be used to achieve 

low EOT and low gate current density. However high interface trap density, large flat 

band voltage shifts and corresponding threshold voltage instability remains a critical 

issue with HfO2. Recently, threshold voltage instability has been reported in 

MOSFETs of HfO2. This has been attributed to fast charging and discharging of pre-

existing defects near the SiO2/HfO2 interface and in the bulk of the HfO2 layer [19]. 

Degraeve et al have also demonstrated that to guarantee reliability of MOSFETs 

based on HfO2, lower trap density than current values (~1 x1012cm-2) are required 

[19]. Z. Ren et al [20] have also studied scaled HfO2-based MOSFETs and concluded 

that carrier mobility in such devices is ultimately limited by soft-optical phonon 

scattering. 

 

Al2O3 has also been demonstrated as a viable candidate due to its thermal stability, 

low gate leakage and longer lifetime compared to SiO2 [14]. The dielectric also has a 

high band offset. However, more recent reports indicate that both electron and hole 

trapping remain critical issues in ultra thin SiO2/Al2O3 dual gate dielectric stacks even 

at ordinary operating voltages. Another setback noticed with SiO2/Al2O3 is that high 

annealing temperatures (which are necessary for curing oxide defects sites) increase 

hole trapping in Al2O3 [21]. 

 

TiO2 was found to have exceptionally high κ-values (80-100) and has also been 

studied as a gate dielectric [22]. An important but adverse chemical property of Ti is 

that it has stable Ti3+ and Ti4+oxidation states. As a result Ti-O is a reduced oxidation 

state containing many O vacancies which act as traps. Further to that it crystallizes 

above 400oC (existing as a poly crystal) which is undesirable. Other dielectrics 

studied such as La2O3 [23], Y2O3, Gd2O3 [24] etc have failed to fully meet gate 

dielectric qualities (see section 1.2). For example La is reactive in air and La2O3 
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absorbs water making the dielectric chemically unstable. These reports all show that 

although a given dielectric may be a good candidate for some reasons to replacing 

SiO2, there may be other serious adverse factors with it as elaborated above.  

 

Recently, the fabrication of a short channel MOSFET consisting of Hf silicate as gate 

dielectric was reported [5]. With Hf silicate as the gate dielectric, at EOT of only 1.3 

nm, the gate current density (at 1V beyond flat band in accumulation), was observed 

to be about 2 - 3 orders of magnitude less than SiO2 of similar EOT. Another 

attractive feature of Hf silicate is that it remains amorphous at temperatures up to 

1100oC. This ensures that it maintains its physical properties throughout high 

annealing temperatures during fabrication as well as in ordinary device operating 

conditions. But as is common of high-κ based devices, the carrier mobility was 

observed to be reduced relative to universal values [25]. These above desirable 

properties of Hf silicate therefore make it attractive to be investigated for mobility 

degradation. 

 
2.4 Summary  

 

In summary, various high-κ dielectrics have been considered as replacement for SiO2 

due to the limits of the latter in supporting aggressive scaling. Most gate dielectrics 

have been shown to have high enough κ-values, and able to reduce gate current 

density but are unsuitable due to thermal instability or poor integration to Si surface. 

The most limiting requirement on high-κ dielectrics is poor interface quality leading 

to high charge trapping, threshold voltage shifts and, subsequently, low carrier 

mobility. Hf-based material have proved promising characteristics, albeit low carrier 

mobility. As causes of mobility reduction vary from each dielectric to the next, a case 

by case study is important in fully understanding the causes associated with each 

candidate dielectric and for industrial process refinement. 
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CHAPTER 3 

MOS PHYSICS 
3.1  Introduction 
MOS Transistor theory was developed from the pioneering work of Lilienfeld in 1930 

[1]. Subsequent study of this field culminated into the use of metal oxide field effects 

transistors (MOSFETs) with the first device being built by Kahng and Atalla in 1960 

with a gate dielectric thickness of about 1000 Å [2]. Continued understanding and 

application of MOS physics has brought about tremendous developments in micro-

electronic devices and electronic engineering. In this chapter, the physics which 

underlies the operation of the MOS device will be reviewed by use of the MOS 

structure. The structure of the MOSFET will also be described together with 

fundamental device parameters that will be frequently referred to in the thesis. 

 

3.2  The MOS structure and surface energy states   
 

As semiconductor device operation is dependent on the surface energy states of the 

semiconductor, understanding of MOS surface physics is fundamental to 

understanding of the transistor operation. MOS physics and device operation has been 

exhaustively covered in many publications [3, 4, 5, 6]. 

 

The MOS structure is composed of a positively or negatively doped (p-type or n-type) 

Si substrate with a thermally grown oxide of silicon, that is, SiO2 of thickness, Tox, on 

its surface. Metal or heavily doped polycrystalline silicon (poly-Si) is then deposited 

on the oxide to form the gate electrode, resulting in the structure schematically shown 

in Fig. 3.1. An application of a voltage on the gate induces a corresponding potential 

on the Si surface, the surface potential. Fig. 3.2 shows the energy band diagrams for 

the MOS structure corresponding to the cases of negative and positive applied gate 

voltages. In this figure Ec and Ev represent the conduction and valence bands 

respectively, Ei is the midgap and Ef is the Fermi energy level.  
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Fig. 3.1. The structure of an MOS capacitor. 
 

ψB is the energy difference between the Fermi level and the midgap in the bulk Si 

whilst q is the unit of electronic charge. The energy required for an electron to break 

free of lattice bonding (the work function, Φ) is less in metal (gate material) than in 

Si. At thermal equilibrium there is no current flowing in the MOS and this requires 

the gate material (e.g. Al metal or, poly-Si) and Si Fermi levels to be spatially 

constant, and the vacuum level (point at which an electron is free from lattice bond) to 

be continuous. However, because of the work function difference, the semiconductor 

bands bend down as shown in Fig. 3.2 (a). The consequence is an oxide field that 

tends to accelerate electrons towards the gate; that is, the gate is positively charged at 

thermal equilibrium. In order to annul this electric field, a negative voltage equal to 

the work function difference is required on the gate in order to restore the bands to 

flatness as shown in Fig. 3.2(b). The required potential is called the flat band voltage, 

VFB. At flat band condition there is no net oxide field and no surface band bending.  
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Fig. 3.2. Energy band diagram of an MOS structure (a) in equilibrium and (b) at flat band 
condition. 
 

The population of holes (pp) and electrons (np) on the surface of Si is quantified in 

terms of the intrinsic and carrier Fermi potentials ψi , ψf  [3] 

 Tk
q

ip
B

fi

enp
)( ψψ −

=  (for holes on p-surface)   (3.1a)   

)(
Tk

q

ip
B

fi

enn
ψψ −

−

=  (for electrons on p-surface)    (3.1b)  , 
where ni is the intrinsic carrier concentration, kB is Boltzmann constant and T is 
temperature on absolute scale.  

q
E fi

fi
)(

)( −=ψ
 is the intrinsic (Fermi) potential 

 
For p-type Si, if a negative and reasonably large bias is applied at the gate, the bands 

bend up as shown in Fig. 3.3(a). This makes the energy difference term (ψi-ψf) in 

equation (3.1a) larger and causes the population of holes at the Si surface to exceed 

that in the bulk and the electron density on the surface to decrease correspondingly. 

The local population of majority carriers at the Si surface is then much higher than in 

the bulk and the condition is termed accumulation. 
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Fig. 3.3. Band diagram showing the applied gate bias and the surface condition at (a) 
accumulation and (b) inversion. 
 

On the other hand, when a positive bias is applied to the (p-Si) gate, the Si surface 

electric field induced by that on that gate (gate metal Fermi level is lowered) is such 

that the energy bands bend downwards; the valence band edge at the surface are then 

further from the Fermi level than in the bulk and majority carrier (hole) concentration 

is reduced relative to the bulk concentration. This condition is referred to as depletion. 

The region within which majority carrier population is decreased, the depletion width, 

increases with increasing gate bias. As the bias gets larger and positive, the energy 

bands at the surface of Si bend downwards such that the Ei goes below Ef as shown in 

Fig.3.3 (b). The quantity (ψi-ψf) < 0 and the electron population at the p-Si surface is 

greater than holes. This is known as inversion as local minority carrier concentration 

at the surface exceeds that of the majority. The surface is said to be in strong 

inversion when the surface band bending is twice the separation between the Fermi 

potential and the intrinsic level. 

)ln(2)(2)(
i

a
ifs n

N
q
kTinv =−= ψψψ     (3.2) 

The gate bias required for this condition (strong inversion) is called threshold voltage, 

VT. Thus, when the nMOSFET device is in inversion, conduction is due to electrons 



 25

whilst for pMOSFET it is due to holes. The physical phenomena described for p-Si 

above apply in a similar manner for n-Si but with a reversed gate bias polarity. This is 

the principle behind the formation of the channel of a MOSFET shown in Fig. 3.4 

below. 

It is easy to visualize the gate/source-drain regions of a MOS structure as a pair of 

parallel plates. If a voltage, Vg, is applied part of the potential restores flat band 

condition, part drops across the oxide (Vox) while the rest of it causes band bending at 

the Si surface ψs [6].   

soxfbg VVV ψ++=       (3.3) 
where 

            ox

s
ox C

QV −
=

 
 
 
Qs is the total charge induced on the semiconductor surface (equal and opposite in 

polarity to the charge on the gate), and Cox is the capacitance in the gate oxide. 

Capacitance is a very important quantity in MOS devices. For a given gate voltage, it 

is capacitance that determines how fast the gate is charged/discharged to turn on /off 

the device. Therefore capacitance determines the switching speed of a device. See 

equation (1.3). Some important device properties such as dielectric thickness 

(equivalent oxide thickness (EOT), oxide charge, flat band voltage can be 

experimentally obtained from studies of the capacitance. Capacitance can be 

measured in a MOS structure by applying a small ac signal superposed on a ramped 

dc voltage on the gate and measuring the capacitance in the channel region [6].  

 

3.3  The Metal Oxide Field Effect Transistor (MOSFET) 
 

The architecture of a p-type or negative channel MOSFET (n-MOSFET) is depicted 

in Fig. 3.4 below. It is basically the MOS structure of Fig. 3.1 with two additional 

terminals; the drain and source. In this case the source and drain terminals are n+ 

islands implanted in the p-type substrate. The configuration is same for positive 

channel (p-MOSFET) but the substrate is n-type Si and the source and drain regions 

are p+ doped. The distance between the source and drain, that is, the effective channel 

length L, and the width, W, as well as the gate dielectric (oxide) thickness, Tox, are 

important dimensional parameters of each device. The electrical properties of the gate 
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dielectric are critical to the operation of the MOSFET. The band gap (band offset) of 

the dielectric isolates charge in the gate from direct interference with current flow in 

the channel region. Its high electrical (oxide) quality allows field lines from the gate 

electrode to penetrate and invert the Si surface charge turning the device on. 
 

 

 

 

 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
Fig. 3.4. A 3-D schematic representation of an nMOSFET.  
 
 
The region between the source and drain terminal immediately beneath the gate, the 

channel, is also important to the operation of the MOSFET as carrier flow and other 

field effects are coupled through this region. The presence or effects of impurities in 

the channel eventually impede the speed of carriers transported across it. 

 

 Considering the p-Si based MOSFET above, an application of a positive bias greater 

the threshold voltage at the gate, drives the Si surface into inversion (see section 3.2). 

Thus a layer of electrons forms beneath the gate connecting the n+ source and drain 

regions and carriers can flow between the two terminals if there is a potential 

difference between them. The source and substrate are normally grounded and a bias 

Vd applied to the drain which aids carrier flow. By assuming that the electric field 
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resulting from applying a gate bias, varies less along the channel (y-direction) than 

along the normal (z-direction) to the channel (the Gradual Channel Approximation for 

1-D MOSFET) it can be shown that the source/drain current is given by [7] 

∫ −=
Vd

ieffd dVVQ
L

WI
0

)((µ      (3.4) 

 In equation (3.4), Qi is the inversion charge and µeff is the effective mobility. An 

explicit expression relating the current to the gate and drain bias can then be derived 

by considering that the total semiconductor charge, Qs, on the surface is the sum of 

the depletion and inversion charges. The total charge is deduced from equation (3.3) 

by noting that after the onset of inversion the potential ψs is 

  )(2 yVBs += ψψ .     (3.5) 

Then from equation (3.3), the total charge is 

  ))(2( yVVVgCQ BFBoxs −−−−= ψ    (3.6) 

The depletion charge is given by 

    ))(2((2 yVqNWqNQ BASidAd +=−= ψε   (3.7a) 

where Wd is depletion width given by 

A

BSi
d qN

yV
W

)((2 +
=

ψε
      (3.7b) 

and NA is substrate doping concentration.  

The inversion charge is then obtained by subtracting the depletion charge expressed 

by equation (3.7a) from the total charge of equation (3.6), that is  
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The general drain current is now obtained by substituting equation (3.8) into equation 

(3.4) and solving the integral   
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Equation (3.9) shows the drain current behaviour with gate bias for a given drain bias.  
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3.3.1 Linear region 

If the drain bias, Vd, is small, a power series expansion of equation (3.9) whilst 

keeping only first order terms gives and expression for the current to be linearly 

proportional to Vg as  

( ) dToxeffd VVVg
L

WCI −= µ       (3.10) 

 where the threshold voltage VT is given by 

ox
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The gate bias regime within which equation (3.10) applies is termed the linear region 

of the MOSFET. The linear region is the electric field region within which the 

channel behaves as a resistor and the drain current is approximately linearly 

dependent on Vd (that is, Id=Vd/R, see equation (3.10) ). 

 

3.3.2 Saturation region 

For larger values of the Vd, the second term in the power expansion of equation (3.9) 

is appreciable and the current in this case can be approximated by [6] 
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Equation (3.12) is the drain current characteristic that again shows some 

proportionality to Vg. For a fixed gate voltage in inversion, a moderate drain voltage 

causes the channel to act as a resistor with the drain current Id linearly proportional to 

the Vd. However beyond a certain value of the Vd, (Vdsat), the thickness of the channel 

at the drain side is reduced to zero (point of pinch-off) and the drain current is 

saturated. Thus For Vd > Vdsat, the number of carriers arriving at the drain end beyond 

pinch-off point remains constant and the current saturates and is independent of Vd. 

At this point equation (3.12) is no more applicable. This is the saturation region of a 

MOSFET. In practical device testing small values of Vd (10 – 50 mV) are preferred 

because these avoid non-linear charge distribution in the channel.  
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3.3.3 Sub-threshold regime 

Preceding the linear and saturation regions described is the sub-threshold region of the 

MOSFET at which Vg < VT. In this region, there is mainly diffusion current.  

An expression for the current in the subthreshold region can be derived from 

application of Gauss’ law to MOS surfaces for small field strengths. The inversion 

charge density under such small surface potential conditions can be written as [6]: 
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By substituting this into equation (3.4) the drain current dependence on the surface 

potential, ψs, for a given small drain bias, Vd (< kBT/q), in the subthreshold regime is 

obtained as: 
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Expressing the Vg explicitly in terms of ψs using, equation (3.3) 
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As we seek the dependence of the current on Vg around threshold voltage, VT, one 

can assume the surface potential is a small deviation from 2ψB, that is, 

BBs ψψψ 2|2| <<− . On this assumption, (and without including all details here), 

equation (3.15a) can be rewritten by expanding the sψ terms about Bψ2  
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By simple change of subject from last expression, 
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Using equations (3.16) and (3.14), the subtrheshold current dependence on Vg is seen 
as 
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The following have been used to transform the equation (3.17a). 
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Fig. 3.5. Dependence of drain current on gate voltage in the subthreshold region as predicted 
by equation (3.17b). The plot reflects subthreshold characteristics of the device used in this 
work.  
 

The behaviour of sub-threshold current is important for low power applications such 

as in memory circuits. On a log scale, the inverse of the subthreshold slope, known as 

the subthreshold swing S is an important parameter that relates to interface trap and 

depletion capacitances of the MOS structure. A high value of S is a signature of high 

interface trap charge which is undesirable for VLSI circuits.  

 

3.4  Carrier tunneling processes in MOS structure 
 

From the foregoing, transistor operation is controlled by the gate voltage and should 

ideally be in two states: off-sate during which there is no conduction and the on-state 

when the channel is formed and carriers flow according to drain bias conditions. 

However, some gate conduction may occur while the device is not turned on due to 

tunnelling, e.g. on standby power. Such conduction result from carriers tunnelling the 

dielectric barrier. Carrier tunnelling is described by two processes: Fowler Nordheim 

(FN) tunnelling and direct tunnelling (DT). 
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3.4.1 Fowler Nordheim (FN) tunneling  

 
Fig. 3.6. Band diagram showing FN tunnelling mechanism in MOS. 

 

Fig.3.6 shows the band diagram of a MOS under strong inversion bias state. In this 

state the field oxide is so strong that the potential energy over the oxide layer, qVox, is 

greater than the barrier height, ΦB. Electrons in the conduction band edge can 

overcome the triangular energy barrier and tunnel into the dielectric conduction band. 

This process is termed FN tunnelling. By considering that the oxide/Si interface poses 

a triangular potential barrier to carriers at the Si surface, the chance of locating a 

carrier of given energy in the dielectric conduction band, that is, the tunnelling 

probability, Tt, of electrons can be determined by use of the Wentzel-Kramers-

Brillouin (WKB) approximation. The WKB approximation is a generic technique for 

solving differential (Schrödinger) equations that describe quantum mechanical 

processes (such as oscillations or wave propagations) constrained by such energy 

boundaries. By this formalism the tunnelling probability can be shown to be [7] 

      (3.18). 

The upper limit of integration in equation (3.18), x1, is termed the classical turning 

point, which depends on the oxide field Fox as:  
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  , oxox tVoxF /=     (3.19) 

E is the carrier (electron) energy; kt is the transverse component of the electron wave 

vector in the oxide, kox, which is also given in terms of the oxide conduction band 

edge Ec, ox (x) by  

      (3.20) 

mox is the effective electron conduction mass in the oxide and h  is planks constant 

(normalized by 2π). The electron current density, J, is then given in terms of the 

tunnelling probability by  

       (3.21) 

where mt is the electron transverse mass, Et is the transverse energy of the electrons. 

By use of equations (3.19) and (3.20) the tunnelling probability for FN tunnelling can 

be written as : 
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Substitution of equation (3.22) into equation (3.21) enables the FN tunnelling current 

density to be written as : 
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3.4.2 Direct tunneling  

Unlike the FN tunnelling, the potential energy qVox in the oxide is less than the barrier 

height for tunnelling. The shape of the energy barrier in this case is trapezoidal. In this 

process the wave function of electrons in the Si surface terminates in the oxide and 

electrons can tunnel directly into the gate via the oxide. This happens when the oxide 

thickness is thinned down. Fig. 3.7 below illustrates the direct tunnelling mechanism. 

The tunnelling current density is also quantified using the formalism described for FN 

tunnelling. However, in this case the integral limit in equation (3.18) is the oxide 

thickness , that is,  x1 = Tox and the current density is given as  
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It can be appreciated from the foregoing analysis that tunnelling current increases 

exponentially with decreasing thickness hence the rapid increase in device gate 

current with scaling. Both tunnelling mechanisms may be aided by the presence of 

oxide traps in a process known as trap assisted tunnelling [8]. It is worth noting that 

FN and DT process may occur together in extreme bias conditions but DT is 

predominant in the ultra thin regime even at low bias. 

    
Fig. 3.7. Direct electron tunnelling mechanism in thin gate dielectrics. 
 

3.5 Carrier mobility in MOSFETs 

 

Consider the electrons in the channel of an n-MOSFET at inversion as an electron gas 

in confined space in a conducting medium. The electrons will remain in random 

motion as long as they experience no electric field. When an electric field is applied, 

the electrons acquire a drift velocity proportional to the field strength but opposite to 

the direction of the field applied. In this simplified model, the current flow is 

governed by a quantity: mobility. Carrier mobility is an important electrical 
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characteristic by which device performance is measured. Mobility is also a physically 

measurable quantity that is suitable for quantifying MOSFET performance. In a 

suitably biased MOSFET, the drain current, Ids, is directly proportional to the 

effective carrier mobility, µeff, as described in section 3.3.1: 

( ) dToxeffd VVVg
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From equation (3.25),  
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The term (Id/Vd) is the drain conductance, gd 

dd VIgd /=       (3.27) 

Using equations (3.27) and (3.26) the effective mobility becomes 
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By assuming the electron gas in the channel as a two dimensional sheet of negligible 

thickness, the total charge, Qi, in the channel is equivalent to 

 )( Toxi VVgCQ −=       (3.29) 

The assumption leading to equation (3.29) is known as the Charge Sheet 

approximation. Alternative to equation (3.29), inversion charge can be quantified with 

accuracy from measuring the gate – source/drain capacitance in both inversion and 

depletion regimes by the Split-CV technique [9, 10, 11]. The effective carrier mobility 

is then  
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Carrier mobility is suitably presented on the scale of the effective transverse electric 

field which acts normal to the channel. (This eliminates the threshold voltage 

dependence). The field is defined in terms of Qi and depletion charge, Qd, as  
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where εSi is the permittivity of Si and η is a constant. Takagi et al  [12] have 

determined that values of η required for experimental mobility data on (100) Si 

surface to maintain the shape or features of universal mobility are η = ½ for electrons 

and η =1/3 for holes. 

3.5.1 Universal mobility 

From studies of SiO2 based MOSFETs it has long been established that the nature of 

carrier mobility has a distinct feature. The features of a typical mobility curve are 

described in Fig. 3.8. Although the peak mobility may vary, carrier mobility in SiO2 

based MOS is unaffected by gate oxide thickness, substrate doping or substrate bias. 

This is referred to as universal mobility law first discovered by Clemens and Sabnis 

[13]. Takagi et al [14] have subsequently carried out extensive experimental studies to 

confirm this law. SiO2 based MOS devices on low doped Si substrate has no Coulomb 

scattering component and therefore provide ideal mobility data (universal mobility) 

often used as reference for analyzing other mobility data. Carrier mobility is 

composed of Coulomb, phonon and surface roughness components which are 

considered in the next section. It is common to examine carrier mobility as a function 

of inversion carrier population density, Ns (cm-2). This enables the carrier mobility 

behavior with surface concentration to be directly examined. 

 

3.5.2 Scattering mechanisms and carrier mobility components: Mattheissens’ 

rule. 

The path of an individual charge carrier from the source to the drain encounters many 

types of obstructions making the time spent from its origin to destination several 

times more than expected if the path was a straight line or if the transport mechanism 

were entirely ballistic. In other words, several mechanisms limit carrier mobility in a 

device channel. For example, charges of same polarity have Coulombic repulsive 

effects and thus serve as charge scattering centres to carriers thereby reducing their 

mobility. On the other hand, charges of opposite polarity are attractive trapping 

centres. Dopant impurities in Si and other charges on or close to the Si/oxide interface 

have the main Coulombic effects to carrier mobility. Si surface is devoid of the 

regular crystalline structure of the bulk and is marked by non-uniformities 

(roughness) and defects. Defect sites on the surface exert small electrostatic fields that 

perturb the motion of carriers. Physically, a defect site on the Si interface is treated as 

a quantum potential well of a finite cross section (the trap capture cross section) in 
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space within which a free carrier can be trapped or scattered. The density of defect 

states can thus be understood as the total number of ‘scatters’ to channel carriers. 

Carrier mobility is also hindered by momentum exchange/transfer to bonds which 

gives rise to lattice vibrations – phonons. Phonon effects on carrier mobility are 

considered in chapter 8. The relation of mobility components due to scattering by 

Coulomb centers, phonons, and interface defect states to total mobility is summarized 

by Mattheissen’s rule [6]: 

SRphcTotal µµµµ
1111

++=      (3.33)  

where SRphc µµµ ,,  respectively stand for the mobility limited by Coulomb, phonon 

and surface roughness scattering. Expression equation (3.33) enables a quantitative 

description of the components of the mobility as well as their variation with effective 

field or surface charge concentration. Numerous studies on SiO2 based devices have 

marked out regions of the effective electric field, Eeff, within which each term in on 

right hand side of equation (3.33) is dominant. These are illustrated in Fig. 3.8 below. 

In the low effective electric field (low inversion charge density) region (~Eeff < 0.3 

MV/cm), Coulomb scattering is expected to be most important because carriers are 

exposed to scattering centres while the inversion layer is yet forming. 
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Fig. 3.8. The components of total carrier mobility and the regions within which each 
component dominates as explained in the text. 
 

As the inversion layer forms, carriers are more and more shielded from charge 

scattering centers and the probability of Coulomb scattering reduces. This is known as 

the screening effect of inversion carriers. In the higher effective electric fields (Eeff > 

0.8 MV/cm) the dominant limiting factor is due to carriers scattering with the rough 

oxide/Si interface whilst in the mid Eeff, phonon scattering makes the most impact on 

mobility. There has been no proof that the respective regions known for dominant 

Coulomb or phonon scattering (as established for SiO2) also hold for alternative 

dielectrics which are known to have highly polar bonds – and phonon-limited 

mobility is significant. This uncertainty will be investigated by studying the carrier 

mobility in Hf silicate based devices as a function of temperature in chapter 6.  

The effect of mobility evaluation procedures on measured carrier mobility will be 

considered next in the following chapter. 
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CHAPTER 4 

CARRIER MOBILITY EVALUATION IN ULTRA THIN 
HIGH-Κ BASED FETS 

0.1 Introduction  
 

Carrier mobility is an important physical parameter for characterizing FETs. Mobility 

is a measurable attribute that describes transistor performance in quantitative terms. 

The concept of mobility has already been considered from basic principles in section 

3.5 as well as the standard for reference mobility: universal mobility. As is the case 

with extracting other device parameters, aggressive scaling has introduced some 

difficulty into mobility characterization. The characterization difficulties that come 

with scaling can introduce some error as to the real carrier mobility degradation that is 

being observed. If the method of mobility evaluation underestimates the mobility, 

then the degradation will be wrongly seen to be severe (and contrarily if the mobility 

is overestimated). There are a number of methods in use for characterizing carrier 

mobility. These include the application of physics based formulas on measured device 

characteristics as well the as use of such characteristics and device parameters (in 

combination or isolation) in quantum mechanical models which have been 

implemented in simulators. Examples of existing mobility simulators are the NCSU 

MOB2D [1] and UTQuant [2]. Empirical methods include the charge sheet 

approximation, the split-CV, and Hall mobility evaluation methods [3]. Among 

others, structural requirements make Hall mobility measurements rarely applied to 

MOSFET characterization [3]. Hence, this method will not be considered here. In this 

chapter, the most commonly applied mobility determining methods are considered for 

the ultra thin regime. These methods will be applied on the same or similar data sets 

and eventually compared for accuracy. The objective is to examine, using high-κ 

based devices, the suitability of each method for studying FETs in the ultra thin 

regime. The preferred method will be applied throughout the rest of this thesis 

wherever mobility characterization is required. The effects of high-κ and SiO2 

interfacial layer thickness on carrier mobility are also examined experimentally. 
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0.2  Theoretical bases of mobility evaluation methods  

0.2.1 NCSU model (Mob2d) 

Mob2d program was developed by J. Hauser of North Carolina State University [1] 

for modelling carrier mobility in MOSFETs taking into account poly-Si depletion and 

quantum mechanical effects in FETs in the ultra thin regime. It is based on numerical 

modelling of effective mobility and inversion charge producing a theoretical and 

numerical model for the device current-voltage (Id-Vg) characteristics. The Mob2D 

model is based on the relation between device conductance and carrier effective 

mobility: 

)()/(/ VgQLWVI ieffdd µ=      (4.1) 

In equation (4.1), W and L refer to device width and length. The left hand side of 

equation (4.1) is the measured device characteristic (conductance) whilst the right 

hand side is simulated using device physical parameters and fitting parameters. A 

least square fitting technique is employed to adjust the model fitting parameters to 

values which best fit the measured data. The parameters varied in this model are 

device threshold voltage, interface scattering density and surface roughness 

coefficient [1]. To determine the carrier mobility using this model, the Id-Vg data at a 

given bias is thus required as input. Fig. 4.1 shows the Id-Vg data that was used in 

evaluating the mobility. Other input requirements are the drain bias (Vd), the gate 

oxide thickness or EOT (nm), and poly-Si gate doping concentration (cm-3) of the 

device which are supplied at runtime. Options for correcting for quantum mechanical 

as well poly-Si depletion effects can be turned on/off in the DOS based simulation 

command. The output file is produced in spread sheet style with headers describing 

each data column. A summary of extracted device parameters such as threshold 

voltage, interface scattering, fixed charge are also given at the beginning of the file. In 

Fig. 4.2 is shown, for comparison, the electron mobility simulated for Hf silicate 

based FET using Mob2d. 
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Fig. 4.1. Id-Vg characteristic for the device for which mobility was evaluated using Mob2D. 
All other mobility evaluation techniques described below were applied on this same device. 
 

0.2.2 Quantum Mechanical model (UQUANT) 
Scaled devices require correspondingly reduced gate dielectric thicknesses and this in 

turn results in high effective electric fields on the surface. Carriers on the Si surface 

are as a consequence ‘grouped’ into discrete energy zones according to their energies, 

that is, the carriers on the surface are quantized into energy bands and sub-bands in 

the presence of high surface electric fields. In such cases the description of Si surface 

phenomena by classical formulations are no longer satisfactory and deviations 

between measured carrier density and classically predicted values have been reported 

[4]. In scaled devices, quantum mechanical considerations are required and the 

UTQuant simulation program was borne out of that need [2]. The theory of the 

UTquant simulator is based on solving the Poisson - Schrödinger equations. The 

Schrödinger equation which describes the probability of locating an electron of given 

energy, E, within a certain system of potential φ , (in space z), is given as: 

[ ] 0)()(*2)( 2
2 =++∇ zzeEmz ψφψ

h      (4.2) 
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In equation (4.2), ψ is the electron wave function, m* is the effective electron mass, e 

is the unit of electronic charge and ћ is plank’s reduced constant. The Poisson 

equation gives the carrier distribution density, ρ, for carriers whose energy satisfies 

(4.2). The Poisson equation is given by: 

ε
ρφ −=∇ )(2 z        (4.3) 

At a given gate bias, the simulator therefore self-consistently solves the pair of 

equations (4.2) and (4.3) to obtain, among other quantities, the inversion electron 

density which is relevant in mobility calculation. The UTQuant model calculates 

mobility by assuming the drain conductance in 1 µm length channel when a bias of 

0.1 V is applied across the source/drain. Given the drain conductance and the 

inversion charge density, the carrier mobility is then calculated using equation (3.30). 

In Fig. 4.2, the mobility determined by this simulator is presented. One advantage of 

the UTQuant simulator is that as it is based entirely on quantum mechanical models, 

measured data is not require as input – only device parameters such as EOT, gate 

material, substrate doping and the gate bias range need to be specified. 

 

0.2.3 Split-CV technique 

The split-CV method is a technique for directly evaluating the mobile or bulk charge 

density in the MOSFET channel from the measured channel or bulk capacitance [5, 

3]. The inversion (and accumulation) charge is obtained by integrating the measured 

capacitance as explained in section 3.5: 

∫
∞−

=
'

)()(
Vg

ii dVgVgCVgQ
     (3.31) 

The carrier effective mobility is then obtained by using the integrated charge in  

    
)()/(

)(
VgQLW

Vgg

i

d
eff =µ       (3.30) 

In equation (3.30), the drain conductance, gd, is defined by equation (3.27). Fig. 4.2 

shows the mobility as determined by this method for the same device for which Id-Vg 

data is shown in Fig. 4.1. The split-CV technique is time consuming because it relies 

on accurately measuring device characteristics. It involves several steps of 

measurements and can therefore be said to be susceptible to experimental errors.  
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0.2.4 The Charge Sheet approximation 
The main principle behind this method is to determine the inversion charge density 

based on the charge sheet approximation. The Charge Sheet approximation (CS), 

assumes that the inversion layer charge is located at the silicon surface and there is no 

potential drop or band bending across the inversion layer. The channel charge is thus 

determined as: 

)2/( dTgoxi VVVCQ −−=      (4.4) 

In this case the oxide capacitance Cox and the threshold voltage, VT, are the device 

physical parameters that must first be determined. In equation (4.4), in order to 

account of the effect of drain bias (taken as the average value between the source and 

drain, Vd/2) has been included. This explains the slight difference between equations 

(3.29) and (4.4).  By this method, the carrier mobility is obtained by using charge 

density from equation (4.4) in equation (3.30) and also using drain conductance as 

defined by (2.27).  This method was applied on same device which characteristics are 

shown in Fig. 4.1 and the resulting mobility is shown in Fig. 4.2.  

 
0.3  Comparison of results from various mobility evaluation 

techniques 
 

Fig. 4.2 shows a comparison of all the mobility data as determined by the various 

methods considered in section 4.2 above. Universal SiO2-based mobility has been 

included for comparison. The figure reveals what difference in carrier mobility can be 

obtained from the same device just by changing the evaluation technique. The 

substrate doping concentration for the Hf silicate based device sample used 

throughout was low (NA ~ 2 x 10 16 cm-3) and the gate dielectric was of EOT 1.9 nm. 

The NSCU-Mob2D simulated results show that the peak mobility occurs in the high 

effective electric field region. This is expected only for devices of high substrate 

doping ( e.g. NA > 3 x 10 17 cm-3) [7]. Furthermore, the data shows that the mobility 

exceeds universal mobility beyond 1 MV/cm which has never been observed even for 

SiO2 based devices.  

 

 



 44

0,01 0,1 1

100

1000

 

 

nMOSFET Hf silicate
EOT 1.9 nm
W /L = 10 µm / 10 µmM

ob
ili

ty
 (c

m
2  / 

V.
s)

Effective field (MV / cm)

 SplitCV evaluation
 Chrg sheet Approx
 Universal data
 Mob2d evaluation
 UTQuant evaluation

 
Fig. 4.2. Comparison of electron mobility extracted from same high-κ based FET using 
different methods. The split-CV technique seems to reflect the actual mobility reduction that 
is expected from a low doped long device such as that used in the analysis. 
 
The mobility obtained by using the charge density evaluated from equation (4.4), that 

is, by the Charge Sheet approximation, is much reduced relative to universal data. The 

mobility does not show the low field portion and its peak is not apparent. It was found 

that the mobility established by this method was low because the charge density as 

obtained from equation (4.4) was an overestimation of the inversion charge expected 

from a device of similar capacitance. It can also be seen from (4.4) that errors in the 

threshold voltage will also lead to errors in the mobility evaluated using this method. 

Also, information on the nature of the low field mobility is often lost using the 

method as for Vg < VT, the mobility is unphysical (< 0). It has been noted that errors 

associated with this method are reduced to only about 10% at 0.5 V beyond VT [1]. 

For the device under study Vg = VT + 0.5 V corresponds to the high effective field. In 

that region information on Coulomb limited mobility, for instance, can not be 

obtained. It means that any analysis of the carrier mobility in regions lower than the 

above will be inaccurate.  
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Fig. 4.3.  Inversion channel charge as determined by the Split-CV technique is compared to 
the charge determined by the UTQuant simulator. A good agreement can be seen showing the 
accuracy of the experimental method.  
 

The mobility as determined by the UTQuant simulator is heavily reduced owing 

possibly to the assumed drain conductance by the model. In Fig. 4.3, the inversion 

charge as determined by the split-CV is compared with that expected from theory 

(determined using the quantum mechanical model) at room temperature. It shows that 

the inversion charge determined experimentally is in close agreement with that 

predicted by the theory with the given device physical parameters. This also confirms 

that the disparity between the mobility established by the Split-CV method and the 

UTQuant simulator arises from the drain conductance value assumed by the UTQuant 

model in calculating the mobility.  

 

The mobility determined by use of the split-CV seems to reflect the real characteristic 

of the device under study because considering the interface charge determined for the 

silicate (see chapter 5), the peak mobility degradation relative to universal mobility 

(as shown in Fig. 4.2) is acceptable. It is therefore evident from the figure that the 

split-CV method is most suitable for studying devices in the ultra thin regime. Both 
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drain conductance and inversion charge are obtainable from the measured device 

through depletion (Vg < 0 V) to strong inversion (Vg > 0 V) and this is manifested by 

the fact that the extracted mobility can be seen to span from very low to high effective 

electric fields. The split-CV technique is time consuming depending on how it is 

automated. However, for critical analysis of device performance it is preferable 

because of its accuracy. Throughout this work, unless otherwise stated, carrier 

mobility will be obtained by use of the split-CV method. 

 

0.4  Effect of high-κ / interfacial layer thickness on carrier mobility  
 

In this section, the impact of dielectric scaling on carrier mobility in high-κ based 

dielectrics is examined experimentally. For this study, the electron mobility of Hf 

silicate based device FETs of varied high-κ and SiO2 interfacial layer thicknesses is 

considered. The EOT of the devices range from 2.5 nm to 1.21 nm. The details of the 

devices are shown on table 4.1. Mobility was determined by the split-CV method.  

 

Table. 4.1: Summary of Hf silicate based device parameters. 

 

Fig. 4.4 shows the electron mobility for all the FETs considered. The mobility is seen 

to be reduced at the peak with decreasing EOT although the curves remain almost 

parallel in the mid-high electric field regions. This suggests that, for the devices 

studied, mobility limited by phonon scattering was similar as the gate dielectric 

material was same (κ-value). It shows that the phonon limited mobility does not 

change significantly with the interfacial layer. The peak mobility, however, reduced 

sample SIO2 IL thickness (nm) eot (NM) 

1 0.74 1.21 

2 0.97 1.27 

3 1.79 1.9 

4 2.26 2.5 

The following apply to all devices 

Substrate doping concentration(/ cm3) 2 x1016 

Poly-Si gate doping concentration (/ cm3) 1 x1020 

W x L  10 µm x10 µm 
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significantly from about 800 cm2 / V.s for the device of EOT 2.5 nm to about 300 cm2 

/ V.s for EOT of 1.27 nm and even more for EOT of 1.21 nm. Peak mobility reduction 

results from Coulombic scattering which could be due to interface defect states, 

substrate doping  (that is,  concentration of ionized impurities) or for ultra thin gate 

dielectrics, remote scattering from the gate impurities [8]. All devices were of low 

substrate doping concentration (~2x1016 cm-3) and same 
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Fig. 4.4. Mobility extracted from Hf silicate nMOSFETs of varied EOT. The mobility 
decreases as the gate dielectric is reduced. 
 

poly-Si gate doping of about 1 x 1020 cm-3. The low substrate doping concentration 

was meant to eliminate mobility reduction resulting from substrate impurity 

scattering. Therefore mobility reduction as observed with decreasing EOT can not be 

attributed to substrate concentration as this is a constant parameter for all devices. The 

gate impurity concentration was also same across the devices. A decrease in the gate 

dielectric thickness could enhance the contribution of remote gate impurity scattering 

as the gate gets closer to the Si/oxide interface [9]. Remote gate impurity scattering 

become appreciable for the heavily scaled samples but it is however not expected to 

be a major factor as the total gate stack for each device was not less than 2 nm. It has 

been established elsewhere that gate impurity scattering of inversion channel carriers 
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is important only for dielectric thicknesses less than 1.5 nm [8]. This analysis leads to 

the conclusion that interface charge scattering is the most probable factor accounting 

for the decrease in mobility with gate dielectric scaling. This is strengthened by the 

experimental evidence of higher interface charge density among heavily scaled 

devices as shown in chapter 5. An increase in interface charge with decreasing 

thickness could result from surface damage which may arise, for instance, from 

dopant implantation during device processing. The increasing interface charge and the 

consequent mobility reduction with scaling may therefore pose another challenge to 

industry in the scaling process. 

 

0.5 Summary  
 

In this chapter, the effect of various mobility characterisation/evaluation techniques 

on electron mobility was considered. It was established that simulators provide a fast 

method for mobility characterization which makes them suitable for mass/industrial 

characterisation. However, these methods can lead to inaccuracies. This is undesirable 

in studying mobility degradation and its causes.  Of the experimental methods 

considered, the split-CV method was found to be most suitable, especially, for 

studying devices in the ultra thin regime as the drain conductance as well as the 

depletion and channel charge are determined quite accurately from measured 

capacitances. The inversion charge density as determined by the split-CV method was 

in close agreement with that determined from quantum mechanical simulation. 

 

By applying the Split-CV technique on FETs of various gate dielectric thicknesses, it 

was established that electron mobility decreases with decreasing EOT. As the 

substrate doping concentration and κ-values were same for all devices, the mobility 

degradation with decreasing EOT could only be due to interface state scattering. The 

result suggests that interface charge density correlates positively with aggressive gate 

dielectric scaling, and this might be another challenge that industry needs to consider 

in the scaling process.  
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CHAPTER 5 

EXPERIMENTAL DETERMINATION OF INTERFACE 
CHARGE 

 

5.1  Introduction  
 

Interface state density, Dit, is one of the main sources of Coulomb scattering in the 

channel of MOSFETs. In studying mobility degradation therefore it is important to 

fully understand the nature of interface trap charge. Trap charges are characterized by 

their energy level in the Si band gap, their density per unit area and their capture cross 

section. Various experimental techniques exist for determining, Dit, in MOS 

structures. These include, among others, capacitance-voltage (CV) methods [1], Deep 

Level Transient Spectroscopy (DLTS), ac conductance [2], [3], charge pumping [4], 

and subtreshold swing analysis [5]. Each of these methods is limited in one way or the 

other in their applicability to aggressively scaled MOS structures. High frequency 

capacitance monitoring methods, such as the Terman method, have been noted to be 

inaccurate, suitable only for large capacitors and are of decreasing sensitivity with 

increasing capacitance [1]. Some peculiar interface properties of high-κ gate stacks 

invalidate some of the techniques that have been in application for SiO2 based 

devices. For instance Kerber et al [6] have recently observed that there may be pre-

existing traps / defects sites  on the oxide/Si interface which charge and discharge at 

such fast rates that they cannot be detected and quantified by conventional ways of 

measuring drain current (Id-Vg) or CV. DLTS is capable of detecting interface charge 

density as low as 109 ev-1 cm-2 . However, it requires high speed sampling of CV at 

millisecond intervals and the equipment requirement makes it unattractive. 

Capacitance measurements on scaled transistors in such ways as required by DLTS 

may also cause stress and device failure. The conductance method involves tedious 

analysis: The data acquired can not be interpreted in real time and is computationally 

rigorous and time consuming. However, it requires a pretty simple setup and is known 

to be of high resolution [7]. It also gives a detail profile of the Dit in the Si bandgap. 

The charge pumping method has proved to be another high resolution technique. 

Although leakage currents may contribute to inaccuracy of the method when applied 
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to ultra thin dielectrics, it has been well adapted to account for tunnelling current and 

is still being used as a standard characterization method [8]. Charge pumping remains 

a popular interface state characterization method for devices in the ultra thin regime 

such as those in contemporary technologies [9], [10], [11]. In this study, the Dit in 

high-κ based MOS devices is studied experimentally using the charge pumping and ac 

conductance techniques. The theory underlying each characterization methods is 

reviewed below and the results of applying them in determining interface charge in 

high-κ based devices are also presented. 

 

5.2  Charge Pumping method  
 
5.2.1 Theory of Charge Pumping 

The principle of charge pumping is based on repeatedly switching the device between 

accumulation and inversion, by a pulse voltage signal, at a frequency, f, and 

measuring the recombination current at the device substrate. When the nMOSFET 

(pMOSFET) is pulsed into inversion, the channel region is formed consisting of 

electrons (holes) some of which are trapped in interface defects states. When pulsed to 

accumulation, only the mobile inversion carriers in the channel flow back to the 

source and drain (under reverse bias) as the channel region is flooded by carriers of 

opposite kind. Those channel carriers that are trapped by the interface states 

recombine with the majority carriers (of opposite sign) from the substrate, resulting in 

a net recombination current in the substrate which is measured as the charge pumping 

current, Icp, [12]. However, if the channel length is long ( e.g. L >10 µm) , mobile 

inversion charge may also recombine as they do not have enough time to get to the 

source/drain terminals before majority carrier reach the channel. This is known as the 

geometrical component of charge pumping and is undesirable as it leads to surplus 

current being measured as charge pumping current. 

The measured, Icp, is proportional to the average interface trap density itD  as [12] 
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In equation (5.1), AG is the device area, α and GV∆  are the duty cycle and amplitude 

of the pulse signal respectively. v th and σ are carrier thermal velocity and capture 

cross section respectively. All other symbols including elementary physical constants 
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maintain their meanings and values as defined in previous sections/chapters. The 

equation shows that the measured Charge Pumping current is directly proportional to 

the mean interface defect density. The charge recombined per second is define as: 

 
f

I
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cp =    (5.2)  

By putting equation (5.2) into equation (5.1), 
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Differentiating equation (5.3) with respect to log (f), 
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Thus, by plotting Qcp against frequency on a semi-log scale, the mean interface state 

density can be obtained from the slope, that is equation (5.4). As explained in detail in 

ref [4], the charge pumping current is maximum when the signal height level, VH, is 

greater than the device threshold voltage, (VT), and the 

 
Fig. 5.1. Schematic of the pumped charge variation with the gate pulse base level when 
applying the constant amplitude mode of charge pumping. 
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signal base level, VBase, is below flatband (VFB) such that the pulse spans the entire 

depletion region of the device as depicted in Fig. 5.1. It is worth noting that the 

interface charge density, Dit (ev-1 cm-2),  is the charge density averaged over the 

energy band probed by the charge pumping pulse signal whilst the interface charge in 

the dielectric Nit (cm-2) is the total charge within the energy band being probed. The 

energy band probed by charge pumping is a region ∆E centred on the Si midgap given 

by  [13] 
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Thus although the Icp technique measures Dit, the two quantities are determined 

simultaneously by conversion. 

EDN itit ∆= .  [cm-2]       (5.6) 

Additionally, mean carrier trap capture cross section can be obtained from equation 
(5.2) as  
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where fo is the intercept (Qcp = 0) of the plot of equation (5.3).  

 

5.2.2 Charge pumping: Experimental results for high-κ 

Vtop

VBase

 
Fig. 5.2. Schematic of the setup for Charge Pumping experiment. 
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The variable base charge pumping method was applied. In this mode a trapezoidal 

pulse signal of fixed height, ∆VG, with base and height levels respectively at VBase 

and VH were applied to the gate of the MOSFET as shown in Fig. 5.1. Fig. 5.2 is a 

schematic of the Charge pumping setup. It consists of a programmable signal 

generator unit, (PGU), HP 8116A which supplies pulse or triangular signals to the 

device gate and a pico-ammeter which measures the charge pumping current from the 

substrate. As with all other measurements in this study, data acquisition was 

controlled via PC using purposely (in-house) designed programs in National 

Instruments Labview® software. The PC was interfaced to measurement equipment 

by a National Instruments General Purpose Interface Board (GPIB, NI 488.2 v1.70). 

For the devices used the threshold voltage, VT, was typically 0.5V with flat band 

voltage, VFB, of  -0.86V. This necessitated use of pulse with ∆VG of 1.5V. In order to 

avoid the geometrical component of pumped charge, only short channel FETs (0.15 

µm < L < 0.5 µm) were used for charge pumping. The source and drain were both 

connected to a reverse bias of -0.25V. The duty cycle was set to 50%. Fig. 5.3 shows 

the charge pumping results for Hf silicate based MOSFETs. Fig. 5.3 (a) is a typical Icp 

– VBase plot and Fig. 5.3 (b) shows the mean pumped charge versus frequency. As 

explained by equation (5.4), the slope of this plot gives the  mean Dit. The mean 

interface level determined for this sample using the analysis in equations (5.2)-(5.5) 

was 2.74x1011 +/- 1.37x1010 eV-1 cm-2. Devices used (minimum of 10 in all cases) 

were all tested at the same frequency interval. This enabled the charge recombined per 

second (see equation (5.2)) to be averaged at each frequency (giving the mean Dit) and 

the standard deviation used as error bars as shown in Fig. 5.3(b). The values of mean 

interface state obtained by the charge pumping method will be compared with the 

values determined by use of the ac conductance method. The effect of the determined 

Dit on the coulomb limited carrier mobility will be examined in chapter 6. 

 

 



 55

.

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

0.0

0.1

0.2

0.3

0.4

0.5

(a)

 

I C
P (n

A)

VBase(V)

 500 KHz
 600 KHZ
 700 KHz
 800 KHz
 900 KHz
 1.0 MHz
 1.1 MHz

 

300 400 500 600 700 800 900 1000

0.42

0.44

0.46

0.48

0.50

Frequency (KHZ)

 

 

 

WxL=10µm x 0.40µm
VFB = -0.86 V
VT = 0.5 VQ

C
P (F

em
to

 C
)

 Data
 Linear fit

 
Fig. 5.3. Plot of (a) charge pumping current versus pulse base level with frequency as a 
parameter. (b) The plot of mean pumped charge vs frequency from which slope Dit is 
calculated. 
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5.3 Ac conductance method  
 

5.3.1  Theory of ac conductance method 

In this study the theory of ac conductance as given by Nicollian and Brews [2], and 

Nicollian and Goetzeberger [14] has been applied. The MOS surface consists of 

defects whose energies fall within the Si bandgap, that is, interface traps are 

distributed in energy across the Si bandgap. Trapping and emission of carriers into 

such defects states is influenced by surface potential. Thus the application of small ac 

signals to MOS surface (gate bias) can be used to study trap properties. In 

equilibrium, interface traps with energy above the Fermi level are normally empty 

whilst those below it are filled by surface carriers. When a small negative bias is 

applied to the surface of a p-type MOS, the valence band edge at the Si surface moves 

closer to the Fermi level and holes are captured that is, electrons already in traps just 

below the Fermi level are emitted to lower levels leading to energy losses as depicted 

schematically in Fig. 5.4 (a). Similarly (see Fig. 5.4 (b)), when a positive bias is 

applied, the conduction band edge moves closer to the Fermi level and electrons are 

captured from higher energy levels again resulting in energy losses (as electrons at the 

conduction band lose energy to occupy traps just above the Fermi level ) [2]. 

Applying an alternating signal to a MOS surface therefore results in energy losses in 

both halves of the signal. The process described for p-type Si surface applies similarly 

to n-type Si. Interface traps response to changing surface potential due to applied a.c 

gate bias is maximum and results in maximum energy losses when the frequency of 

the applied signal is comparable to the characteristic trap capture/emission time 

constant, τ. Thus unlike with other characterization techniques, information on 

interface state properties is gained by varying the signal frequency at fixed biases in 

depletion using the ac conductance method. This is achieved by superposing an ac 

signal of a given frequency on a fixed dc gate bias. The dc determines the equilibrium 

surface state (that is, accumulation, depletion or inversion) whilst the ac component 

causes small changes to the equilibrium to which interface traps respond. 

Measurements are done as the fixed dc gate bias is varied within depletion where the 

majority carrier population are much high compared to minority carriers. On the other 

hand in strong accumulation the majority carrier concentration is so high that their 

trap time constant becomes too  
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Fig. 5.4. Illustration of (a) electron emission from and (b) capture into the trap sites in the 
bandgap in response to changing surface potential and the subsequent loss of energy.  
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Fig. 5.5 (a) shows the arrangement of circuit elements in an MOS capacitor. The trap capture 
resistance due to a continuum of interface traps in the bandgap is represented by, Rit, in series 
with interface trap capacitance, Cit. These are in series with the oxide capacitance, Cox. The 
relation of depletion capacitance, Cd is also shown as well as the series resistance Rs (= 
Rs1+Rs2+Rs3). (b) The circuit form of (a). (c) The parallel equivalent from of (b). 
 
short to follow the ac signal frequency (time constant is inversely proportional to 

carrier density; see equation (5.12). In such cases majority carrier trapping no longer 

contributes to the conductance. Fig. 5.5 shows the circuit elements in a MOS-C 

involved in energy losses due to interface trap response to changing surface potential. 

Cit is the interface trap capacitance (shown as network due to capacitance arising from 

various trap energy levels). Rit is the resistance associated with energy loss, that is, the 

trap capture resistance. It is convenient to represent the series R-C process in Fig. 

5.5(a) & (b) as the equivalent parallel circuit in Fig. 5.5(c) to enable comparison with 

measurable quantities such as conductance and capacitance. In Fig. 5.5(c), Cp is the 

equivalent parallel capacitance and Gp is the equivalent parallel conductance. The 

conductance contributed by interface traps is related to the measured capacitance, Cm, 

and oxide capacitance per unit area, Cox by  [2] 
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ω is the measurement frequency in rads (ω=2πf). 

 

In earlier conductance studies [2], [14], the Cox was often assumed to be equal to the 

silicon capacitance in strong accumulation. In scaled devices (due to high substrate 

doping and subsequent quantum mechanical (QM) carrier confinement effects) the 

oxide capacitance needs to be determined accurately by considering these QM effects. 

In this study, Cox was determined by using the device simulator CVC [15] and 

considering QM and poly-Si depletion effects.  

 

Interface trap admittance are quantitatively considered from small signal analysis of 

capture-emission processes using the Shockley-Read-Hall (SRH) model [14]. At 

depletion, the net current density, is, on the MOS surface is the difference between 

captured and emitted electrons. 

 

)()()](1[)( tfeqntntfcqnti nTsnTs −−=     (5.9) 

 

nT is density of states (cm-2) 

en, cn  are   electron emmission and capture probabilty respectivley 

f(t) is the time varying Fermi filling fucntion corresponding to time varying ac gate 

bias. Starting from equation (5.9) the interface trap admittance, Ys, (considering 

interface states at one single level) can be shown to be [2] 
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By further considering the admittance as resulting from a continuum of  interface 

states and also accounting for the effects of surface potential fluctuation, the well 

known conductance equation is arrived at from equation (5.10) thus:- 
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In equation (5.11), (ūs), us is the (mean) surface potential. All other symbols carry 

their usual meanings. 

 

 In order to determine Dit, equation (5.11), was evaluated numerically within the 

measured frequency range, and the maximum value equated to the maximum of the 

experimental Gp/ω and from that equation Dit was solved for. (This is equivalent to 

finding the Dit value for which the calculation in equation (5.11) fits the experimental 

curve). In integrating equation (5.11) limits of integration were set to 2|uB| where uB is 

the bulk Fermi potential, (see equation (3.2) ). This integration limit is the theoretical 

minimum/maximum energy of interface traps  that are of importance to surface 

phenomena [2] . For SiO2 based MOS the standard deviation for surface potential 

fluctuation is usually obtained from universal tables. It was found that these were not 

suitable for this study. Therefore the standard deviation was calculated for each data 

set using analytic relations [3]. In equation (5.11), the mean potential is the potential 

corresponding to the bias at which Gp was measured. In this method surface potential-

Vg correspondence, )(Vgsψ , is required first to be able to numerically perform the 

integration in equation (5.11). Also by knowing, )(Vgsψ , the location of the traps in 

the bandgap can be specified. In the past )(Vgsψ was determined by a separate 

experiment devised by C.N Berglund [16]. The method is said to be accurate 

especially for well processed devices but it is pretty tedious and does not account for 

QM effects. More importantly, any errors at various stages of the procedure will 

propagate into the final )(Vgsψ mapping. In this work the surface potential 

corresponding to Vg, was obtained by simulating high frequency capacitance using 

the UTQuant [17] device simulator, which considers quantum mechanical carrier 

confinement effects. In applying the ac conductance method to scaled devices, care 

was taken to examine any influence that series resistance may have on using the 

technique. Vogel et al [7] have noted in applying the method on ultra thin SiO2 MOS, 
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that series resistance can affect the experimental results and have therefore 

recommended corrections for such effects where necessary. In MOS capacitance 

measurements, undesirable signals (series resistances or capacitances) may arise due 

to bulk resistivity, gate pad and the substrate contacts or even lead cables. See Fig. 

5.5(a). Some external stray signals can be corrected for during measurements by the 

high precision LCR meter bridge. Nonetheless series resistance is better accounted for 

by estimating their values and using it to correct the measured data. Using the 

formalism of ref. [7] the capacitance, Cc, (conductance Gc) corrected for series 

resistance Rs relates to the measured quantities Cm and Gm by 
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Relations (5.13) and (5.14) were used together with the measured data to estimate the 

series resistance, Rs. 

 

5.3.2 Ac conductance method: Experimental results for high-κ 

 

5.3.2.1 Capacitance, conductance and series resistance 

In order to investigate the possible effects of series resistance on the experimentally 

measured capacitance and conductance, two Hf silicate based MOS capacitor samples 

of EOT 1.9 nm and 1.3 nm were used. The result of the Rs study was then extended to 

all samples studied as their EOTs were within this range. Device capacitance can be 

measured by superposing an ac voltage on a d.c bias and ramping it on the gate of the 

device while sensing the out of phase current on the device surface [18]. MOS-C 

capacitance and conductance was measured this way by use of a precision meter 

bridge HP LCR 4284A. The LCR measures capacitance and conductance 

concurrently: capacitance as the primary output and conductance as the secondary 

output. [19]. Both accumulation and inversion capacitance (where needed) were 

measured by using the split-CV technique [1, 20]. Fig 5.6 shows diagrammatically the 

setup used for measuring device capacitance and ac conductance.  
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Fig. 5.7 shows the measured conductance as a function of gate bias (G-V) with 

frequency as a parameter. It can be seen that for each frequency, conductance is 

maximum at a bias in depletion. The peak signifies the onset of depletion where the 

majority carrier capture and emission is appreciable. The variation shows that the 

conductance is dominated by bias dependent carrier emission and capture processes. 

The G-V saturates (not shown) in the accumulation regime (Vg < -1 V). 

 

 
 
Fig.5.6. Setup for measuring MOS-C capacitance and conductance using the LCR meter 
bridge. (a) shows the configuration for testing a generic two terminal capacitor, (b) is the 
split-CV configuration for acquiring the bulk capacitance whilst (c) shows the configuration 
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for measuring gate-source/drain capacitance. The quasi-static capacitance is obtained by 
connecting the source, drain and substrate terminals to the low leads. 
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Fig. 5.7. Dependence of Gm on Vg at different frequencies. It can be seen that the 
conductance peaks in depletion regime where majority carrier capture and emission becomes 
significant. 
 

This confirms experimentally that the investigation of majority carrier trapping into 

interface traps is important only in depletion (as there is no conductance variation in 

accumulation). Also noticeable is that conductance varies by nearly two orders of 

magnitude within the frequency range studied, showing that measured conductance 

was in deed a suitable variable for studying interface traps in high-κ based devices as 

well. Fig. 5.8 shows the capacitance data taken with frequency as a parameter for the 

two sample devices. Whilst the data for the sample device of EOT 1.9 nm (Fig. 

5.8(a)) is almost frequency invariant, that for the device of EOT 1.3 nm (Fig. 5.8(b)) 

shows a variation with frequency at the high -|Vg|. In SiO2 based MOS, capacitance 

dependence on frequency such as  depicted  in Fig. 5.8 (b) is noted to be an artefact of 

series resistance [21], [1]. In order to avoid generalisation for high-κ, a further step 

was taken to ascertain whether series resistance explains the observation in Fig. 5.8, 
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and if so to quantify the effect. To verify that the capacitance drop beyond flatband is 

due to series resistance, known resistor values were inserted into the capacitance 

measurement circuit in series (in same place as the Rs in Fig. 5.5(b)) and CV taken at 

a fixed frequency. Fig. 5.9 shows the effect of the added resistors to the measured 

capacitance. A drop in the capacitance is clearly seen beyond flatband, similar to the 

frequency effect in Fig. 5.8(b). The data of Fig. 5.9 confirms that that series resistance 

explains the data of Fig. 5.8 (b). Therefore for the ultra thin high-κ device, it can be 

said that series resistance does affect the CV at some gate bias voltages. 
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Fig. 5.8. Accumulation (high frequency) capacitance for (a) sample device of EOT 1.9 nm 
and (b) EOT 1.30 nm, all measured with frequency as a parameter. As explained by Fig. 5.9, 
the series resistance effects appear more pronounced with the aggressively scaled device. 
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Fig. 5.9. Capacitance response to external series resistance at a fixed frequency shows 
similarity to the effect of frequency as shown in Fig. 5.8(b).     
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Fig. 5.10. Capacitance response to frequency has been used to estimate Rs in MOS. The 
symbols are measured data for 100 KHz <f<1 MHz and the lines are Rs values from equation 
(5.13) required to explain the CV variation in the high -|Vg|.  
 

The frequency sensitivity of the data of Fig. 5.8(b) compared to that in Fig. 5.8(a) can 

be understood from the fact that also contributing to series resistance is the frequency 

dependent capacitive reactance component which gives rise to a shunt resistance that 

is directly proportional to the capacitance. Note the capacitance of Fig. 5.8(a) is more 

than one order of magnitude lower than that in Fig. 5.8(b) for the same device area. 

The series resistance for the sample of EOT 1.3 nm is therefore best estimated by 

iterating the Rs value for which the data fairly fits the calculated/corrected capacitance 

from equation (5.13) as shown in Fig. 5.10. A maximum Rs value of 280 Ω was 

required to explain the capacitance variation. As the series resistance effect was not 

apparent on the CV of the device of higher EOT, Rs for this device was obtained by 

considering the ac conductance in strong accumulation. In accumulation the ac 

conductance is devoid of interface state component and is practically equal to the 

static tunnel conductance modified only by Rs [7].  
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Fig. 5.11. The a.c conductance (for sample EOT 1.9 nm) corrected for series resistance and 
compared with the static conductance. The Rs value required to match Gc to Gdc in strong 
accumulation (Vg < -1 V) is small. 
Static conductance is obtained by differentiating the static (tunnel) current with 

respect to the voltage. The series resistance was then determined by iterating the Rs 

value for which the 1 MHz Gc (using equation (5.14) fitted the static conductance 

throughout the accumulation region. This is shown in Fig. 5.11. The Rs value was 

found to be only 15+/-1.5 Ω for this sample. Figs. 5.10 & 5.11 both point to the fact 

that although series resistance may affect the measured capacitance in strong 

accumulation, it does not affect the measured data in depletion within which region 

conductance measurements were made. From this analysis, it is concluded that series 

resistance does not limit the application of the ac conductance method to ultra thin 

high-κ based MOS. In applying equation (5.8) therefore, Cm was used directly in this 

study and not Cc (as there is no difference between Cc and Cm in depletion). 

 

5.3.2.2 Interface trap density and profile in high-κ. 

In order to experimentally evaluate the interface trap density, capacitance, Cm, and 

conductance, Gm, were measured as a function of frequency at a fixed gate bias in 

depletion. With these quantities and known oxide capacitance, Cox, parallel equivalent 

conductance Gp was obtained by use of equation (5.8). By repeating the procedure at 

intervals of surface potential (gate bias) throughout the depletion region, a family of 

Gp curves were obtained which maxima are proportional to Dit as expressed by 

equation (5.11). Fig. 5.12 (a) shows an example of Cm and Gm data set that was used 

to calculate Gp/ω of Fig. 5.12 (b). Figure 5.12 (b), (for data from device of EOT = 1.9 

nm, taken at frequency steps of 10 kHz), is fairly symmetrical. The data, however, 

shows ‘stairs’ in both Cm and Gm. Each step represents the discreet value of frequency 

at which the LCR meter can acquire data. Fig. 5.12 (c) shows similar measured Gp/ω 

for the Hf silicate sample of EOT =1.3 nm. This data shows only a local maximum 

instead of a peak with the low frequency region showing much higher equivalent 

parallel conductance. At frequencies corresponding to times lower or higher than the 

interface trap time constant, no useful information on interface properties can be 

acquired. It appears, for the heavily scaled device, there is some other contribution to 

measured equivalent parallel conductance at lower frequencies making the data 

particularly noisy below 100 KHz. This extra component which seems to be 
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appreciable for the thinner device could be due to a contributory component from 

carriers tunnelling into the interface. 
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Fig. 5.12(a). Plot shows the measured Cm(f) & Gm(f) for p-type sample of EOT 1.9. (b) & (c) 
show for EOTs of 1.9 nm & 1.30 respectively the experimental Gp/ω as calculated from 
equation (5.8). 
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Fig. 5.12(c). Shown for Hf silicate of EOT =1.30 nm the experimental Gp/ω illustrating the 
increased low frequency parallel equivalent conductance due possibly to tunnelling. 
 
 
Fig. 5.13 shows the measured and calculated equivalent parallel conductance from 

which matches the Dit was extracted. The Gp/ω  peak location in frequency space is a 

weak function of Vg (surface potential). It must be noted that the peak of the Gp curve 

represents the point of maximum energy loss due to interface trap capture and 

emission of carriers which loss is maximum at such frequencies equivalent to the 

characteristic trap time constant τ. As τ depends on the surface potential (see 5.12) the 

dependence of the Gp on surface potential therefore shows how close the 

experimentally measured data agrees with theory.  
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Fig. 5.13. (a). Measured and calculated parallel equivalent conductance with bias a parameter 
for (a) EOT = 1.9 nm and (b) for EOT = 1.3 nm. The Dit is taken at the value for which the 
calculated curves best fit the measured data at the peaks.  The data for the heavily scaled 
sample shows great disparity from the calculation at the low frequencies due to pronounced 
leakage current. 
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Fig. 5.14. The Gp/ω curves for Hf silicate sample of very low gate current shows no low 
frequency mismatch with calculation in contrast to Fig. 5.13(b) where the gate current was 
high and the tunnelling contribution to Gp was significant. 
 
Figs. 5.13 (a) & (b) also shows that the measured Gp/ω fit the calculated ones better at 

high frequencies. A similar mismatch has also been observed for ultra thin SiO2 based 

MOS-C (see Fig. 10 of [7]). In contrast, Fig. 5.14 shows similar data for a sample 

with very low tunnel current. No low frequency mismatch is observable. These 

figures together illustrate that carrier tunnelling is contributing to parallel equivalent 

conductance in the low frequency region for ultra thin devices.  

 

One assumption leading to the derivation of equation (5.11) is that in depletion, 

majority carrier capture and emission is the sole process giving rise to interface state 

admittance and bulk traps do not contribute to surface phenomena in that bias regime 

[2]. This assumption was made based on the SiO2/Si interface without considering the 

proximity of high-κ bulk (often of high trap density). In a double stack (see Fig. 2.2) 

there is a possibility of charge tunnelling from high-κ bulk dielectric and contributing 

to interface state admittance. Charge tunnelling to interface states has been noted to 

occur in the depletion region where biases are not large enough to induce any other 

tunnelling processes [22]. If the tunnelling time is comparable to the low frequency 
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signal, it can be expected that charge from the high-κ bulk dielectric could contribute 

to interface state admittance and this explains the extra component of Gp/ω at low 

frequency that is responsible for the deviation from the calculated Gp/ω in Fig. 5.13 

(b). Indeed it can be noticed that the mismatch at low frequencies between measured 

and calculated Gp/ω is minimal or null for the sample with low leakage current as Fig. 

5.14 exemplifies. Nonetheless, no accuracy is lost in using the ac conductance 

technique as the peak which is directly proportional to Dit is well predicted by the 

calculation. A noted limitation, though, as can be seen with the heavily scaled Hf 

silicate samples, is that only a narrow window in the Si bandgap can be profiled 

because an increase in the fixed gate bias during Cm & Gm measurements results in 

high gate leakage currents. 
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Fig. 5.15. Interface trap energy distribution in the Si bandgap for both (p- & n-) types of Hf 
silicate based devices studied. The Dit levels in the aggressively scaled devices are higher in 
comparison with the moderately scaled devices.  
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The extracted Dit at various gate biases are shown on the energy scale depicting the 

position of the traps in the Si bandgap in Fig. 5.15. The figure describes for the first 

time the nature of interface state density distribution in the Si band gap for Hf silicate 

based MOS. Four important facts about the devices studied can be drawn from the 

plot. Notably, the mean Dit levels are higher with pMOS samples compared to the 

nMOS samples (that is, for E-Ei >.0). This reveals a central factor for which large 

flatband voltage shifts are associated with pMOS that is, high trapped charge density. 

It must be noted the high Dit observed for the pMOS could also be affected by the 

dopant type of the poly-Si gate as some experimental studies have established [23].  

 

Also noticeable for both types of sample is that the Dit levels are higher for the 

devices with lower EOT. It suggests that Dit increases for the heavily scaled devices. 

This is could be because as the dielectric gets thinner surface quality control becomes 

harder and surface damage could result during device processing. The latter reason is 

strengthened by recent experimental observation of surface strain induced damage in 

ultra thin dielectrics [24]. The higher Dit in the heavily scaled devices therefore offers 

a good explanation for the observed difference in peak electron mobility between the 

devices of different thicknesses. (see Fig. 4.4). 

 

The figure also shows that for the heavily scaled samples, the Dit spans a narrower 

window in the Si bandgap. It illustrates another difficulty with characterizing ultra 

thin devices as pointed out earlier. During ac conductance measurements the fixed 

gate bias in depletion at which each data set was collected could not be varied over a 

large interval due to gate leakage.  

 

A final observation from the figure is that overall the Dit is asymmetrically distributed 

between the lower and upper halves of the bandgap: interface traps in the upper half 

of the bandgap have more energy on the average than those in the lower half. The 

asymmetrical trap distribution has an important implication for carrier mobility. 

Interface states in the upper half of the bandgap interact with electrons and hence 

affect electron mobility [25]. It can therefore be expected that large densities of 

interface traps in this region will lead to appreciable degradation of peak electron 

mobility. Asymmetric distribution of traps in Si bandgap have also been reported for 

other Hf based devices recently [25]. 
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5.3.2.3 Carrier capture cross section 

A defect on the Si surface presents a perturbation field that influences the distribution 

or pathway of mobile carriers within a radius around its position. The area defined by 

such a radius is called the trap capture cross section (CCS) and is characteristic of the 

trap type. The trap capture cross section is a measure of the probability of carrier 

capture. The nature of traps in Hf silicate was further characterized by studying their 

CCS. This was done by rewriting equation (5.12) as: 

 

type)-(n      e11 )-(- Bs ψψτ
inon

n ncnc
==     (5.15) 

 where    ,  )( Bsenn io
ψψ −= and    ,  1  c n

nσν
=     (5.16) 

In equation (5.15) Bψ  is the bulk Fermi potential obtainable from equation (3.2), and 

sψ  is the surface potential corresponding to the fixed gate bias at which each Gp/ω 

data set was measured. τ ( sψ ) was deduced from the maximum of each Gp/ω curve as 

shown in Fig. 5.16. nσ is the mean CCS and ν  is 107 cm/s.  

Expression (5.15) can be linearized as  

)(1lnln Bs
innc

ψψτ −−=      (5.17) 
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Fig. 5.16. Plot showing the Gp peak dependence on surface potential. The peak location on the 
frequency axis relates to the trap time constant as explained in the text. 
 

Thus by plotting ln τ against )( Bs ψψ −  , the intercept on τ-axis (first term on right 

hand side of equation (5.17) was used to obtain the capture cross section, σn. Fig. 5.17 

shows such plots for Hf silicate. The mean capture cross section values obtained this 

way are presented in table 5.1. Also shown are reported CCS values for SiO2 and 

HfO2.  Hole and electron trap capture cross sections in HfO2 have been reported as 2 x 

10-13 cm2 and 6.6 x10-16 cm2 respectively. These are larger than the values for Hf 

silicate as determined. 
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Fig. 5.17. Plots for obtaining the average interface trap capture cross section for (a) n-type 
and (b) p-type Hf silicate based on measured parallel equivalent conductance and using 
equation (5.17) as explained in the text. 
 

Table 5.1: Carrier captures cross section in Hf silicate. Also shown is data from 
published references 

 
DIELECTRIC   σ (cm2) 

   HOLES
σ (cm2) 
ELECTRONS 

REF  
 

Silicate  3.8 x 10-15 7.7 x 10-15 (this work) 
(SiO2) 2 x 10-16 1.2 x 10-15 [2] 
(HfO2) 6.6x10-16 2 x 10-13 [25] 
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However the electron CCS for silicate  are about a factor of six higher than the values 

reported for SiO2 whilst the value for holes is about one order of magnitude larger 

than that of SiO2. Higher values of capture cross section result in a higher probability 

of carrier capture whilst high levels of Dit lead to high rate of carrier 

capture/scattering. The above established trap properties for Hf silicate lead to a 

conclusion that the carrier mobility reduction in Hf silicate based FETs is due to high 

trap concentration. Additionally, the above established large capture cross sections 

also implies more effective carrier trapping/scattering in the Hf silicate based FETs 

compared to industry grade SiO2 based counterparts. 

 

5.4  Summary  
 

In this chapter, the interface charge density in high-κ based MOS devices was 

determined by use of charge pumping and the small signal steady state ac 

conductance methods. The mean Dit level established by charge pumping for Hf 

silicate based device was 2.74x1011 +/- 1.37x1010 eV-1 cm-2  (see section 5.2.2). In 

comparison, the mean Dit level as determined by the ac conductance method was 

2.61x1011 +/- 2x1010 eV-1 cm-2. It can be appreciated that within experimental errors 

the two methods established values that are in close agreement. The established Dit 

value is a factor of about 10 more than those reported for SiO2 based devices. 

 

The important evidence presented from this study is that in terms of energy 

distribution, interface traps in high-κ based insulators have a greater probability of 

capturing/scattering channel mobile carriers and thereby reducing mobility. Trap 

capture cross section determined from high-κ based devices are larger than reported 

for SiO2 (see table 5.1). Electrons are about a factor of six larger whilst holes are over 

ten times larger than in SiO2. As explained (section 5.3.2.3), the larger the capture 

cross section the higher the probability of trap capture. In Hf silicate based MOS, the 

high mean interface state densities, high average trap energy and the large capture 

cross sections together provide a strong reason for severe peak mobility degradation.  
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CHAPTER 6 

INTERFACE CHARGE AND CARRIER MOBILITY – 
COULOMB LIMITED MOBILITY 

 
6.1  Introduction 
 

In section 3.3, the structure of the MOSFET was considered. The application of a 

voltage bias in excess of the threshold voltage, to the gate leads to the formation of 

the channel (consisting of minority carriers) which enables current conduction 

between the source and drain regions. When an electric field is applied to free carriers 

in the inversion channel they acquire a drift velocity proportional to the electric filed. 

The acquired velocity does not increase indefinitely in proportion to the applied 

electric field but is determined by the nature of the (proportionality constant) 

mobility. Mobility is determined by several factors, each contributing a component of 

the total mobility. These have been widely studied in the past [1-3] and have been 

discussed in chapter 3 (see 3.5.2). In this chapter, experimental study of Coulomb 

limited mobility in Hf silicate based MOSFETs will be considered. The Coulomb 

limited mobility extracted experimentally, will be compared with mobility calculated 

from a full quantum mechanical consideration which takes into account the charge 

determined experimentally for the high-κ based devices as well using the physical 

parameters associated with the devices being studied, that is,  gate oxide thickness, 

substrate doping,  and permittivity (κ-value). The physical background for Coulomb 

limited mobility will be set out first, in the next section. 

 
 
6.2  Theoretical consideration of Coulomb mobility 
 

In this section the theoretical basis for Coulomb limited mobility will be presented 

which will set the background for calculating the mobility using the physical 

parameters of the high-κ based devices under study. The Coulomb limited mobility 

calculated this way will be compared with the experimentally extracted Coulomb 

component of the mobility in the low surface carrier concentration regime.  
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In contemporary scaled devices, the surface electric field (Field is inversely 

proportional to oxide thickness, Tux) in the device operational regime is large 

(~MV/cm). As a result, inversion carrier energy levels are grouped into sub-bands 

each corresponding to a quantized level of motion in the (z-direction) direction 

normal to the Si/oxide interface. In other words, high transverse electric fields impose 

a potential well on inversion carriers whose energy levels can be considered to depend 

only on z, the distance from the surface. Under such energy constrains the electron 

wave function, ψ, (given by equation (6.3)) and energy level, E, can be described by 

the effective mass (Schrödinger) equation: 

[ ] 0)()(*2)( 2
2 =++∇ zzeEmz ψφψ

h
    (6.1) 

m* is the electron effective mass of conductivity and e is the unit of electronic charge. 

In equation (6.1), the average electrostatic field potential, φ , and the charge density 

distribution, ρ, satisfies the Poisson equation of form: 

ε
ρφ −=∇ )(2 z        (6.2) 

where ε  is the dielectric constant.  

An electron in the channel within a distance z of a point scatterer (impurity) will be 

scattered from an initial state ψi to a final state ψf, where  
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In equation (6.3), ξ(z) is an envelope function describing the distribution of electrons 

in the inversion layer given by [4] 
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k is the electron wave vector, whilst Ω is normalization volume and b (cm-1) is a 

parameter relating to the average thickness of the inversion layer zav given as  [4] 
3/1

2

2

32
11*48

⎟
⎠
⎞

⎜
⎝
⎛ +⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= sdepl

Si

NNemb
hε

π     (6.5) 

Ns and Ndepl are respectively the inversion and depletion charge density. 

The scattering will result in an associate change in the electron wave-vector thus  

)2/sin(2 θkq =−= if kk ,      (6.6) 

θ being the angle between the two wave vectors ki and kf,  
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In the presence of an impurity charge, inversion layer charge increases in density 

where their potential is lowered and decreases where it is raised. The presence of an 

impurity is thus equivalent to a change in the external potential as seen previously by 

electrons and a corresponding charge density ρind is induced (requiring a modification 

to the Poisson equation for the new system). The induced charge can be shown to be 

given by [5]: 

 2)()r(2 zqsSiind ξφερ =      (6.7) 

The Poisson equation (6.2) considering the induced charge becomes 

ε
ρξφεφ −=−∇ 22 )()r(2)( zqz s     (6.8) 

 sq  (cm-1) is a screening parameter given by [6] 
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where Ef is the Fermi energy and Eo is the energy of electrons in the first 

energy level (that is, in the electric quantum limit). 

In order to include effects of insulator dielectrics on either side of the interface Siε may 

be replaced by  

 2
insSi εεε +

=       (6.10) 

In equation (6.8), ρ  is the density of point charges within the depletion region each 

of magnitude Z. 
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Besides depletion and induced charges, the Poisson equation (6.8) will need further 

modification to include dielectric polarization charges as [5] 
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where )/()( insSiinsSi εεεεβ +−= . 

The solution of equation (6.11) is obtained by making the Fourier-Bessel 

transformation (permissible because the potential is symmetrical about the x-y surface 

of the Si/oxide system) as: 
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By substituting equation (6.13) into equation (6.11), it can be shown that the solution 

(the Green’s function) or the average scattering potential for z < 0 (considering 

depletion, interface and images charges) is given by  [6] 
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For the scattering centre/inversion charge system considered above  the scattering 

rate, S,  is obtained from Fermi’s golden rule [7] 
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and the momentum relaxation rate is obtained from the scattering rate of all scattering 

events as: 
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Using equations (6.14), (6.18) and (6.20) 
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N(z) is the density of charge scattering centres. 

In the model implementation, the term ∫
2

1

)(
z

z

dzzN  will be assumed to be known and 

replaced by a finite charge value, NT. NT will be used as a parameter representing to 

the experimentally determined interface charge for the device under study (see 

chapter 5). It must be noted that the effect of other Coulomb scatterers can not be 

discriminated from interface trap charge. NT will therefore also represent the effect of 

fixed charge in the dielectric as well as remote Coulomb scattering from the poly-Si 

gate impurities. It is noted that the device samples being studied are of low substrate 

doping NA ~2 x 1016  cm-3). It is therefore reasonable to assume that, of the various 
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contributions to carrier Coulomb scattering, substrate doping impurities will be 

negligible.  

 

By considering that all scattering centres are randomly distributed, (that is,  using the 

random phase approximation, RPA [7]) the effect of cross terms are cancelled on the 

average due to the squared term in equation (6.21). The effect of all other independent 

scattering processes is accounted for by using the average momentum relaxation time,

Cτ , which is given by [7]  
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The carrier mobility limited by Coulomb scattering is then obtained from equation 

(6.22) as 

cc e
m
τµ
*1

=        (6.23) 

Expressions (6.5)-(6.23) were implemented in MATLAB® for Ns in the range 2 x 

1011 – 3 x 1012 cm-2. The numerical values of E (the eigen values) were obtained by 

simulating the Hf silicate device in the self-consistent Poisson-Schrödinger solver 

UTQuant v2.3 [8] and m* = 0.196*me, (where me is electron mass). Figure 6.1 shows 

the Coulomb limited mobility as a function of Ns from weak to strong inversion by 

assuming different values of NT. It can be noted that the Coulomb limited mobility 

increases with decreasing NT. Because of the reciprocal factor in Matthiessens’ rule 

this means that the effective contribution of Coulomb scattering to mobility reduction 

is less for lower NT and increases for higher NT values (as physically expected).  
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Fig. 6.1. Coulomb limited mobility as calculated for Hf silicate based nMOSFET using the 
Quantum mechanical model. Curves show the Coulomb limited mobility assuming different 
values of the total Coulomb scattering centres. 
  

It can be observed that the mobility increases with Ns (that is,  1/µc decreases) as 

expected due the screening effect. The calculated mobility will be compared with the 

experimentally extracted component in the next section. 

 

6.3 Coulomb limited mobility: Experimental evaluation 
 

As explained in section 1.4, the highly polar nature of bonds in alternative dielectrics 

is responsible for a high level of phonon scattering in high-κ compared to SiO2. This 

makes it difficult to assume that phonon scattering is insignificant in the low effective 

field regime. There has been no quantitative proof, for high-κ dielectrics, as to the 

exact limits of the Ns scale within which Coulomb scattering is dominant. The 

borderline for Coulomb or phonon scattering is inexistent. In quantitative analysis of 

Coulomb limited mobility therefore, a question arises as to what the region for 

Coulomb scattering is. To answer this question, the electron mobility was first studied 

at low temperatures. 
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Fig. 6.2. Electron mobility as a function of surface carrier concentration in Hf silicate based 
MOSFETs studied with temperature as a parameter. 
 
Lowering the device temperature is expected to minimize the phonon component of 

mobility, making it possible to examine the region within which impact of phonon is 

felt at room temperature. Fig. 6.2 shows the electron mobility in Hf silicate based 

MOSFETs as studied over a wide temperature range below room temperature. It is 

noticed that the mobility decreases across all regions with increases in temperature as 

expected due to the increase in thermal energy and in phonon scattering. In Fig. 6.3, 

equation (3.33) has been applied on the data in Fig. 6.2 to examine the change in 

mobility at each temperature referenced to the mobility at room temperature as:  

 

TKT
Total µµ

µ
/1/1

1

300 −
=∆

=

     (3.33a) 

The change in mobility should be sensitive to temperature within the region where 

phonon scattering is significant. It is observed in  
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Fig. 6.3. Mobility deviation from room temperature for various temperatures shown as a 
function of Ns. It can be seen that the difference is not temperature dependent for Ns < 1x1012 
cm-2 suggesting that within this Ns region, mobility is not affected by phonon scattering. 
 

Fig. 6.3 that the change in mobility is independent of temperature in the region for 

which 1 < Ns < 1.5 x 1012 cm-2. Fig. 6.4 shows the plot from same data on the 

temperature scale with Ns as a parameter. It can be seen that the extracted mobility 

component attributable to phonons is hardly dependent on temperature for Ns < 1.5 x 

1012 cm-2. This confirms that phonon effects in the Hf silicate are insignificant within 

this region.  
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Fig. 6.4.  Mobility variation as examined with change in temperature at fixed Ns chosen from 
weak to strong inversion from Fig. 6.2 showing clearly that the temperature dependence is 
weak for Ns <1.5 x 1012 cm-2 . 
 

6.4 Comparison of theoretical and experimental results 
 

Based on the evidence that phonon scattering in the devices studied is insignificant for 

Ns < 1.5 x 1012 cm-2, the Coulomb limited mobility component cµ  was extracted by 

Matthiessens’ rule using SiO2 reference mobility as:  

UnivkHc µµµ
111

−=
−

  for (Ns <1.5x1012 cm-2) (3.33b),    

where kH −µ  is the electron mobility measured from the high-κ based device at room 

temperature and Univµ was taken from SiO2 universal data [9]. In Fig. 6.5, the mobility 

component extracted this way for Hf silicate is compared with similar data for SiO2 

based FETs into which an interface charge density of approximately 4.6 x 1011 cm-2 

had been injected [10].  
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Fig. 6.5. The measured Coulomb limited mobility in Hf silicate compared to SiO2-based FETs 
taken from [1]. 
 

The Hf silicate devices were of low substrate doping concentration. Hence it is 

assumed that interface state scattering mainly accounts for the Coulomb limited 

mobility. It can be seen from Fig. 6.5 that the Coulomb component of mobility is 

smaller in the high-κ based FET of higher mean interface density as determined 

experimentally in chapter 6. As explained, the smaller the mobility component the 

higher is the effective contribution to total mobility degradation. Fig. 6.5 therefore 

illustrates that the high-κ sample of higher mean interface state density has the greater 

effect on mobility degradation in the Ns region considered. Fig 6.6 shows the 

experimentally extracted Coulomb mobility component compared with the Coulomb 

component as calculated (Fig. 6.1) from the quantum mechanical consideration 

detailed in section 6.3. Of the data in Fig. 6.1, the mobility calculated for NT = 2.5 x 

1013 cm-2 was found to be comparable to the experimental data. A good match can be 

seen between calculated and measured data sets indicating that the model predicts the 

experimental data quite well in the low Ns region (1<Ns < 1.5 x 1012 cm-2). It is 

interesting to note that the good match is observed in the Ns region within which 

phonon scattering was found to be insignificant (see Figs 6.3 & 6.4). For Ns >1.5 x 

1012 cm-2 , the experimentally determined mobility component is decreased 
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Fig. 6.6. The measured and calculated Coulomb limited mobility in Hf silicate compared. A 
fairly good match is seen in the low Ns regime. 
 

leading to a mismatch in the two data sets. The decrease in the experimental mobility 

component just outside the region where phonon scattering is insignificant clearly 

indicates that there is an added phonon mobility component. As the calculation did 

not take any phonon scattering mechanism into consideration, the discrepancy with 

the measured data is therefore understandable, occurring where phonons begin to play 

a role. It is puzzling to note that the calculation required a total trap charge value of 

2.5 x 1013 cm-2. For the devices considered the experimentally determined mean 

interface density value was 7.3 x 1011cm-2, with a maximum value of 1.8 x 1012 cm-2. 

The experimental interface state density was almost same as determined by the two 

methods. This leads to a possible conclusion that the model overestimates the 

interface density in the device. Two points are also worth considering. In the first 

case, it must be noted that the model does not discriminate interface trap charge, Nit, 

oxide trap charge, Not, and remote poly-Si gate charge Ng. They are all represented by 

one number (2.5 x 1013) and this number should not be compared with the 

experimentally determined Nit. Secondly, the experimentally extracted Dit (strictly 

considered) may not be entirely accountable for the Coulomb mobility. This makes 
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the large value predicted by theory understandable. Other sources of Coulomb 

scattering such as high-κ bulk oxide traps which were not quantified could also 

contribute to the Coulomb mobility component. Further, it is not known how much 

charge on the interface between the IL SiO2 and high-κ layer affect the mobility. 

These forms of charge which were not measured (measurable) could be responsible 

for the discrepancy in the charge theoretically required to explain the determined 

Coulomb mobility. 

 

In a recent study, Cassé et al [11] have used a similar model as detailed here to 

estimate that the value of NT required to explain mobility reduction in high-κ is 7 x 

1013 cm-2. Although this is quite close in order of magnitude, it is more than double 

that determined for Hf silicate in this thesis. It suggests that Hf silicate contains in 

total much less density of Coulomb scatterers than in other high-κ material. It is noted 

that if inter-subband scattering were considered, as shown by Saito et al [12], the total 

charge density would be half the value of NT. (~1.2 x 1013 cm-2)  This shows that the 

experimentally determined Dit value is the lower limit value for the density of 

Coulomb scattering centres in Hf silicate and also that the density of scatterers in this 

dielectric is among the least of other dielectrics studied. 

 

6.5 Summary  
 

In this chapter, effects of charge scattering on inversion channel carrier mobility was 

considered. It was established that Coulomb scattering in Hf silicate based FETs is 

dominant in the region for which Ns < 1.5 x 1012 cm-2. This corresponded 

approximately to the region preceding the peak of the experimentally measured 

mobility, indicating that in the Hf silicate carrier screening becomes appreciable from 

Ns > 1.5 x 1012 cm-2. 

 

A quantum mechanical model was used to calculate the Coulomb mobility component 

in Hf silicate based FETs considering the physical parameters of the devices. A 

comparison of the calculated mobility with that determined experimentally from the 

use Matthiessens’ rule, showed that a large total trap charge than experimentally 

determined was required to explain the mobility degradation associated with Coulomb 
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scattering. The discrepancy between the experimentally determined charge and that 

required in theory (though approximate) could be due to other forms of charge that 

contribute to scattering which were not and could not be experimentally quantified. 
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CHAPTER 7 

PHONONS AND CARRIER MOBILITY IN ULTRA THIN 
HIGH-Κ BASED FETS 

7.1  Introduction 
 

Phonons are vibrations of the crystal lattice bonds and arise mainly from energy 

transfer processes. For example an excited carrier returning to its ground state may 

emit its energy surplus as photons (as applied in Light Emitting Diodes, LEDs) and / 

or the energy may be dissipated to the lattice bonds, that is,  as phonons. An increase 

in lattice temperature (thermal energy) eventually gives rise to a lot of phonons. 

Lattice vibrations ‘obstruct’ carrier transport by scattering them off their trajectories. 

Phonons have long been considered as one of the major mobility reducing factors in 

SiO2-based FETs at room temperature [1]. With the introduction of high-κ gate stacks, 

the role of phonons in mobility reduction has even become more important due to 

their chemical composition. High-κ dielectrics generally contain metal-oxygen (M-O) 

bonds which are more polar than those of Si-O such as in SiO2. As a result, the M-O 

bonds can be easily excited into vibration by small quanta of energy corresponding to 

wavelengths in the visible region of the electromagnetic spectrum (that is, optical 

phonons). Fischetti et al have given analytic formulations relating the dielectric 

functions with phonon scattering potential and the resulting phonon limited mobility 

[2, 3]. Ren et al [4] have applied such a model on HfO2 to establish the temperature 

dependence of mobility in HfO2 and together with experimental studies, have reported 

that phonon scattering is an inherent or intrinsic factor that will serve as the ultimate 

limit to carrier mobility in HfO2 based FETs.  

 

Phonons are therefore expected to contribute significantly to carrier mobility 

degradation in high-κ based FETs because of the high polarizability of alternative 

dielectrics. It is the polarizability that leads to the high value of the dielectric constant. 

Thus it can be said the higher the κ-value the more phonons contribution to mobility 

degradation is expected: different high-κ material should differ in their phonon 

limited mobility. In the light of this, a case by case study of phonon limited carrier 

mobility in each high-κ candidate material is important in accessing its viability for 
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future CMOS applications. There has been little study on phonon limited mobility in 

Hf silicate since its first integration into FETs at the experimental level [5]. Part of the 

objective of this study is to fill that gap: to examine the effect of phonon scattering in 

mobility reduction in Hf silicate based FETs by studying the temperature response of 

its mobility.  

 

This chapter focuses on phonon effects on carrier mobility in Hf silicate based FETs. 

Carrier mobility of Hf silicate based FETs were studied at different temperatures. 

HfO2 based devices, because of their known mobility-temperature behaviour, were 

used together with SiO2 to benchmark the results for Hf silicate. Metal gate is 

becoming a preferred alternative to poly-Si because, unlike the latter, it is devoid of 

poly-Si depletion effects. As such TiN gated HfO2 FETs were also included for a 

study for phonon effects.  

 

7.2  Theoretical basis for phonon limited mobility: Review 
 

In a MOS structure, there are various energy or momentum transfer processes 

occurring at the surfaces or interfaces, which affect carrier transport, that are quite 

complex to be completely represented. In this section the scattering of inversion 

electrons arising from energy transfer processes due to electron interaction with 

surface optical phonon modes will be reviewed based in the work of Fischetti et al  

[2]. The objective is to set the theoretical background for phonon limited mobility. 

The effect of increasing κ-values or the relation between the κ-value and phonon 

limited mobility which is so important especially for alternative dielectrics will also 

be illustrated analytically.  

 

Consider the planes in the MOS as designated in Fig 3.4. Let z be the axis normal to 

the Si/insulator interface such that the gate  consisting of degenerately doped n+-poly-

Si is in the space z < 0; p-Si substrate in the half space z > t ; and the insulator, of 

thickness t , is within the region 0 < z < t as shown in Fig. 7.1. The gate being 

degenerately doped is a condition favouring that the insulator/gate interface is rich 

with electrons. The analysis to follow assumes a gate bias strong enough has induced  
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Fig. 7.1. Schematic of the MOS structure showing the relative location of the ploy-Si gate, 
insulator and Si substrate as considered for the analysis in this section. 
 

a planar layer of inversion electrons (that is, two dimensional electron gas 2-DEG) at 

the Si/oxide interface. In such a system as specified, long range attractive/repulsive 

effects exist at the surface and are identified with specific energies (or frequency 

modes) termed plasmons. At sufficient inversion electron densities, surface/interface 

optical modes can couple strongly in the inversion layer with plasmons in the 

insulator/Si interface. For ultra thin dielectrics coupling between insulator/Si interface 

plasmons and insulator-optical modes as well as the latter with gate/insulator 

plasmons are also possible. These interactions may result into electrons being 

scattered into other energy zones (inter valley scattering) or into other subbands 

within same energy zone (intra-valley inter-subbands).  

 

Under MOS system described above, the total relaxation time can be considered as 

resulting from momentum transfer between several pairs of interactions: surface 

optical modes-electrons, insulator plasmons-electrons, surface optical modes-gate 

plasmons etc. The MOS surface as seen in this respect consist of a system of 

electromagnetic waves whose (scattering) field amplitudes and dispersion modes 

(oscillatory frequencies) are obtained by a transverse-magnetic (T-M) solution of 

Maxwell’s equations. By denoting R the (x, y) 2-D co-ordinate vector on Si/oxide 

plane, and Q the 2-D wave vector, the electrostatic (scattering) potential, φ , at 

frequency, ω, can be written as [2] 

 



 97

∑=
Q

Q.RR tii
Q eeztz ω
ωφφ )(),,( ,        (7.1) 

 

The effect of the media (poly-Si, oxide, Si) on the potential are expressed through 

their respective dielectric functions )(ωε g , )(ωεox , )(ωε Si . These are assumed to be 

isotropic everywhere so the amplitude of the potential equation (7.1) can be said to be 

dependent only on the magnitude of the wave vector Q. A solution of the Maxwell’s 

equation which will describe the nature of the scattering potential and dispersion 

modes is equivalent to finding the solution of the differential [3] 
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 In turn, equation (7.2) has a finite solution (as ∞→z  ) if the so-called secular 
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It can be seen that the secular equation (7.3) is 6-order dependent in ω  and its 

solution should give six dispersion modes r
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 The coefficients b, c and d express the effect of the dielectric functions on the 

scattering field amplitude through a common multiple as [3] 
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It can be shown that 
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Tε  is the total  effective dielectric function of the substrate coupled to the gate and the 

insulator  [3] 

),,,,( , tQgioxTT ωεεεεε =      (7.9) 

 

The full dependence of the scattering field in each of the three regions specified in 

equation (7.4) on the effective dielectric response can be explicitly expressed through 

equations (7.5), (7.6) and (7.7) respectively and in combination with equation (7.8). 

For example from equations (7.7), (7.8) and (7.4), the amplitude of the scattering field 

in the substrate side of the interface, ( tz ≥ ) is given as  
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By carefully defining the form of the total dielectric function that is, taking into 

consideration scattering with the optical modes of interest equation (7.10) can be re-

written in a form to  show the dependence of the scattering strength on the dispersion 

mode as well as the constants of the dielectric (interfaces) concerned. For instance by 

considering scattering between a single insulator surface optical mode at, say, 

frequency (ωSO) and a single oxide/Si interface, the scattering field can be expressed 

as  
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where ∞
Xε and 0

Xε  denote respectively the optical and static dielectric constants of X 

medium. 
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The example expression (7.11), similar to equation (1.4), illustrates the effect of the 

dielectric constants on the scattering strength (field amplitude in the brackets). It 

shows that, all other conditions constant, dielectrics of higher permittivity values are 

expected to have stronger phonon scattering fields. 

 

The momentum (average) relaxation rate, τ-1, due to surface carrier density scattering 

with optical modes can be obtained from the scattering field amplitude (of concern) 

similar to equation (6.22) and the phonon limited mobility is similarly calculated (as 

in equation (6.23)). The mobility limited by each type of scattering is obtained by a 

detail consideration of the intravalley, inter–subband transitions, the scattering angle 

and wave vector, effective masses etc as for example in [6]. Expression (7.11) 

illustrates how the dielectric function relates to the phonon scattering potential. In 

experimental work and physical simulations it is the static dielectric constant values 

that are normally used. It can be seen that (replacing) approximating the static and 

optical dielectric response by their respective static values will reduce the amplitude 

of equation (7.11) to equation (1.4) but the proportionality (effect of dielectric 

constant) will be unchanged. In the next section, experimental mobility will be 

considered for FETs of different dielectrics with the view to examining the effect of 

the dielectric constants on the temperature (phonon) dependence of the mobility.   

 

7.3  Experimental results 
 

7.3.1 Carrier mobility and temperature  
Carrier mobility in Hf silicate- and HfO2-based FETs (each consisting of poly-Si 

gates) as well as metal gated HfO2-based FETs were studied as a function of 

temperature. Poly-Si gated SiO2-based FETs were studied as control samples. 

Experimental mobility was evaluated by using equations (3.30 & 3.31) which require 

measured Id-Vg and gate capacitance at each temperature. Figs. 7.2- 7.4 show the Id-

Vg data for all samples taken at two drain biases with temperature as a parameter. It 

can be seen that the Id-Vg at each drain bias, in general, increases as the temperature 

decreases. As thermal energy reduces, so does phonon scattering and hence inversion 

carriers experience less scattering and channel conductance improves. At a glance the 

figures also show the difference in the conductances between the devices at a given 
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drain bias, with SiO2 showing the highest conductance. The decrease (downward 

bending) observed in the Id-Vg characteristics at higher gate bias voltages (Vg >1.5 

V) is due to gate tunnelling. The effect of tunnelling as reflected in the drain current 

on the mobility was eliminated by using the drain conductance as defined in the form 

of equation (7.14) ( rather than  in equation (3.27) ). The former definition requires 

the difference in the drain current, which unlike a single I-V data set, does not 

decrease at high Vg.  
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Fig. 7.2. Id-Vg for Hf silicate-based FETs shown for two drain biases and with temperature as 
a parameter. 
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Fig. 7.3.  Id-Vg for TiN gated HfO2-based FETs shown for two drain biases and with 
temperature as a parameter. 
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Fig. 7.4. Id-Vg for SiO2-based FETs shown for two drain biases and with temperature as a 
parameter. 
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Also shown in Figs. 7.5 - 7.7 are the gate-source/drain (inversion) capacitance-voltage 

characteristics (CV) of all devices. It is worth noting that bulk Fermi energy level (

)/ln()/( subiBB NnqTku =  drops with temperature. Hence at low temperature extra 

potential (band bending) is required to attain inversion which explains the slight shift 

in the CV curves with decreasing temperature. As shown in Fig. 7.5, only sample CV 

characteristics that showed a dissipation factor less than unity in the region of interest 

(inversion) were used in the study. The dissipation factor ( RCD ω/1= , where R is 

capacitive shunt resistance) is the reciprocal of the quality factor and so increases for 

poor devices. As the dissipation factor decreases with increased frequency, high 

measurement frequencies (800 KHz to 1MHz) were used. It should be noted that at 

high measurement frequencies (exceeding trap time constants), interface traps can not 

respond to the measurement signal and therefore do not contribute interface trap 

capacitance to the measured device capacitance. Thus the high measurement 

frequencies used was an added advantage as it also ensured the device capacitance 

had as little interface trap components as possible. 
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Fig. 7.5. G-S/D C-V for Hf silicate-based sample capacitors shown with temperature as a 
parameter. Also shown is the dissipation factor. 
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Fig. 7.6. G-S/D C-V for TiN/HfO2-based sample capacitors shown with temperature as a 
parameter. 
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Fig. 7.7. G-S/D C-V for SiO2-based sample capacitors shown with temperature as a 
parameter.  
 
 
 
 
 



 104

At each temperature, T, the effective electron mobility, T
effµ , was evaluated as:   

)()/(
)(

VgqNLW
Vgg

T
s

T
dT

eff =µ       (7.12) 

where the inversion population density at each temperature T
sN  was determined from 

the inversion capacitance, Ci, as 

∫
∞−

=
'

)(
Vg

T
i

T
s dVgVgCqN        (7.13) 

The drain conductance, T
dg , at each temperature was determined from Id-Vg taken at 

two small drain bias values of 10 mV and 30 mV ( Vd∆ =20 mV), thus 

T
T
d Vd

VgIdVgg |)()(
∆

∆
=        (7.14) 

 where )10()30( ||)( mVVdsmVVds IdIdVgId == −=∆  

In Figs. 7.8-7.10 are shown, for all the samples, the electron mobility as a function of 

inversion carrier density with temperature as a parameter. The mobility, just like the  

Id-Vg increases with decreasing temperature as explained. It is, however, not 

discernible from these figures the quantitative dependence of the mobility on the 

lattice temperature. Electron mobility variation with temperature will be considered in 

next section. 
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Fig. 7.8. Electron mobility for Hf silicate-based FETs shown as a function of inversion charge 
density, Ns, and with temperature as a parameter. 
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Fig. 7.9. Electron mobility for TiN/HfO2-based FETs shown as a function of inversion charge 
density, Ns, and with temperature as a parameter. 
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Fig. 7.10. Electron mobility for SiO2-based FETs shown as a function of inversion charge 
density, Ns, and with temperature as a parameter. 



 106

7.4 New model for phonon limited mobility dependence on 

temperature 
The temperature-dependent carrier mobility in FETs shown in Figs. 7.7- 7.9 are 

further considered in studying the nature of phonon scattering in the respective 

dielectrics. All devices had an interfacial layer of 1 nm. It is known that an interfacial 

layer (IL) in gate stacks shields the Si surface carriers from direct interaction with the 

polar bonds of the high-κ surface and so (IL) reduces the phonon limited mobility [3]. 

As the IL thickness was common in all high-κ samples, it is reasonable to state that a 

difference in mobility reflects the severity of the phonon scattering in each sample. IL 

was a constant parameter for all and can not be the reason for the mobility difference. 

In studying the effect of phonon scattering on carrier mobility, the temperature-

dependent mobility is often modelled by a power law at some fixed Ns values in the 

mid-high electric field as [7] : 

 
βµµ −= TT 0)(    (for fixed Ns)    (7.15) 

 
where µ is the carrier mobility, T is the temperature in Kelvin, µo depends on Ns and β 

is a constant describing the phonon sensitivity of the gate dielectric. Ns is often 

chosen in strong inversion where screening is maximum and any coulomb scattering 

effects can be neglected [4]. Fig . 7.11 shows temperature dependent data in 

MOSFETs with various gate dielectrics. The SiO2 based mobility data has been fitted 

using equation (7.15). The fitting illustrates the limitation of the existing model in 

describing the data over the entire temperature range. As a result, the mobility 

dependence on temperature is often approximated by the fitting to the high 

temperature regime (see also Fig. 8 of ref [4]). A further shortfall in examining the 

dependence of mobility at a single inversion carrier density is that it does not give 

information on the nature of the mobility as the charge density changes. 
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Fig. 7.11. Electron mobility vs temperature at Ns = 5x1012cm-2. 
 

In this thesis an exponential decay model which describes mobility dependence on 

temperature over a wide range of temperatures and over a wide range of inversion 

carrier densities is proposed as: 

 
T

oeT βµµ −=)(    (for all Ns)  (7.16) 
 

where the quantities are same as defined as in equation (7.15). The model has been 

applied on temperature-dependent mobility data measured from a range of high-κ 

based MOSFETs. Fig. 7.11 shows an excellent agreement of the data with the 

proposed model. It can be seen that the new model describes the measured data from 

all devices very well and over the entire temperature range.  

 

The behaviour of the mobility in strong inversion was observed by extracting β values 

from fitting the respective data sets over the range Ns = 2 – 6 x 1012 cm-2, that is, for 

inversion charge densities in the mid-high electric field. Fig. 7.12 shows the 

dependence of β on Ns for various dielectrics. A linear regression fit to the respective 

plots indicates that for SiO2/Poly, Hf Silicate/Poly and HfO2/TiN, the slopes are 
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similar. The slope is much steeper for HfO2/Poly suggesting that deep in the phonon 

dominated region (increasing Ns) mobility decreases fastest in HfO2/Poly-Si based 

FETs. 

 

2 3 4 5 6

100

150

200

250

300
 poly-Si / HfO2         EOT = 1.7 nm
 poly-Si / SiO2          EOT  = 2.5 nm
 TiN / HfO2                EOT = 1.83 nm
 poly-Si / Hf Silicate  EOT 1.30 nm

Ns * 1E12 (cm-2)

β 
( K

 -1
 )

 
Fig. 7.12. Variation of β with Ns for FETs of various gate dielectrics. 
 

The maximum electron mobility at each temperature, µo, was also examined as a 

function Ns. Fig. 7.13 shows the variation of 0µ with Ns for the different high-κ gated 

MOSFETs considered. The figure shows that HfO2/TiN and Hf Silicate/Poly tend 

towards similar peak values at low values of Ns, unlike their HfO2/Poly-Si 

counterpart. However, the peak values are significantly lower than that of SiO2 

because of the additional Coulomb scattering present in these two dielectrics. Indeed  
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Fig. 7.13. Variation of µo with Ns for all device samples. 
 

the room temperature mobility of HfO2/TiN is significantly lower than that of Hf 

Silicate. However, as Fig. 7.14 shows, at 150 K the difference in the mobility 

becomes smaller. The percentage degradation at 150 K is found to be 0% for Hf 

Silicate/Poly-Si, 35% for HfO2/TiN and 62% for HfO2/Poly-Si. This shows that the 

introduction of the metal gate reduces SO phonon scattering by nearly 50% in HfO2, 

whereas the SO component in silicate is not as strong. It can thus be concluded that 

SO phonon scattering are only second order contributions to mobility degradation in 

Hf silicate based devices. The degradation of peak mobility in the Hf Silicate is 

mainly due to trapped charge. The behaviour is confirmed by considering the 

differential of equation (7.16) with temperature. At Ns =5x1012cm-2. 

 

 Fig. 7.15 reveals SiO2 to have the most sensitivity to temperature followed by Hf 

Silicate/Poly, HfO2/TiN and finally HfO2/Poly. The TiN gate is shown to significantly 

improve the phonon limited mobility in HfO2.This finding is in agreement with other  
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Fig. 7.14. Electron mobility versus Ns for all devices at T=150 K. 
 

reports from studies on TiN gated FETs. It confirms the recent experimental findings 

of Chau et al [8] that the introduction of metal gate effectively decouples the 

dielectric phonons from scattering with inversion layer electrons and hence improves 

the mobility. 
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Fig. 7.15. Sensitivity of mobility to temperature for all devices at Ns=5x1012cm-2. 
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7.5  Summary 
 
In this chapter, mobility degradation in Hf silicate based FETs due to phonon 

scattering was considered by studying the electron mobility over a range of 

temperatures below room temperature down to 100K. Theoretically, dielectric 

constant values are known to increase the phonon scattering strength. In this light 

other FETs based on dielectrics of different κ-values were considered for 

experimental study in order to examine the effect of the dielectric constants on carrier 

mobility.  

 

For the first time the effect of surface charge density on phonon limited mobility has 

been examined using a new model. An exponential decay model for describing the 

temperature variation of phonon limited mobility was found to describe the 

temperature-dependent mobility variation over a wide temperature range and over a 

wide region in the mid-high effective electric field regimes. Using this model a 

temperature dependent mobility variation factor (β) was extracted for all devices 

considered. It was established that for SiO2, Hf silicate, and TiN gated devices the 

dependence of β on Ns was similar and low compared to HfO2 based device that is, 

data from the latter device showed a contrastingly large rate of change of β with Ns.  

 

The effect of metal gates on HfO2 was found to decrease the phonon sensitivity 

making its temperature dependence similar to that of SiO2 and Hf silicate. This result 

is in agreement with other publications on TiN/HfO2 gated FETs.  

 

It can be concluded from the evidence of this study that phonon scattering will not be 

a limiting factor to carrier mobility in Hf silicate gated FETs. TiN gate holds great 

prospects for future CMOS technology in terms of reduction of phonon scattering as 

shown for HfO2 gate dielectric in this study. 
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CHAPTER 8 

CONCLUSION AND FURTHER WORK 
8.1 Introduction 
 

In this chapter the main results of this thesis are summarized. Suggestions for taking 

this work further which will also go to improve future CMOS electronics will also be 

discussed.  

 
8.2  Conclusions  
 

The purpose of this thesis was to study the causes of carrier mobility reduction in 

Metal-Oxide-Field Effect Transistors (MOSFETs) whose gate dielectrics are 

composed of material of high permittivity values (high-κ dielectrics). The study was 

centred on MOS devices with Hf silicate as the gate dielectric. Two main causes 

known for carrier mobility reduction were investigated: Coulomb scattering and 

phonon scattering effects. 

 

8.2.1 Coulomb scattering 

Coulomb scattering is known to be due to ionized substrate impurities or interface 

traps. As the substrate impurity concentration was low in the studied Hf silicate based 

FETs (Nsub ~ 2x1016 cm-3), interface trap density was considered the main factor 

contributing to Coulomb scattering in this case. The interface state density was 

determined using two high resolution techniques: the steady-state small signal ac 

conductance and the charge pumping methods. The ac conductance method 

established a mean value of 2.6 x 1011 +/- 2 x 1010 cm-2 whilst the charge pumping 

technique determined a value of 2.72 x 1011 +/- 1.3 x 1010 cm-2. It can be seen that 

within experimental errors interface state density values determined using both 

methods are in close agreement.  

 

The distribution profile of interface density in the Si bandgap has been established for 

the first time for Hf silicate. Unlike with SiO2, traps are closer to the conduction and 
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valence band edges when Hf silicate is the gate oxide. This implies that in Hf silicate, 

by virtue of their proximity to the band edges, interface traps interact with inversion 

carriers (thereby trapping or scattering them) and reducing their mobility.  

 

The interface trap mean capture cross section (CCS) was also determined to be 7.7 x 

10-15 cm2 for electron traps and 3.8 x 10-15 cm2 for hole traps in Hf silicate. The 

corresponding values for SiO2 have been reported as 2 x 10-16 cm2 for holes and 1.2 x 

10-15 cm2 for electrons. Clearly, in Hf silicate, hole traps are about a factor of six 

larger and electrons a factor of 18 larger than the corresponding values in SiO2. Large 

trap capture cross sections imply high trapping efficiency. These results therefore 

show that in Hf silicate there is a much higher probability that inversion carriers are 

trapped or scattered compared to in SiO2. The results suggest that in general Coulomb 

scattering is the major contributor to mobility degradation in Hf silicate based FETs. 

 

The reduction of measured peak mobility in Hf based FETs relative to universal 

mobility was used to quantify the Coulomb mobility component in the former using 

Mattheissens’ rule. The coulomb limited mobility was also calculated based on 

quantum mechanical considerations and using the parameters of the FETs under 

study. The quantum mechanical model showed that the concentration of Coulomb 

scattering centres that could account for the experimentally extracted mobility was 

about a factor of 10 higher than the experimentally determined interface state density. 

As explained (see section 7.4) the calculation gives only an approximate guide. 

Nonetheless, it suggests that there are other contributions to Coulomb scattering other 

than the interface state density determined experimentally. These other contributory 

sources of scattering could be fixed or oxide trap charges in the bulk of the high-κ 

dielectric as well as remote poly-Si impurities. Also although substrate impurities 

were assumed to be insignificant because of their low concentration in the device 

studied, their contribution to the Coulomb limited mobility remains unaccounted for 

and could still be part of the reason for the wide discrepancy between the calculated 

and measured Coulomb mobility components. An important conclusion from this 

study is that process refinement is required at the industry level to further reduce all 

possible sources of scattering centres, in order to enhance carrier mobility in Hf 

silicate based devices. 
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8.2.2 Phonon scattering effect 

In order to study the FETs for phonon scattering effects on the carrier mobility, the 

variation of mobility with temperature was studied over a wide temperature range 

below room temperature that is, down to 100 K. As explained, phonons are vibrations 

of lattice bonds which increase with thermal energy. Mobility response to temperature 

is therefore a good way to deduce the nature of phonon scattering in a particular 

material. Analysis on experimentally measured temperature dependent mobility data 

reveals that Hf silicate showed a similar temperature sensitivity factor as SiO2. It can 

be concluded from this that phonon scattering will not constitute a major mobility 

limiting factor in future MOSFETs with Hf silicate as the gate dielectric.  

 

In terms of further reducing phonon scattering in high-κ dielectrics, it appears there is 

little that can be done at the industries because it has been established theoretically 

that the polar nature of the bonds that lead to increased permittivity is the same factor 

responsible for phonon scattering. The experimental study in this thesis in deed 

confirmed, from the results for poly-Si gated HfO2, that the higher the permittivity of 

the dielectric, the higher the temperature dependence of the carrier mobility. 

 

TiN as a gate material has been shown to have a dramatic effect of reducing phonon 

scattering. Another advantage about (TiN) metal gate is that it does not cause poly-Si 

depletion effects. TiN is therefore an important gate material for future CMOS 

applications as it will reduce phonon scattering and poly-Si depletion effects 

simultaneously.  

 

8.3 Suggestions for further work 
 

The results of this study open up new ideas that can be studied in line with 

investigating carrier mobility reduction in high-κ based CMOS devise. In particular 

the following relate directly to the findings of this study. 
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8.3.1 Total Coulomb scattering centres 

In this study all devices studied were of the same substrate doping concentration. 

Because the substrate doping concentration was low ~2 x 1016 cm-3, it was considered 

a minor contributor to Coulomb scattering and the peak mobility reduction was 

attributed mainly to interface state density. Devices of varied substrate doping 

concentration and varied high-κ thickness could be considered for a separate study. 

Although there is evidence of the impact of substrate doping concentration on 

Coulomb limited mobility from studies involving SiO2 based devices, this has not 

been done for Hf silicate. Therefore a comprehensive study for Hf silicate involving 

substrate concentration values higher than 2 x 1016 cm-3 and with various high-κ 

thicknesses would provide valuable results on the relation of Coulomb limited 

mobility, substrate doping and high-κ bulk charge density for high-κ based devices. 

 

8.3.2 Interface charge 

Aggressive scaling has left only a few experimental options for determining interface 

state density in MOS devices with ultra thin gate dielectrics. This is because of the 

exponential increase in gate tunnelling current with gate dielectric thickness 

reduction. In this thesis the limitation of the ac conductance method in scanning a 

wide portion of the Si energy bandgap for traps was highlighted in chapter 5 using Hf 

silicate of EOT 1.3 nm. A model to quantify the exact influence of gate tunnelling 

current on the application of the ac conductance method and possible ways for 

correcting it would be a big step towards developing or adapting a universally 

acceptable characterisation technique for research in the ultra thin regime.  

 

8.3.3 Phonon scattering related studies 

The results of this study offer strong bases for concluding that phonon scattering will 

not be a limiting factor to carrier mobility in Hf silicate based FETs. The study was 

based on low temperature studies because attempts at studying the ultra thin devices 

at temperatures above 300K led to device failure. Nonetheless, the nature of carrier 

mobility in Hf silicate at high temperatures will be important especially for 

applications that involve heat dissipation and lead to device temperature rises. Hf 

silicate based devices of higher EOT could be used in studies similar to the one in this 

thesis. This will ascertain whether or not the result for the nature of phonon scattering 
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in Hf silicate are extensible to or valid for high temperatures. Such a study will 

provide invaluable information on the viability of Hf silicate for high temperature or 

high power applications. 

 

The study also revealed the importance of metal gate in alleviating phonon scattering. 

As Hf silicate proves to be suitable gate dielectric, a combination of Hf silicate with 

TiN metal gate will be a promising FET structure for study such as analyzed for 

TiN/HfO2 in this thesis. 
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Appendix A: Symbols, acronyms and abbreviations 
 
A area (m-2), also as a scalar 

AG Device (gate) area 

Aq Average scattering potential 

Ci Inversion capacitance 

Cd depletion capacitance, 

Cit  Interface state capacitance 

CL Load capacitance 

Cm Measured capacitance 

CMOS complimentary metal oxide semiconductor  

cn, en  Capture probability for electron, holes 

Cox oxide capacitance (F cm-2 ) 

CV capacitance-voltage 

Dit  Interface state density (ev-1 cm-2) 

DT direct tunnelling 

EEff Effective electric field 

Ef, Ei Fermi energy level, intrinsic energy level  

EMTERC Emerging technologies research centre 

Eo Energy energy for the ground state energy level 

EOT Equivalent oxide thickness 

Et Transverse component of electron energy 

Ev, Ec Valence band, conduction band energy levels  

F, Fox Electric filed, electric field in gate oxide  

FET(s) field effect transistor(s) 

FN Fowler Nordheim 

Gm Measured conductance 

Gp Parallel equivalent conductance 

G-S/D Gate -source/drain 

high-κ  High dielectric constant 
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Id drain current (A) 

Ig gate tunnelling current 

IL interfacial layer 

ITRS International Technology Roadmap for Semiconductors 

JDT Direct tunnelling Current density  

JFN Fowler Nordheim tunnelling current 

Jg gate current density 

kB Boltzman constant (1.38 x 10-23 JK-1) 

kt Transverse component of wave vector 

m Body-effect coefficient 

m* Electro effective mass 

MOS-C metal oxide semiconductor capacitor 

MOSFET/s metal oxide semiconductor field effect transistor/s 

mox Effect electron mass in oxide 

NA ,ND acceptor (donor) substrate doping density (cm-2) 

Ng gate doping concentration 

ni Intrinsic carrier concentration 

np Electron population in P-Si 

Ns surface charge density (cm-2) 

pp Hole population in P-Si 

p-Si, n-Si positively, negatively doped silicon 

q elemental charge unit (1.6 x 10-19 C),  

unless explicity defined otherwise 

Q Two dimensional wave vector 

Q charge (C cm-2) 

Qd Depletion charge 

Qi Inversion charge 

Qs Total semiconductor charge 

qs Screening parameter 

R Co-ordinate vector 
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Rit  Interface state capture resistance 

Rs Series resistance 

S Scattering rate 

T Temperature 

Tox oxide thickness (m) 

Tt Carrier tunnelling probability 

us  Surface (fluctuating) potential  

Vd Drain voltage (V) 

VFB Flatband voltage 

Vg gate voltage (V) 

VLSI Very large scale integrated (circuit technology) 

VTH threshold voltage 

W, L width, length (device parameters) 

α  Duty cycle 

β Temperature sensitivity factor for mobility (unless explicitly 

denoting other scalar quantities)  

γ    Device scaling constant 

∆VG Charge pumping signal (pulse) height 

ε , ε Si  Dielectric constant, permittivity for Si 

 ξ  Envelope wave function 

φ  Electrostatic scattering potential 

Bφ  Barrier height for (carrier tunnelling) 

ψ  Electron wave function 

ψs Surface potential 

ψB Si bulk potential 

σn, σp Capture cross section of electrons, holes 

η  Mobility calculation constant (1/2 or 1/3), 

ρ Charge distribution density 

τsw Switching time 
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cτ  Momentum (average) relaxation time 

µEff Carrier effective mobility 

µC Coulomb component of mobility 

τn, τ p time constant for electron, holes  

vth  Thermal velocity of electrons 

ω Angular frequency 

 
 


