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Abstract 
The continuous and aggressive dimensional miniaturization of the conventional 

complementary-metal-oxide semiconductor (CMOS) architecture has been the main 
impetus for the vast growth of IC industry over the past decades. As the CMOS 
downscaling approaches the fundamental limits, unconventional materials and novel 
device architectures are required in order to guarantee the ultimate scaling in device 
dimensions and maintain the performance gain expected from the scaling. This thesis 
investigates both unconventional materials for the gate stack and the channel and a novel 
notched-gate device architecture, with the emphasis on the challenging issues in process 
integration. 

High-κ gate dielectrics will become indispensable for CMOS technology beyond the 
65-nm technology node in order to achieve a small equivalent oxide thickness (EOT) 
while maintaining a low gate leakage current. HfO2 and Al2O3 as well as their mixtures 
are investigated as substitutes for the traditionally used SiO2 in our MOS transistors. 
These high-κ films are deposited by means of atomic layer deposition (ALD) for an 
excellent control of film composition, thickness, uniformity and conformality. Surface 
treatments prior to ALD are found to have a crucial influence on the growth of the high-κ 
dielectrics and the performance of the resultant transistors. Alternative gate materials 
such as TiN and poly-SiGe are also studied. The challenging issues encountered in 
process integration of the TiN or poly-SiGe with the high-κ are further elaborated. 
Transistors with TiN or poly-SiGe/high-κ gate stack are successfully fabricated and 
characterized. Furthermore, proof-of-concept strained-SiGe surface-channel pMOSFETs 
with ALD high-κ dielectrics are demonstrated. The pMOSFETs with a strained SiGe 
channel exhibit a higher hole mobility than the universal hole mobility in Si. A new 
procedure for extraction of carrier mobility in the presence of a high density of interface 
states found in MOSFETs with high-κ dielectrics is developed. 

A notched-gate architecture aiming at reducing the parasitic capacitance of a 
MOSFET is studied. The notched gate is usually referred to as a local thickness increase 
of the gate dielectric at the feet of the gate above the source/drain extensions. Two-
dimensional simulations are carried out to investigate the influence of the notched gate 
on the static and dynamic characteristics of MOSFETs.  MOSFETs with optimized notch 
profile exhibit a substantial enhancement in the dynamic characteristics with a negligible 
effect on the static characteristics. Notched-gate MOSFETs are also experimentally 
implemented with the integration of a high-κ gate dielectric and a poly-SiGe/TiN bi-layer 
gate electrode.  

 

Key words:  
CMOS technology, MOSFET, high-κ, gate dielectric, ALD, surface pre-treatment, metal 
gate, poly-SiGe, strained SiGe, surface-channel, buried-channel, notched gate. 
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Chapter 1.   Introduction 
 

 

The steady downscaling of metal-oxide-semiconductor field-effect-transistor 

(MOSFET) dimensions over the past four decades has been the main stimulus to the 

growth of silicon integrated circuits (ICs) and the information technology. The more the 

MOSFET dimensions, in particular the channel length, are scaled, the higher becomes 

the circuit speed, the higher the packing density, and the lower the cost per unit 

function. The scaling of MOSFETs has been following the famous Moore’s law, which 

is often stated as the doubling of transistor performance and quadrupling of the number 

of devices on a chip every three years [1]. This law is shown in Figure 1.1, where the 

number of MOS transistors integrated in the different generations of Intel’s 

microprocessors is presented as a function of the production year [2]. The latest 

Pentium processor, introduced in 2004, integrates 125 million transistors using a 90-nm 

technology and demonstrates a clock frequency up to 3.2 GHz (at the time of writing). 

 

Meanwhile, the fundamental limits, such as nonscalable factors and intolerable 

tunneling current through thin SiO2 gate oxide, have led to pessimistic predictions of an 

imminent end of technological progress for the semiconductor industry [3]. In order to  

 
Figure 1.1. Illustration of Moore’s law: number of transistors integrated in the different 

generations of Intel’s microprocessors vs. the production year [2]. 
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break down the barriers due to the fundamental physics that block the conventional 

MOSFET scaling beyond the 65-nm-technology node, innovations both in materials and 

device structures are required [4]. Extensive research activities on these innovations 

have been carried out around the world, which, of course, also become the motivation 

and impetus for the efforts of this thesis. 
 

The focus of this thesis is on the process integration issues of novel gate stack with 

high−κ gate dielectric and metal or p+ poly SiGe gate electrodes on Si or strained SiGe 

channels. The notched-gate architecture, i.e., local thickness increase of the gate 

dielectric at the feet of the gate above the source/drain extensions, is also investigated 

with the integration of the high−κ and metal gate for reduction of parasitic capacitances. 

Chapter 2 first reviews the fundamentals of the MOSFET. It is followed by a 

presentation of CMOS downscaling trends and limiting factors. Necessities for novel 

gate stack materials and novel device structures are then discussed and concluded.  
 

Alternative gate stacks with high−κ dielectrics and metal or p+ poly SiGe gate 

electrodes are investigated in Chapter 3, with elaborated details shown in Papers I-V. 

These include the motivation of using high−κ dielectrics and alternative gate electrodes, 

surface preparation and deposition of ALD high−κ dielectrics, deposition of ALD TiN 

metal gate and LPCVD p+ poly SiGe gate electrodes, and the compatibility of new gate 

stacks with conventional CMOS processing. The associated high density of interface 

traps and charges and their influence on channel hole mobility are further discussed 

together with Paper VI.  
 

Chapter 4 deals with strained SiGe p-channel MOSFETs together with details presented 

in Papers I-V. A brief introduction of how hole mobility is affected in a strained SiGe is 

first presented. It is followed by a short description of the growth of strained-SiGe 

layers. Comparisons between buried-channel and surface-channel strained SiGe 

pMOSFETs are further presented.  

 

Modeling and fabrication of notched-gate MOSFETs are carefully studied in Chapter 5. 

The results are presented in Papers VII and VIII. Finally, a summary and future 

perspective in Chapter 6 concludes this thesis. 
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Chapter 2.   Background of MOSFET 
 

 

The unique characteristic of complementary-metal-oxide-semiconductor (CMOS) 

devices and the ability to continuously downscale the physical dimensions are the 

driving engine for the vast growth of semiconductor and IC industries for the last four 

decades. In this chapter, an introduction of the basic structure and operation principles 

of MOSFETs is first presented. A brief overview of CMOS scaling trends and limiting 

factors is further given. Finally, necessities for novel materials and device architectures 

for future CMOS technology are discussed. 

 

2.1 Fundamentals of MOSFETs 
 

Basic structure of conventional bulk MOSFETs 
 

A MOSFET can be simply viewed as an electronic switch where the ON and OFF states 

are controlled by an electric field at the gate terminal. A basic MOSFET structure is 

shown in Figure 2.1 with an n-chnnel MOSFET (nMOSFET) for description. It is a 

four-terminal device with the terminals designated as gate, source, drain, and substrate 

or body. The Si substrate is p-type doped, and source and drain regions are heavily n- 

p-type well

n+n+

Dielectric (tox)
n+ poly-Si

DrainSource

Gate

Substrate

L

 
Figure 2.1. Schematic diagram of an n-channel MOSFET. 
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type doped. The gate electrode is usually made of metal or heavily doped polysilicon 

and is separated from the Si substrate by a thin insulating film, typically SiO2, i.e. the 

gate oxide. The gate oxide, SiO2, is usually formed by thermal oxidation of the Si 

substrate and acts as an energy barrier between the gate electrode and p-type Si 

substrate in order to confine charge carriers in the surface region of the Si substrate. 

When a sufficiently large positive voltage is applied on the gate terminal, the surface 

region of the Si substrate under the gate becomes inverted to n-type and hence called as 

n-channel. As a consequence, a current conducting path is formed through the n-channel 

between the two n+ source and drain regions. When there is no voltage applied on the 

gate electrode, no channel is formed and the MOSFET acts like two back-to-back p-n 

junction diodes with only low-level leakage currents present. A MOSFET therefore 

operates like a switch ideally suited for the drain. A p-channel MOSFET (pMOSFET) 

behaves similarly to an n-channel MOSFET but with an opposite polarity since the 

substrate, source and drain regions are all doped with opposite types as compared to the 

n-channel MOSFET in Figure 2.1. 

 

Threshold voltage 
 
When a positive potential is applied to the gate, the energy band in the surface region of 

the substrate bends downwards as shown in Figure 2.2. The threshold voltage (VT) of 

the n-channel MOSFET is defined as the gate voltage at which the surface potential (ψS) 

or band bending reaches 2ψB and can be expressed as (for a uniformly doped substrate) 

 

EF
EV

EC

EiBqψ
EG

)0(>

Sqψ

Oxide p-type Si

Si surface

BS ψψ 2=
VT at

 
Figure 2.2. Energy-band diagram near the silicon surface for an nMOSFET.  
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where msφ  is the ‘work function’ potential difference between the gate and Si substrate, 

fQ is the equivalent fixed oxide charge per unit area at the oxide-silicon interface, and 

ψB is the potential difference between the intrinsic Fermi level, EFi, and the Fermi level 

in the substrate, EF. ψB is a function of substrate doping concentration, NA, given by, 
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i
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B n

N
q
Tk

=ψ         (2.2) 

if a complete ionization is assumed. At this band bending, the concentration of the 

inversion carriers at the gate oxide/Si interface becomes equal to the doping 

concentration in the bulk. Consequently, a significant current can flow from the source 

to the drain under a proper drain bias, as shown in Figure 2.3. 

 

I-V characteristics above threshold voltage 
 

The drain current comprises both drift and diffusion currents. When VG is larger than 

VT, the drift current dominates. 
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Figure 2.3. MOSFET current in both logarithmic (left) and linear (right) scales vs. gate 

voltage. 
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Figure 2.4. IDS-VDS characteristics for MOSFET with VG>VT. 

 

When the drain voltage (VDS) is small, MOSFET operates in the linear (triode) region, 

and the drain current increases linearly with VDS and can be simply expressed as: 

DSTG
G

G
oxeffDS VVV

L
WCI )( −= µ       (2.3) 

As VDS continues to increase, the increase in IDS follows a parabolic behavior, as shown 

in Figure 2.4, until a maximum or saturation value is reached. This occurs when 

VDS=VDsat=(VG-VT)/m, at which 

m
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L
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oxeffDsatDS 2
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ox
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ox

BASi

W
t

C
C

C
qN

m 311
4/

1 +≈+≈+=
ψε

    (2.5) 

is the body-effect coefficient. Here m typically lies between 1.1 and 1.4. Above VDsat, 

IDS stays constant at IDsat, independent of VDS. 

 

Subthreshold I-V characteristics 
 

Below the threshold voltage, there can be a low drain current, dominated by diffusion 

current and does not drop immediately to zero when the gate voltage decreases. Rather, 
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it decreases exponentially, with a slope on the logarithmic scale inversely proportional 

to the thermal energy kT, as also shown in Figure 2.3. The reason for this subthreshold 

behavior is that some of the thermally distributed electrons at the source end of the 

transistor have high enough energy to overcome the potential barrier controlled by the 

gate voltage and flow to the drain end (for nMOSFET). Such a subthreshold behavior 

follows directly from fundamental thermodynamics and is independent of power-supply 

voltage and channel length. The subthreshold drain current is independent of drain 

voltage once VDS is larger than a few kT/q and can be expressed as: 

)exp()exp())(1( 2

Tmk
qV

Tmk
qV

q
Tkm

L
WCI

B

T

B

GB

G

G
oxeffDS −−= µ   (2.6) 

An off-current (Ioff), a leakage current component, is usually defined as the drain current 

when the gate bias is zero. It can be seen that the off-leakage current would increase by 

about 10 times for every 100 mV reduction of VT.  

 

It follows that the dependence of drain current on gate voltage, is exponential with a 

subthreshold slope, 

q
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W
t

q
Tkm

dV
IdSS B
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oxB
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DS )10)(ln31()10(ln)(log
1

10 +==







=

−

 (2.7) 

typically of 60-100 mV/decade. For VLSI circuits, a steep subthreshold slope is desired 

for the ease of switching the transistor current off at a small gate voltage swing. Expect 

for a slight dependence on bulk doping concentration through Wdm, the subthreshold 

slope is rather insensitive to other device parameters. 

 

Transition frequency 
 

The transition frequency (cutoff frequency) is defined as the frequency at which the 

short-circuit current gain of the device drops to unity. For a long-channel MOSFET in 

saturation, the transition frequency fT can be expressed as: 

24
)(3

2 G

TGeff

GS

m
T mL

VV
C

Gf
π

µ
π

−
≅=       (2.8) 

It can be seen that reducing the gate length can increase fT drastically since it is 

inversely proportional to the square of the gate length. Increasing the effective mobility 
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is also a viable method to enhance the fT since it is linearly proportional to the effective 

mobility. 

 

CMOS inverter delay 
 

CMOS devices are the basic building block of VLSI circuits because of their unique 

characteristic of negligible standby power. This behavior allows the integration of 

millions of transistors on a processor chip with only a very small fraction of them 

switching at any given instance. The CMOS inverter delay, defined as the time required 

to propagate a transition through a single inverter driving a second, identical inverter, is 

commonly used as a figure of merit for gauging the speed of CMOS transistors The 

speed of switching is inversely proportional to the circuit delay. It has been found 

empirically that a delay, τ, calculated from 

DSAT

DDG

I
VC

=τ          (2.9) 

correlates quite well with actual inverter delays [5]. IDsat and CG or VDD in the equation 

above are however inter-correlated. It can be shown that τ is proportional to the square 

of the gate length and inversely proportional to the effective mobility. τ also increases 

as the VDD decreases. Therefore, enhancement of the speed of CMOS transistors can be 

acquired by reducing the gate length, increasing the effective mobility, and/or 

increasing the VDD. 

 

Active and passive power 
 

The active power of a CMOS chip (crossover currents are usually negligible) is due 

primarily to the charging and discharging of capacitors on the chip and can be expressed 

as 

fVCP DDSWACTIVE
2=         (2.10) 

where CSW is the total node capacitance being charged and discharged in a clock cycle, 

and f is the clock frequency. It can be seen that PACTIVE increases linearly with clock 

frequency (circuit speed) and a reduction of VDD is an effective way to reduce PACTIVE 

since it is proportional to the square of the VDD.  
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The passive power of a CMOS chip, which can be extrapolated by the power vs. 

frequency response to zero frequency, is mainly due to parasitic leakage currents such 

as junction leakage, source and drain tunneling current, subthreshold channel currents 

(off-current), and gate-insulator tunnel currents. Subthreshold channel current and gate-

insulator tunneling current are of most concern for sub-100 nm technology nodes. The 

passive power of a CMOS chip caused by subthreshold channel current, for example, 

can be expressed by 

offDDtotoff IVWP =         (2.11) 

where Wtot is the total width of turned-off devices with VDD across the source and drain. 

Reduction of VDD again is an effective way to reduce the Poff. 

 

Although both low power density and high speed are desired for circuit operation, they 

usually go in opposite directions as CMOS technology advances. Adjusting VDD is an 

appropriate way to trade-off between the power consumption and operating speed of a 

CMOS chip.  

 

2.2 Downscaling of MOSFETs 
 

Short-channel effect 
 

As the gate length is scaled down, the channel becomes not only controlled by the gate 

but also affected by the drain. This behavior causes two-dimensional effects such as 

short-channel effect (SCE) and drained-induced barrier lowering (DIBL). The SCE is 

often represented as a decrease of the MOSFET threshold voltage as the channel length 

is reduced. The short-channel effect is especially pronounced when the drain is biased at 

a high voltage equal to the power supply. Downscaled devices should be designed and 

optimized in order to keep SCE under control and minimized performance erosion. 

 

Four decades of CMOS scaling 
 

Since its invention in 1963 [6], the CMOS technology has experienced a relentless 

downscaling from above 100 µm to the current 45-nm linewidth in production. The 

scaling has been propelled by the rapid advancement of lithography techniques. While 
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the ‘classic’ scaling described in [7] has not been strictly followed, it has served as an 

essential blueprint. The ‘classic’ scaling, also known as constant-field scaling, was 

proposed aiming at effective control of SCE when scaling down both the vertical and 

horizontal dimensions. The key point was to also proportionally decrease the supply 

voltages and increase the substrate doping concentration. Hence, the principle of the 

constant-field scaling lies in scaling the device voltages and device dimensions (both 

vertical and horizontal) by the same factor, k (>1), so that the electric field remains 

unchanged. However, because of the nonscalable subthreshold and the reluctance to 

depart from the standardized voltage levels, a more generalized scaling, proposed in [8], 

has been followed. It is desired that both the vertical and the horizontal electric fields 

change by the same multiplication factor, α (>1), so that the shape of the electric field 

pattern is preserved. This assures that the 2-D effects, such as SCE, do not worsen when 

a device is scaled. A comparison of two scaling methods and the corresponding 

influences on circuit parameters are shown in Table 2.1. The most serious issue with the 

generalized scaling is the drastic increase of power density, which sets a great burden on 

VLSI packaging technology to dissipate the extra heat generated on the chip.  

 

Table 2.1. Scaling parameters for both constant field scaling and generalized scaling. 

 Device and circuit parameters Constant field 

scaling 

Generalized 

scaling 

Scaling 

assumptions 

Device dimensions  

(tox, L, W, xj) 

1/k 1/k 

 Doping concentration (NA, ND) K αk 

 Supply voltage (V) 1/k α/k 

   
Derived scaling  Electric field  1 α 

behavior of  Depletion layer width  1/k 1/k 

device parameters Capacitance 1/k 1/k 

   
Derived scaling Circuit delay time 1/k 1/αk ~ 1/k 

behavior of 

circuit  

Circuit density k2 k2 

parameters Power density 1 α3 ~ α2 
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Nonscalable factors and showstoppers for classical CMOS scaling 
 

The primary reason for the nonscalable effects is that neither the thermal voltage kT/q 

nor the bandgap of Si EG changes with scaling. The former (kT/q) leads to a nonscalable 

subthreshold; i.e., the threshold voltage cannot be scaled down like other parameters 

because of the exponential dependence of off-current on threshold voltage. The 

threshold voltage limitation in turn sets a lower limit on the power-supply voltage VDD. 

The latter (EG) leads to the nonscalability of the built-in potential, depletion-layer width, 

and short-channel effect. Because of the nonscalable subthreshold, the voltage level 

cannot be scaled down as much as the physical feature dimensions. As a result, the 

electric field is increased leading to increased power density and degraded reliability. 

Moreover, carrier mobility decreases as the electric field increases, which results in a 

lower current gain and a reduced delay improvement as compared with the factors listed 

in Table 2.1. 

 

When the dimensions of a MOSFET are scaled down, the gate oxide thickness must 

also be reduced nearly in proportion to the channel length in order to keep SCE under 

control. For CMOS devices with channel lengths of 100 nm or less, an oxide thickness 

of < 3 nm is needed. This thickness comprises only a few layers of atoms and is 

approaching fundamental limits. Such thin oxide films are subject to quantum-

mechanical tunneling, giving rise to a gate leakage current that increases exponentially 

as the oxide thickness is scaled down [9]. A lower limit of 1.0-1.5 nm for the gate-oxide 

thickness has been set by the maximum tolerable gate leakage current for the high 

performance (HP) applications such as logic devices [4]. Low standby power (LSTP) 

applications such as dynamic memory devices have a more stringent leakage 

requirement and therefore must impose a higher limit on the gate-oxide thickness [10]. 

 

2.3 Necessities for novel materials and structures 
 

As predicted by International Technological Roadmap for Semiconductor (ITRS), the 

downscaling of MOSFET will continue well into the next decade despite of the 

fundamental limits which have led to pessimistic views of the imminent end of 

technological progress for the semiconductor industry [3]. The advancement of 
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technology nodes and the scaling of device dimensions with the predicted years of 

production are shown in Table 2.2 [4]. In order to be able to shrink conventional 

MOSFETs beyond the 65-nm-technology node, innovations to circumvent the barriers 

due to the fundamental physics are required. 

 

Table 2.2. Technology nodes, gate lengths and gate dielectrics for HP applications [4]. 

Year of 
production 

 

2004 
 

2007 
 

2010 
 

2013 
 

2016 

Technology 
node (nm) 

 

90 
 

65 
 

45 
 

32 
 

22 

Physical gate 
length (nm) 

 

37 
 

25 
 

18 
 

13 
 

9 

EOT (nm) 
(physical) 

 

1.0-1.2 
 

0.8-0.9 
 

0.7 
 

0.6 
 

0.5 

EOT  (nm) 
(electrical) 

 

1.7-2.0 
 

1.2-1.3 
 

1.1 
 

1.0 
 

0.9 

 

As mentioned earlier, a figure of merit gauging the speed for CMOS in digital circuits is 

CV/I (Eq. 2.9), where C is the gate capacitance, V is the voltage swing, and I is the 

current drive of a MOSFET. Improvement of the CV/I metric (speed) can be obtained 

by 1) ensuring device scalability to achieve a shorter channel length; 2) enhancing the 

carrier transport by improving the mobility, saturation velocity, or ballistic transport; 

and 3) reducing parasitic capacitance and resistance components. In order to continue 

the improvement of the CV/I metric beyond the 65-nm-technology node, many 

technology options have been proposed. These options generally fall into two 

categories: “unusual” materials and novel device structures. In many cases, the 

introduction of an unconventional material requires the use of a new device structure, or 

vice versa.  

 

Further scaling of the gate oxide thickness below 1 nm is necessary to control the short-

channel effects beyond the 65-nm-technology node [4], but the gate leakage current 

through such a thin oxide layer becomes intolerably high. Viable solutions to reducing 

the gate tunneling current and gate capacitance degradation due to polysilicon depletion 

have been explored through introduction of unconventional materials: high-dielectric-

constant (high−κ) gate dielectrics and metal gate electrodes. 
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Solutions to achieving a higher carrier mobility and saturation velocity have been 

sought among adequate materials intented for the MOSFET channel. Si1-xGex with a 

biaxial compressive strain has been demonstrated to be favorable for hole confinement 

and hole mobility enhancement, because of its band offset and split in valence band (to 

be discussed in Chapter 4). Strained-Si under biaxial tension has been extensively 

investigated recently for both n- and p-channel MOSFETs. Since a strained-Si provides 

large band offsets in both conduction and valence bands and doesn’t suffer from alloy 

scattering (hence mobility degradation) as in Si1-xGex, a significant improvement 

especially for electron mobility can be achieved [11,12]. 

 

Another focal point is on the extrinsic components that limit the device performance. 

The intrinsic resistances and capacitances of a MOSFET continue to decrease as CMOS 

scaling is entering the sub-100 nm regime. The nonscalable extrinsic parasitic 

resistances and capacitances are becoming more and more comparable to their intrinsic 

counterparts, which can offset the desired enhancement of device performance from 

scaling. Therefore, employing new device structures to reduce the parasitic resistances 

and capacitances is becoming increasingly important for the sub-100 nm devices. 

Elevated (or raised) source/drain has been proposed to reduce the parasitic source/drain 

resistances [13-15]. Adopting Silicon-On-Insulator (SOI) substrate has resulted in 

substantial reduction of the parasitic junction capacitances. Moreover, notched-gate has 

been recently proposed to reduce the overlap capacitances, which becomes a more 

dominant part in the overall parasitic capacitance (to be discussed in Chapter 5). 

 

The most revolutionary MOSFET architecture, not covered in this thesis, is a double-

gate MOSFET.  It was first proposed in the early 1980s [16] and represented by FinFET 

in late 1990’s [17]. It has been recently regarded as the ultimately scalable MOSFET. 

The salient features of the double-gate MOSFET include: 1) reduced 2-D short-channel 

effects, leading to a shorter allowable channel length compared to bulk MOSFET; 2) a 

sharper subthreshold slope which allows for a larger gate overdrive for the same power 

supply and the same off-current; and 3) a better carrier transport behavior as the channel 

doping can be reduced. 

 

This thesis deals with all of the previously mentioned three aspects pertaining to the 

improvement of the CV/I metric (speed) for MOSFETs. Novel gate stacks with high−κ 
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gate dielectrics and alternative gates, ensuring further device scalability beyond the 65-

nm technology node are studied in Chapter 3. Strained-SiGe channel for the 

enhancement of hole mobility is carefully investigated in Chapter 4. In Chapter 5, 

notched-gate architecture with the integration of high−κ and metal gate is studied, for 

the sake of reduction of parasitic capacitance components.  
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Chapter 3.   Materials and processing of novel gate stack 
 

 

Introduction of a new gate stack with a high dielectric constant (high−κ) material and 

metal gates having appropriate work function will be necessary in a few years [4]. 

These material changes pose a great challenge in MOSFET technology where 

SiO2/poly-Si has long played a central role as the most reliable gate stack system. This 

chapter is focused on process integration issues for MOSFETs with ALD high−κ 

dielectrics and alternative gate electrodes. The process details that were not given in 

Papers I-V are described. The influence of high−κ dielectrics on device characteristics 

is also presented.  

 

3.1 Replacement of SiO2/poly-Si 
 
Limitations of SiO2 
 
One of the key elements that have allowed the successful scaling of Si-based MOSFETs 

is certainly the excellent material and electrical properties of the gate dielectric so far 

used in those devices: SiO2. When the dimensions of a MOSFET are scaled down, the 

gate oxide thickness must also be reduced. Up till now, properly working MOSFETs 

with SiO2 as thin as 1.5 nm have been fabricated. However, further scaling of the SiO2 

thickness below 1.5 nm is problematic due to the rising gate leakage current which 

increases exponentially as the oxide thickness is scaled down [9]. For SiO2, the leakage 

current at a gate bias of ~1 V changes from 10-12 A/cm2 at ~3.5 nm to 10 A/cm2 at ~1.5 

nm: 12 orders of magnitude in current increase for a thickness change of a little more 

than a factor of 2 [18-20]! As one might imagine, this exponential increase in gate 

leakage current has caused significant concerns regarding the operation of CMOS 

devices, particularly with regard to standby power dissipation, reliability, and lifetime. 

Nitrided silicon oxides (silicon oxynitrides, SiOxNy) may extend the limit of oxide 

thickness a little further, as it has been shown to be beneficial for reduction of the 

leakage current, reliability enhancement, and suppression of B penetration [21-24]. 

Although an extension of oxynitride to less than 1 nm may satisfy the device reliability 
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requirement for high performance applications, it will no longer meet the strict leakage 

current requirement in low standby power applications [4]. 

 

High−κ gate dielectrics 
 

The dielectric constant (κ) is a measure of a material’s ability to resist the formation of 

an electrical field within it. Low dielectric constant materials, such as air, show almost 

no change in orientation of molecules when a voltage is applied. Materials with high 

dielectric constants polarize their structures to counteract fields they experience. One 

can model the bonds in these structures as dipoles. As the strength of these dipoles 

increases, a stronger alignment of the dipoles will be resulted, which often leads to an 

increased κ value. These aligned dipoles also produce an image charge effect at the 

dielectric/doped silicon layer interface.  

 

A gate dielectric with a dielectric constant (κhigh−κ) substantially higher than that of SiO2 

(κox) can achieve a smaller equivalent electrical thickness (EOT) than the SiO2, even 

with a physical thickness (thigh−κ) larger than that of the SiO2: 

κ
κκ

κ
−

−

= high
high

ox tEOT )(        (3.1) 

In other words, physically thicker high−κ dielectrics can be allowed in order to achieve 

the same EOT target. This can result in a substantially lower gate leakage current, which 

is an exponential function of the oxide physical thickness. Therefore, replacing SiO2 

with a high−κ dielectric is expected to be necessary for the next technology nodes as the 

SiO2 will be soon unable to meet the scaling requirements. Replacement of SiO2 is, 

however, not so simple as it may seem. The bulk and interface properties of the new 

dielectric material must be comparable to the remarkable properties of SiO2. Basic 

material properties such as thermodynamic stability with respect to Si, stability under 

thermal conditions relevant to electronic device fabrication, low diffusion coefficients, 

and thermal expansion match are some critical examples. 

 

The research on high−κ dielectrics have focused primarily on binary metal oxides such 

as Ta2O5, TiO2, ZrO2, HfO2, Y2O3, La2O3, Al2O3, and Gd2O3 as well as their silicates 

[25, 26]. Table 3.1 compares the properties of the common high−κ gate dielectrics 
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Table 3.1. Comparison of relevant properties for high−κ candidates. 
 

 
Material 

 
 Dielectric 
constant (κ) 

 
Band gap 
EG (eV) 

 

∆EC (eV) 
   to Si 

 
Crystal  
 Structure(s) 

SiO2 3.9 8.9 3.2 Amorphous 
Si3N4 7 5.1 2 Amorphous 

Al2O3 9 8.7 2.8a Amorphous 

Y2O3 15 5.6 2.3a Cubic 

La2O3 30 4.3 2.3a Hexagonal, cubic 

Ta2O5 26 4.5 1-1.5 Orthorhombic 

TiO2 80 3.5 1.2 Tetrag.c (rutile, anatase) 

HfO2 25 5.7 1.5a Mono.b, tetrag.c, cubic 

ZrO2 25 7.8 1.4a Mono.b, tetrag.c, cubic 
 

aCaluclated by Robertson [29];  bMono.=monoclinic;  cTetrag.=tetragonal. 
 
 

 
 

Figure 3.1. Bandgap and band alignment of high−κ materials with respect to Si. The 

dashed line represents 1 eV above/below the conduction/valence bands [29]. The zero-

energy is set at the middle of the Si bandgap for an easy comparison. 
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reported in the literature [26]. Except for a large band gap, a large silicon-to-insulator 

energy barrier height in the conduction band is also desirable because the electron 

 tunneling probability through the dielectrics is exponentially dependent on the square 

root of the barrier height [27]: 

[ ]2/)(22exp hEEmtP cehigh −∆−∝ −κ      (3.2) 

where me is effective electron mass in the high-κ dielectrics, ∆EC is the barrier height in 

the conduction band, E is the electron energy and h is the reduced Planck’s constant. In 

addition, hot-carrier emission into the gate insulator is related to the same barrier 

heights [28]. For holes, the tunneling probability is usually much lower because of its 

higher effective mass and generally larger barrier height in the valence band. Figure 3.1 

illustrates the bandgap and conduction band alignment for several high−κ gate 

dielectrics related to Si calculated by Robertson [29].  

 

Polysilicon gates and polysilicon depletion effects 
 
 
The use of dual n+-p+ polysilicon gates is a key advance in modern CMOS technology, 

since it allows the source and drain regions to be self-aligned to the gate and sets a 

symmetric and the most suitable threshold voltages for both p- and n-channel bulk 

MOSFETs.  However, when the active carrier concentration in the polysilicon is not 

high enough to pin the Fermi level at the poly-Si/SiO2 interface, the band bending in the 

poly-Si becomes voltage-dependent. As the device is biased such that the Si substrate is 

inverted and a channel is formed, the poly-Si gate becomes depleted of free carriers and 

a significant voltage fraction is dropped across the gate; this effect is known as 

polysilicon depletion. Gate capacitance degradation due to the polysilicon depletion 

typically accounts for 0.4-0.5 nm of the equivalent-oxide thickness of the total gate 

capacitance at inversion. This is a substantial amount, considering that an equivalent 

gate oxide of less than 1.5 nm (at inversion) is required for the coming technology 

nodes [4]. 

 

Metal and p+ poly SiGe gates 
 

Metals have several advantages when considered as gate electrodes. The use of metal 

gates would certainly eliminate the problems of dopant penetration through the 
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dielectric and depletion of carriers in the gates. A combination of metal gate and high−κ 

dielectric can therefore meet the stringent EOT requirements for the coming technology 

nodes. A further potential benefit of metal-gate electrodes is the elimination of carrier 

mobility degradation due to plasmon scattering from the gate electrode. The plasmon 

frequency of a metal is reported to be too high to interact with the carriers in the 

inversion layer [30].  

 

Integration of metal gates, however, has been challenging. The learning curve is long 

for developing the same level of etch selectivity and profile control for the metal gate 

compared to the polysilicon gate. In order to obtain low and symmetrical threshold 

voltages in NMOS and PMOS devices and minimize short channel effects, it becomes 

necessary to use two gate electrodes with work functions separated by roughly the band 

gap of Si for NMOS and PMOS devices. The use of two metals not only adds numerous 

unconventional process steps, but also introduces additional complexities of etching, 

selectivity and masking. It is desirable to find a way to alter the work function in some 

simple means. Two interesting approaches, yet to be proven through more rigorous 

examinations, have been reported. In the first approach, a single metal (Mo) is 

deposited, and the work function is altered using ion implantation of nitrogen into the 

metal [31]. In another approach, metals are intermixed to obtain the desired work 

function [32]. Two metals (Ti and Ni) are sequentially deposited on the gate dielectric, 

followed by selective etching of the top metal, leaving the bottom metal at desired 

locations.  After thermal annealing, the top metal at the other locations migrates to the 

metal/gate-dielectric interface and alters the work function locally. More recently, a 

fully silicided gate technique using Ni has been proposed [33,34] where dopants in the 

polysilicon pile up at the Ni silicide/dielectric interface, which equivalently result in a 

change in the effective work function of silicided gates. 

 

Moreover, issues such as the thermal stability of metal/dielectric interface, stability of 

flat band voltage (ultimately threshold voltage) and charge trapping at the interface need 

to be addressed. In addition, a dipole generally forms at the metal/dielectric interface 

leading to alternation of the effective work function of the metal/dielectric combination 

[35-37]. The choice of appropriate metal electrode is then also dependent on the chosen 

high−κ material. Similarly, intrinsic states, also referred to as metal induced gap states, 
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at the metal/dielectric interface tend to pin the work function toward mid-gap (4.7 eV) 

[38]. Thus, a metal that has a vacuum work function (qφM,vac) significantly lower than 

4.0 eV will be needed in order to achieve an effective gate work function (qφM,eff) equal 

to that of n+ poly-Si, whereas a metal with qφM,vac significantly higher than 5 eV will be 

needed in order to achieve a value of qφM,eff equal to that of p+ poly-Si. This 

requirement poses difficulties for process integration, since low-φM,vac materials are very 

reactive and high-φM,vac materials are very difficult to etch.  

 

Poly-SiGe gate has been reported, yet need to be proven, to alleviate the gate depletion 

problem and B penetration [39], to suppress the formation of interfacial oxide with 

high−κ [40], and to tailor its work function by changing Ge fraction [41], and it can be 

readily integrated into conventional CMOS processes. It has been therefore recently 

proposed as a most viable short-term approach for manufacture of CMOS devices with 

high−κ dielectric [42]. 

  

3.2 ALD high−κ dielectrics 
 

Extensive research efforts have been carried out by semiconductor industry as well as 

academy to find out and finalize the right high−κ material and its processing because of 

the imminent need of replacing SiO2. HfO2 (or other Hf-based high−κ dielectrics) has so 

far become, to the author’s best knowledge, the most promising candidate [26,43-46], 

because of its reasonably high dielectric constant, relatively large band gap and 

predicted thermodynamic compatibility with Si and poly-Si. On the other hand, Al2O3 

has shown to be the only material that has a bandgap and band alignment similar to 

those of SiO2 (see Figure 3.1). In spite of a relatively low dielectric constant (~9), Al2O3 

offers unique advantages such as a high crystallization temperature (> 900 ºC), a good 

barrier to oxygen diffusion and a high temperature thermal stability with Si [47,48]. 

Combination of HfO2 and Al2O3 as gate dielectric is hence highly desirable [49-53]. 

This thesis focuses on HfO2, Al2O3 and their combinations in either sandwiched or 

intermixed form. 
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An inherent consequence of the replacement of SiO2 and SiOxNy as the gate dielectrics 

in the future generations of CMOS devices is that a new method for the dielectric 

deposition will be needed, too. The thin dielectric films can be deposited by sputtering, 

sol-gel, physical vapor deposition (PVD), metallo-organic chemical vapor deposition 

(MOCVD), or atomic-layer deposition (ALD). Among the various candidates, ALD  

[54], also known as atomic layer epitaxy (ALE) and atomic layer chemical vapour 

deposition (ALCVD), offers certain important characteristics like excellent large area 

uniformity, outstanding conformality, and atomic level control of film composition and 

thickness [55,56]. As a consequence, ALD of high−κ oxides has been a subject of 

increasingly intense research during the past few years. 

  

Atomic layer deposition  
 

As opposed to conventional CVD that is characterized by continuous deposition and 

concurrent flow of precursors, ALD is based on sequential deposition of individual 

monolayers or fractions of a monolayer in a well controlled manner. In ALD, the film is 

grown through sequential saturative surface reactions (chemisorption) that are realized 

by pulsing the two ( or more ) precursors into the reactor alternately, one at a time, 

separated by purging or evacuation steps. As an example, Figure 3.2 demonstrates one 

ALD cycle during deposition of HfO2 using HfCl4 and H2O.  

 

The distinct feature of ALD is that the reactions are saturative which make the film 

growth self-limiting. The self-limiting growth ensures that each cycle (possibly 

excluding the very first cycles) leads to deposition of the same amount of material on all 

surfaces independent of surface topography and/or of the precursor dose received as 

long as the dose is high enough to saturate the reactions. As a consequence, the ALD 

method offers excellent large area uniformity and conformity. In addition, film 

thicknesses are accurately controlled simply by the number of deposition cycles applied. 

This makes it also straightforward to tailor film composition at an atomic layer level. 

The major drawback of ALD is the low deposition rate which is a direct consequence of 

the stepwise film growth where in most processes only a faction of a monolayer is 

deposited in one cycle. Deposition rates are typically in the range of 100-300 nm h-1. 

However, the low deposition rate is no longer an issue for the deposition of ultra thin 
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Figure 3.2. An example of an ALD cycle for deposition of HfO2 from the HfCl4-H2O 

process. 

 

high−κ materials as the gate dielectric. 

 

Successful utilization of ALD is dependent on two factors: proper precursors and fast 

and efficient reactors. The precursors must be sufficiently volatile to ensure efficient 

transportation for saturating the surface reactions. Gases and high vapor pressure liquids 

are the preferred choices because they are easy to handle in external cylinders and they 

allow for a supply of high doses in short periods of time. It is also of utmost importance 

that the precursors and the surface species formed thereof do not decompose thermally 

on their own.  To achieve fast saturation in each reaction step, the precursors should 

react aggressively with the surface species of the other precursors. Nearly all the 

commercial ALD reactors appear to be of the flow type where the pressure is most 

commonly 1 – 10 torr and inert gas is used for purging the reactor between the 

precursor pulses. The use of purge is because purging is faster than evacuating the 

Next cycle 
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reactor. In a well-designed reactor, one ALD cycle can be completed in less than a 

second [57], though cycle times of a couple of seconds seem to be more common.  

 

ALD of HfO2, Al2O3, HfAlOx and Al2O3/HfO2/Al2O3 
 

The ALD processes of the highest interest for the high−κ gate oxides employ water as 

an oxygen source. In these processes surface hydroxyl groups play an important role as 

reactive adsorption sites for the metal precursors.  In most of the ALD oxide processes 

the deposition rates have been in a range of 0.3-1.0 Å/cycle. Such a low rate means that 

most often only a fraction of a monolayer is deposited in each cycle.  

 

ALD Al2O3 as gate dielectrics has often used Al(CH3)3 (Trimethyaluminum-TMA) and 

H2O as precursors. The substrate temperature is typically no less than 400 oC. The 

overall reaction can be expressed as 

432233 63)(2 CHOAlOHCHAl +→+      (3.3) 

This precursor combination is often considered as the most ideal ALD process 

developed so far: both precursors are volatile liquids and they show high reactivity 

towards each other, they are relatively inexpensive, and the reaction byproduct methane 

is unreactive. The Al(CH3)3-H2O process has been thoroughly examined [58,59,60]. 

The presence of negative fixed charges in the grown Al2O3 and a permittivity ranging 

from 7 to 11 have been reported.  The ALD Al2O3 films are amorphous and smooth, and 

they form an abrupt contact to Si free of interface layer [61]. The amorphous state may 

also be retained after high temperature treatments up to 900 oC, especially if capped by 

the gate electrode prior to annealing [62]. 

 

For ALD HfO2, HfCl4 and H2O are most often used as precursors [63,64] and the 

overall reaction can be expressed as 

HClHfOOHHfCl 42 224 +→+       (3.4) 

Since HfCl4 is a solid consisting of fine particles, careful source design should be done 

to improve the transportation of these fine particles by carrier gas. ALD HfO2 has been 

found to suffer from poor nucleation on H- terminated Si [65].  The impurity contents 

such as Cl and H in HfO2 are temperature dependent; the higher the deposition 

temperature, the lower the impurity contents. At 300 oC, which seems to be the most 
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often used deposition temperature for gate dielectric studies, about 0.4 at. % Cl and 1 at. 

% H are left in the HfO2 film [66]. HfO2 films are predominantly monoclinic but 

tetragonal phase is also often present [64,67]. As-deposited thin films (<= 5 nm) of 

HfO2 may be amorphous, but they could crystallize during annealing at relatively low 

temperatures (<400 oC) [68].  

 
Mixed oxide HfAlOx and nanolaminate Al2O3/HfO2/Al2O3 can be deposited simply by 

combining binary oxide ALD cycles in an appropriate manner, i.e. as thoroughly mixed 

as possible for the mixed oxide, or separated into subsequences each depositing a 

discrete layer for the nanolaminate. The motivations for the films are to stabilize the 

amorphous structure of the high−κ films [69] and to control the interfaces with both Si 

substrate and the polysilicon gate electrode [49,50], at the expense of a lower 

permittivity value. As an example shown in Figure 3.3, the HfAlOx film mixed by HfO2 

and Al2O3 with a pulse ratio of 1:1 remained in amorphous state after full device 

processing with an RTP step at 930 oC for 10 s. On the contrary, the HfO2 film became 

polycrystalline after the same processing. 
 

 
(a) 

 
(b) 

 
Figure 3.3. High-resolution transmission electron microscopy (HRTEM) image showing a 

gate stack of ALD TiN/high-κ on Si channel in fabricated pMOSFETs. (a) ALD 

TiN/Al2O3/HfO2/Al2O3. (b) ALD TiN/Al2O3/HfAlOx/Al2O3. 
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Surface pre-treatment 
 

It is generally found that a low permittivity interfacial layer will be formed between 

high−κ dielectrics and Si substrate because Si is readily oxidized, which could happen 

during the surface treatment, air exposure, deposition processing, or other processing 

steps after the high−κ deposition. In this case, the total EOT is a sum of the EOTs of the 

high−κ and the interfacial layer: 
 

EOTtot = EOThigh−κ+EOTinterface      (3.5) 
 

If the interfacial is pure SiO2, then 
 

EOTtot = EOThigh−κ+dSiO2       (3.6)  
 

Hence, it is clear that the interfacial layer should be as thin as possible in order to 

achieve EOTtot <= 1.0 nm. On the other hand, the existence of a thin SiO2-like 

interfacial layer is beneficial for control of interface traps and carrier mobilities [26]. 

Moreover, a thin interfacial oxide (or OH bond) seems to be necessary for uniform 

growth of the high−κ layer since the H- terminated surface often results in a large 

nucleation barrier and a 2-D growth of the high−κ films. Silicon surfaces terminated 

with H bonds also show a long incubation time for deposition of high-κ films and lead 

to inferior film quality [70]. In contrast, Si surfaces terminated with OH bonds have 

been proven to favor uniform growth of the interfacial layers as well as the ALD films 

[71]. The surface pre-treatment is therefore of utmost importance in controlling the 

thickness of interfacial layer and the growth of the high−κ films. In this thesis, HF-clean 

followed by water-rinse was used as pre-gate surface treatment in order to obtain a good 

balance between the coverage of OH bonds and the thickness of the initial interfacial 

layer. As an extreme comparison, HF-clean only (i.e. HF-clean followed by N2 blow-

dry) was also studied. In Papers III and IV, the influence of the two kinds of surface 

pre-treatments for Si0.7Ge0.3 substrates on the high−κ growth and the formation of 

interfacial layer is investigated. It is also correlated to the difference of the electrical 

performance of the fabricated SiGe surface-channel pMOSFETs. The growth of ALD 

high−κ dielectrics on the Si0.7Ge0.3 surface, in principle, should be rather similar to that 

on Si surface [72]. 
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3.3 ALD TiN vs. LPCVD p+ poly-SiGe gate electrodes  
 

TiN is a hard, refractory material and has a bulk resistivity of 22 µΩ·cm. ALD TiN has 

been under extensive research to replace conventional CVD TiN as a barrier material 

for back-end processing as well. Established TiN ALD techniques mainly rely on 

titanium tetrachloride and NH3 precursors and are based on the binary chemical vapor 

deposition (CVD) reaction [73-75]. The overall reaction can be expressed as 
 

234 2/112343 NHClTiNNHTiCl ++→+     (3.7) 
 

The resistivity of ALD TiN films has been shown to be 80~200 µΩ·cm for a deposition 

temperature ranging from 520 to 400 oC [76]. The high resistivity with the ALD TiN 

appears to be partially correlated with the Cl concentration which decreases with 

increasing processing temperature. The presence of grain boundaries is also responsible 

for a high resistivity. ALD TiN used as a metal gate for MOSFETs has also attracted 

much attention because it is a low temperature process and free of damage to the 

underlying SiO2 or high−κ dielectrics (compared with sputtering technology) [77], 

which is beneficial for obtaining a low density of dielectric/silicon interface traps and a 

low density of fixed charged in the dielectrics. ALD TiN film with a low growth rate 

and relatively high resistivity may seem to be unsuitable for the formation of gate 

electrode which is usually no less than 100 nm thick. However, this could be solved by 

deposition of other lower-resistivity materials atop with a high deposition-rate technique 

such as CVD or PVD. It can be further relieved by the fact that much thinner gate 

electrodes are expected to be used for MOSFETs of future generations if the high 

resistivity issues can be resolved. In this thesis, the ALD TiN was deposited at 390 oC 

with a Ti:N ratio of 1:1. 

 

Si1-xGex films in this thesis were deposited in a conventional horizontal hot-wall low-

pressure chemical vapor deposition (LPCVD) reactor using silane (SiH4), germane 

(GeH4), and diborane (B2H6) as source gases [78]. The B2H6 was diluted in hydrogen 

(H2) to 400 ppm.  H2 was used as carrier gas and N2 for purging and back filling the 

chamber as well as for pressure regulation. The deposition was made at 500 oC, lower 

than that for the conventional poly-Si deposition. The lower temperature could be 

beneficial for a thinner interfacial gate oxide layer and a reduced possible chemical 

attack of high−κ films by SiH4 and/or GeH4 during SiGe deposition. The SiH4 flow rate 
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was 100 sccm (standard cubic centimeter per minute) and no carrier gas was used 

during the deposition. The deposition rate and the composition x in Si1-xGex were 

strongly dependent on the GeH4 flow rate. In-situ doping of Si1-xGex films was carried 

out by addition of B2H6 to the SiH4-GeH4 gas mixture during deposition. The B atoms 

were 60 to 100 % electrically active already at the deposition temperatures around 500 
oC [79]. The work function of Si1-xGex depends on its composition (x) and the type of 

doping used. Pure Ge has a bandgap of 0.66 eV and Si 1.12 eV. The valence band offset 

between Si and Ge is around 0.51 eV while the conduction band offset is only around 

0.05 eV. Using p+ Si1-xGex as the gate electrode can therefore tailor the work function 

by up to 0.51 eV above the Si valence band with altering the Ge content.  

 

3.4 Compatibility with Si processing 
 

A conventional CMOS process flow consists of a mature set of subsequent process 

steps. In the initial steps of processing, the nMOS and pMOS areas are seperated by 

local oxidation of silicon (LOCOS) or more advanced shallow trench isolation (STI) 

and doped by ion implantation. SiO2 gate dielectric is formed by thermal oxidation of Si 

and poly-Si is then deposited atop.  The poly-Si is subsequently patterned and etched to 

form the gate electrode. Source and drain areas are implanted to form extension 

junctions in a self-aligned process where poly-Si gate electrode is simultaneously 

implanted. After re-oxidation of the gate area, spacers are formed and subsequent deep 

implantations are performed, followed by thermal activation of implanted dopants 

inside both source/drain and gate areas by means of rapid thermal processing (RTP). 

Salicidation process is then performed to form silicide in the source, drain and gate. The 

final steps in the front-end processing are capping of the structure and formation of 

contact holes.  

 

The introduction of high−κ and alternative gate has been, is, and will continue to be 

challenging. New processes and integration concepts will be required.  First of all, a 

single high−κ material (and its corresponding gate electrode material, if not poly-Si) 

and its deposition technique should be identified within short. It is likely that silicate 

(HfSiOx) or aluminate (HfAlOx) of Hf with a poly-Si gate will be used as a short-term 

solution and HfO2 oxide with metal gates will be adopted for the intermediate or long-
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term solution. Among various deposition techniques for high-κ gate dielectrics, ALD 

appears to be the most suitable and viable deposition technique. As discussed earlier, 

the property, thickness, and stability of the interfacial layer are of paramount importance 

for the entire gate dielectric and for the transistor electrical performance. Besides the 

growth of interfacial layer prior to and during ALD process, increase or modification of 

the interfacial layer can also occur during any of the following steps: post-deposition 

annealing (PDA), air exposure of high−κ films prior to the gate deposition, gate 

electrode deposition, gate etching, resist plasma ashing, high−κ etch and removal, re-

oxidation, spacer deposition, and source/drain activation. Hence, re-engineering of the 

process modules will be required for most of the processing steps. In this thesis, re-

engineered process integration schemes for MOSFETs with ALD high-κ dielectrics are 

investigated. Two types of gate electrodes are used: ALD TiN and in-situ doped p+ 

poly-SiGe. The process flow for fabrication of pMOSFETs with high−κ materials and 

TiN gate is shown in Figure 3.4, and the process flow for pMOSFETs with high−κ and 

p+ poly-SiGe gate in Figure 3.5. Detailed process steps are presented in the 

experimental parts of Papers I-V. Key process modules that deviate from conventional 

CMOS processing are elaborated as follows. 

 

Dry etch of gate electrodes 
 

Though conventional dry etch of poly-Si in a poly-Si/SiO2 gate stack is mature, dry etch 

of the gate electrodes with an underlying high-κ dielectric is challenging. First of all, the 

dry etch of the gate electrode, whether it is poly-Si or other gate materials, needs to be 

selective towards the underlying high-κ dielectric. The dry etch of the gate electrode 

should also have a good control of damage and/or induced charges for the underlying 

high-κ dielectric since the conventional gate re-oxidation step after gate etch may not be 

used now. In this thesis, attempts have been made for dry etch of the TiN (Papers I and 

II) and poly-SiGe (Papers III-V) gate electrodes. For both gate electrodes, a TEOS SiO2 

layer was used as a hard mask for the gate definition. The TEOS SiO2 layer was also 

employed to protect the gate/high-κ stack from subsequent dopant implantation into the 

source/drain.  

 

The TiN gate electrode was etched in an ICP (inductively coupled plasma etching) dry 
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Figure 3.4. Process flow for pMOSFETs with a TiN/high−κ gate stack. 
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Figure 3.5.  Process flow for pMOSFETs with a p+ poly-SiGe/high−κ gate stack. 
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etch reactor, using a gas chemistry of 10 sccm BCl3 and 50 sccm Cl2. This chemistry 

gives a PVD TiN:SiO2 selectivity of about 5:1. The bottom RF electrode (sheath bias) 

was set at 50 W while the top coil (plasma bias) 500 W. The chamber pressure was set 

to 10 mTorr. The high−κ under the TiN gate appears to be etched off during the over 

etch of the TiN film, as observed from the TEM image of a fabricated transistor. 

However, the dry etch of TiN could be nonuniform and far from well-controlled since 

scattered threshold voltages are observed for the transistors even within the same chip 

(see Figure 3 of Paper II).   The exact origin that is responsible for the scatter of 

threshold voltages should be further identified. 

 

The poly-Si0.7Ge0.3 gate was etched by Cl2 gas in a standard poly-Si etcher with a 

standard process optimized for Si etching. Poly-Si0.7Ge0.3 showed a higher etch rate 

compared with poly-Si [78]. The dry etch stopped on the high−κ layer, as confirmed by 

a TEM image of the cross-section of a fully processed transistor (shown in Figure 4.8 of 

Chapter 4).  The poly-SiGe dry etch was also demonstrated to be more uniform than the 

TiN dry etch, as evidenced from the uniform electrical characteristics of MOSFETs 

shown in Paper III.  

 

Extension implantation and spacer formation 
 

Extension implantation was performed directly after gate etching and resist patterning 

(to shield the substrate contact areas during the source/drain implantations). For the 

poly-SiGe gated transistors, dopants were implanted through the high−κ layer. At this 

point, in a conventional poly-Si/SiO2 stack, a re-oxidation step would be performed to 

recover the quality of gate-edge oxide, which might be damaged during the gate etch, 

implantation, exposure to the ambient, and resist ashing. However, re-oxidation was not 

applied for our devices with the high−κ dielectrics, since HfO2 is quite permeable to 

oxygen and a re-oxidation can increase the thickness of the interfacial layer 

substantially. Lateral oxidation of the high−κ dielectric can even happen during the 

exposure to the ambient or resist ashing by oxygen plasma [80]. Therefore, a better 

control or modification of standard processes may be required. 
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After the two extension implantations for n and pMOSFETs respectively, a low 

temperature plasma-enhanced chemical vapor deposition (PECVD) oxide, ensuring 

minimum lateral re-oxidation of the gate edge, was deposited and etched back to form 

the spacer. Further improvement could be made by using low temperature Si3N4 as 

spacer or using Si3N4 with a low temperature deposited SiO2 liner serving as an etch 

stop for the Si3N4 etch. 

 

High−κ removal and contamination 
 

HfO2 (and its mixture with Si, N, or Al) has been found to be difficult to etch selectively 

towards SiO2 and Si using conventional etch recipes used in Si processing.  Diluted HF 

at elevated temperatures seems to be viable for accepted selectivity to SiO2 [81].  In this 

thesis, the high−κ films, remained after dry over-etch of the PECVD spacer, were 

removed in a hot bath of H2SO4:H2O2 (5:1). 

 

Another concern with high−κ films or high−κ residuals is the contamination of the 

front-end tools which could result in device failure. High−κ contamination can come 

from chemicals used during wet processing, from DI (de-ionized) water used for 

rinsing, from various reactors, and from cross-contamination of the product wafers. 

However, all these have not been completely characterized yet, to the author’s 

knowledge.  

 

Source and drain activation 
 

In this thesis, in order to keep the gate stack intact and stable, all the high−κ MOSFETs 

underwent an RTP step at 930 oC for 10 s in N2, which is lower than current ITRS 

specification of 1000 oC/10 s. Since there is no need to activate the gate electrodes, the 

RTP can be optimized exclusively for the S/D activation. 

 

Back-end compatibility 
 

The last step in fabrication of the devices after metallization was forming gas annealing 

(FGA) in 10% H2/90% N2 at 400 oC with H2 for 30 min. Hydrogen passivates the Si 
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dangling bonds at the interface. This process is well established for the conventional 

MOSFETs with SiO2 gate dielectric and turns out to be beneficial for transistors with 

high−κ gate dielectric as well. Interestingly, deuterium (D2) post-metal annealing of a 

high−κ gate dielectric has been shown to yield a considerably lower density of interface 

traps and an improved reliability due to the strong deuterium bond compared with 

hydrogen [82]. High temperature (500-600 oC) pre-metallization forming gas annealing 

was also found to be effective in reducing density of interface traps and improving 

MOSFET carrier mobility. 

 

3.5 Effects on interface states, fixed charges, VT, and carrier mobility 
 

Excellent electrical properties of SiO2/Si interface, such as the low density of interface 

trapped charges (Dit, ~1010cm-2eV-1) and fixed charges and the superior stability of VT at 

both DC and high-frequency operations, are the key to the success of the SiO2 as gate 

dielectric for more than four decades. Interface trapped charges are electrons or holes 

trapped in the interface states (interface traps), which are defined as localized states with 

energy in the forbidden energy gap of Si at or very near the Si-dielectric interface. 

Similarly, having such excellent electrical properties is a prerequisite (though it could 

be relaxed to certain extent) for high−κ materials in order to be used as a gate dielectric 

and to be adopted in semiconductor industry. Most of the high−κ/Si stacks reported 

have been shown to be characterized with a density of interface states no less than 

1011cm-2eV-1. The high density of interface states has detrimental effects on carrier 

mobility, subthreshold behavior, and device stability and reliability. In this thesis, a 

TiN/Al2O3/HfAlOx/Al2O3 gate stack deposited on Si after full device processing has 

been shown to give rise to a density of interface states at 3×1011cm-2eV-1 (Paper I). The 

density of interface states (interface traps) has been shown to be a strong function of the 

device fabrication process. Deuterium annealing [82] and high-temperature (500-600 
oC) forming gas annealing [83] are found to effectively reduce the interface traps at the 

high−κ/Si interface.  

 

Specifically, transistors with either Al2O3 or HfO2 gate dielectric have been often 

reported to have a large measured density of fixed charges (>1×1012 cm-2). Al2O3 has 

been found to contain negative fixed charges only, whereas several other high−κ 
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dielectrics such as HfO2 and ZrO2 have been reported to have a possibility to posses 

either positive or negative fixed charges [26]. The origin of the fixed charges for high−κ 

dielectrics has been correlated to the detailed bonding structure of the various cations 

near the Si interface [84]. However, Houssa et al. suggest that the sign and amount of 

fixed charge depend only on the annealing conditions [85].  The sign and density of 

fixed charges are usually extracted from the shift of the flat band voltage (VFB) with 

respect to the ideal work function difference between the metal (or poly) gate and Si 

substrate. The shift of the flat band voltage may arise from a variety of reasons 

including oxide damage associated with gate electrode deposition, or other forms of 

processing treatments such as gate electrode plasma etching. What is more, Fermi-level 

pinning caused by interface dipoles and/or metal induced gap states between metal (or 

poly) gate and high−κ dielectric [35-38, 86,87] may change the effective work function 

of the gate electrodes. This last effect may defeat the validity of the conventional 

approach for calculation of VFB. Further exploration and quantization of fixed charges 

and effective work function of the gate electrodes on high−κ dielectrics are required.  

 

Control of the stability of VT for high−κ dielectrics is of utmost importance as the VT 

and supply voltage continue to scale down. A small variation of VT can result in a large 

deviation of the drain current. It is widely acknowledged that for the SiO2-based gate 

dielectric, a high voltage stress on the gate electrode of MOS devices could change VT, 

in particular at elevated temperatures. The change of VT may be well related to the 

diffusion of hydrogen-related species which is responsible for the generation of trapped 

charges and interface states. It is generally recognized that high−κ dielectrics have a 

significantly larger number of charge traps than in SiO2 and hence suffer more from 

instability of VT. Again, deuterium annealing could improve the change of VT because of 

a lower charge trapping owing to the strong deuterium bond.  Time-dependent shifts in 

VT have been recently reported to be also related to the time of dielectric relaxation 

which is several orders of magnitude higher for amorphous high−κ dielectrics compared 

with SiO2 [88]. The time of dielectric relaxation is defined as the time for a residual 

polarization, created by applied voltage, to remain after the voltage is removed. Hence 

the VT drift has a complicated dependency on the entire bias history of the high−κ 

dielectric, which could call in the question of the usability of high−κ materials as gate 

dielectrics. 
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The transistors with high−κ dielectrics have been widely reported to have lower carrier 

mobilities (both electron and hole) than the universal ones obtained for transistors with 

SiO2 gate oxide. For the transistors with SiO2, it has been observed that there is a 

universal relationship between µeff (for both electrons and holes) and effective field 

(Eeff), which is calculated as 

Si

binv
eff

QQ
E

ε
η )( +

= ,       (3.8) 

where η is a dimensionless fitting constant, Qinv is the inversion charge density, Qb is 

the substrate charge density, and εSi is the dielectric constant of Si substrate. η equal to 

1/2 and 1/3-1/2.5 are generally used for n and pMOSFETs, respectively [89,90,91]. The 

equations for universal mobilities [92] can be express as 
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The effective carrier mobility of MOSFETs with the SiO2 gate dielectric is generally 

categorized into three regions: i.e., the Coulomb scattering region at low Eeff, the 

phonon scattering region at intermediate Eeff, and the surface roughness scattering 

region at high Eeff [90]. For the transistors with high−κ gate dielectrics, the high density 

of trapped charges (due to high density of interface states) and fixed charges degrades 

the carrier mobility especially at low Eeff. Notably, the remote phonon scattering 

(negligible for SiO2 gate dielectric) due to the large ionic polarization in high−κ 

materials has been suggested as another main factor degrading the carrier mobilities 

[93]. To recover the carrier mobility for MOSFETs with high−κ dielectrics, one could 

therefore focus on reduction of trapped/fixed charges [94] and/or remote phonon 

scattering. A metal gate has been reported to be more effective than a poly-Si gate in 

dynamically screening the optical phonons at the high-κ surface, leading to decoupling 
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of them from the channel electrons [95]. As a result, the degradation of electron 

mobility due to remote phonon scattering is mitigated. In this thesis, an enhancement of 

hole mobility with a TiN metal gate is also observed as shown in Figure 3.6; the 

pMOSFET with a TiN/high−κ gate stack exhibits a higher hole mobility (even close to 

Si universal) compared with the pMOSFET with a poly-SiGe/high−κ gate stack. Further 

improvements of carrier mobility (for example, higher than universal ones) can be 

realized by combining high−κ dielectrics with unconventional channel materials such as 

strained-Si for CMOS and strained SiGe for pMOSFET. The combination of ALD 

high−κ dielectrics with strained SiGe substrate will be discussed in next chapter.  
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Figure 3.6. Hole mobility of pMOSFETs with high-κ dielectrics vs. effective electric 

field, in comparison with the universal mobility curve. Data are compiled from Papers I 

and V. 

 

The high density of interface states and therefore trapped charges in the transistors with 

high−κ gate dielectrics not only degrades the carrier mobility but also makes the 

extraction of carrier mobility inaccurate, especially at low electric field region. Carrier 

mobilities are usually extracted using the split-CV method, with 
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and Eeff is defined as in Equation 3.8. Qinv is evaluated by 

∫=
G

FB

V

V
GGGSGinv dVVCVQ )()(        (3.14) 

where CGS is the capacitance between gate and channel. However, the high density of 

trapped charges contributes to the measured CGS through interface trap capacitance (Cit) 

and therefore makes the extracted Qinv inaccurate. The trapped charges (assumed to be 

able to follow the small AC signal in the CV measurement) should be subtracted from 

the measured total Qinv in order to obtain an accurate account of the channel mobile 

charges which contribute to the actual current transport. In Paper VI, The influence of 

trapped charges on the extraction of hole mobility was clearly demonstrated for SiGe 

surface-channel pMOSFETs with high−κ gate dielectrics featuring a density of interface 

states above 1×1012cm-2eV-1. Corrected characteristics of hole mobility vs. effective 

field was obtained after a proper compensation for the trapped charges. 
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Chapter 4.   Strained SiGe p-channel 
 

 

An enhanced hole mobility in pseudomorphic SiGe under biaxial compressive stress has 

been of considerable interest and motivated intensive research efforts in making strained 

SiGe channel pMOSFETs [96-100]. This chapter begins with an overview of the 

properties and epitaxy of strained SiGe on Si. Thereafter, introduction, processing and 

characterization of either buried- or surface-channel strained SiGe pMOSFETs are 

discussed. 

 

4.1 Enhancement of hole mobility in strained SiGe 
 

Structural and electronic properties of unstrained SiGe alloy 
 

Both Si and Ge are group IV elements with a diamond crystallographic structure, 

constituted of two face centered cubic (fcc) matrices displaced by a quarter of the space 

diagonal. Silicon has a lattice parameter of 5.43 Å with a conduction band of six 

equivalent minima near the X-point while Ge shows a lattice constant of 5.66 Å with a 

conduction band of eight equivalent L-point minima [101], as shown in Figure 4.1. 

Silicon and Ge can be alloyed over the whole compositional range without intermediate 

phase, forming an almost ideal binary solid solution [102]. Si1-xGex has the same 

crystallographic structure as Si with a lattice constant linearly varying with the atomic 

composition bounded by those of Si and Ge. Furthermore, Ge incorporation into Si 

leaves the Si band structure intact for Ge concentration up to 85 % [103], but produces a 

significant reduction in the band gap energy as shown in Figure 4.2. At x>0.85, the band 

structure of Si1-xGex becomes Ge-like, The conduction band edge differs only by 0.05 

eV between Si and Ge [104], and therefore the band offset is mainly located at the 

valence band edge for Ge or Si1-xGex. The band gap for Si1-xGex has been approximated 

by [103] 

eVxxxEG )0206.043.0155.1()( 2+−=   for 0<x<0.85   (4.1) 

and 

eVxxEG )27.1010.2()( −=   for 0.85<x<1   (4.2) 
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Figure 4.1. E-k diagrams for (a) Si and (b) Ge. 

 

The exploration of carrier mobility in unstrained Si1-xGex alloy, however, is still in a 

rudimentary state. This is mainly due to problems with the fabrication of Si1-xGex bulk 

crystals with homogeneous Ge content and controlled doping concentration over the 

complete range of x that lead to a significant scatter of experimental data [105]. Recent 

improvements in epitaxy strategies have overcome the problems, but still few 

systematic mobility investigations on relaxed bulk-like Si1-xGex epi-layers over the 

whole x range have been performed to date [106]. Compilations of available electron 

and hole mobilities for unstrained Si1-xGex, which, despite the somewhat questionable 

material quality, show a characteristic U-shaped behavior: the lowest carrier mobility 

occurs at intermediate compositions, with the relative and absolute maxima being 

reached in pure Si and pure Ge, respectively [105]. The degradation of carrier mobilities 

in Si1-xGex is mainly attributed to the additional alloy scattering in the Si1-xGex alloy 

[107]. 

 

Formation and electronic properties of compressively strained SiGe  
 

Although Si1-xGex has an inherently larger lattice constant than Si, epitaxy can be used 

to make possible the growth of coherent Si1-xGex/Si (or Si/Si1-xGex/Si) structures, where 

the in-plane SiGe lattice spacing exactly matches that of Si. As a result, the SiGe lattice 

is distorted from its equilibrium cubic symmetry; it is under a biaxial compression in the 

plane and is elongated in the growth direction − a so-called tetragonal distortion, as 
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Figure 4.2. Comparison between Si and Ge band-diagrams. The valence band edges 

differ by 0.51 eV. The dashed line shows the mid bandgap level of Si of 4.61 eV. 

Energy values after [104]. 

 

shown in Figure 4.3. There are, however, certain limitations on the SiGe thickness. 

Below a certain thickness, i.e. the ‘equilibrium’ critical thickness, the Si1-xGex/Si (or 

Si/Si1-xGex/Si) structure contains few extended crystallographic defects and has 

crystallographic stability at all temperatures below the melting point. Beyond the 

critical thickness, strain relaxation occurs and misfit dislocations are generated. The 

critical thickness has been calculated to be a function of the Ge content in the Si1-xGex 

alloy [108,109]; the higher the Ge content, the lower the critical thickness. Recent 

experimental data demonstrated, however, that the pseudomorphic strained layer can be 

extended to a much higher thickness provided that the material quality is high  [110]. 

High-quality strained Si1-xGex layers can be obtained through optimization of growth 

and processing temperatures.  

 

Strained materials have by definition an elastic energy hidden in the lattice, which can 

be released totally, or partially when this energy is too large, e.g. when the layer 

thickness exceeds the critical thickness. The relaxation of a strained lattice leading to 

minimization of energy may result in creation of misfit dislocations as shown in Figure 

4.3. For thin strained SiGe layers, the relaxation may appear through surface roughening 
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instead of formation of the misfit dislocations [111]. This roughening often appears as a 

sinusoidal perturbation resulting in an increase in surface energy, which balances the 

relaxation.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Schematic presentation of lattice distortion in SiGe/Si system. 

 

For compressively strained Si1-xGex (x<0.85) grown on (100) Si, an energy split occurs. 

The six fold ∆6 valley degeneracy in the conduction band of the Si1-xGex at the X-point 

(Figure 4.1) is replaced by a lowering of the in-plane ∆4 valleys and a rising of the 

perpendicular ∆2 valleys. Electrons therefore preferentially occupy the lower-energy 

valleys (∆4) where the in-plane transport mass is higher. This effect of increase in 

electron mass is however counter-acted by the presence of the energy-splitting ∆E 

which suppresses inter-valley phonon-carrier scattering [100]. In the valence band, the 

degenerate heavy-hole (HH) and light-hole (LH) bands are lifted by the strain. A tensile 

strain in the growth direction shifts the HH band upwards, and modifies its dispersion to 

the LH-like near the Γ-point in the plane perpendicular to the strain direction. At the 

same time, an in-plane compressive strain shifts the LH band up, and modifies its 
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dispersion to be HH-like in the perpendicular direction. A comparison between the 

energy bands for unstrained Si and compressively strained Si1-xGex grown on (100) Si 

substrate is shown in Figure 4.4. An empirical result of the bandgap value for a 

compressively strained Si1-xGex on Si (100) substrate is given by [112]: 

eVxxxEG )396.0896.0107.1()( 2−−=   (x<0.3)    (4.3) 

An enhancement of the hole mobility arising primarily from a reduced effective-mass in 

the top-most valence band (HH) has been the main impetus for making pMOSFET with 

strained Si1-xGex channel. 
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Figure 4.4. Energy diagrams for unstrained Si (left) and compressively strained Si1-xGex 

(x<0.85) (right). 

 

4.2 Strained SiGe pMOSFETs 
 

4.2.1 Epitaxy by RPCVD 
 

Epitaxy is a convenient method to achieve high crystal quality of a grown layer. SiGe 

layers can be grown in a variety of epitaxial reactors, over a wide range of operating 

pressure and temperature. The pressure spans from those of gas-source Molecular Beam 
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Epitaxy (MBE) reactors (with a pressure of 10-10-10-9 Torr), through those of batch type 

Ultra High Vacuum Chemical Vapor Deposition (UHVCVD) reactors (with a pressure 

around 10-4 Torr) and Reduced Pressure Chemical Vapour Deposition (RPCVD) lamp-

heated systems (around 10 Torr), to that of conventional Atmospheric Pressure 

Chemical Vapor Deposition (APCVD). RPCVD presents a good trade-off between 

epitaxy quality and growth rate, which is critical for the industrial application in terms 

of process throughput.   

 

In this thesis, the SiGe epitaxy was performed in an ASM Epsilon 2000 single wafer 

RPCVD reactor. The reactor is divided in three main parts: nitrogen purged load-lock, 

wafer handling and process quartz chamber. The wafers are transferred from the load-

lock to the process chamber onto a SiC coated graphite susceptor by a Bernuli arm. The 

susceptor area is mainly heated by two halogen tungsten lamp banks from the top- and 

down-sides, which enables rapid thermal adjustments in the range of 550-1200 oC. 

Reactant gases connected to the reactor are pure sources of SiH4, SiH2Cl2, HCl, and 

diluted sources of 10% GeH4, 1% SiH3CH3, 1% B2H6, 1% AsH3 and 1% PH3 in H2. H2 

is further used as carrier gas. The reactor pressure during deposition can be varied from 

atmospheric to practically 10 Torr. A scrubber is placed at the exhaust part of the 

processing chamber to neutralize most of the by-products of a reaction. The remaining 

hybrid gases are burned in a burner. 

 

Epitaxy is extremely sensitive to surface contamination, thus a reliable cleaning method 

is crucial in order to obtain a high quality epitaxial layer. In this work, all the substrates 

were chemically cleaned ex-situ, with a first 5-min clean in  H2SO4:H2O2 (2.5:1) above 

80 oC and a subsequent 100 sec clean in H2O:HF(50%):C3H7OH (100:1:1) at room 

temperature. After each cleaning step the wafers were rinsed for 5 min in N2 bubbled DI 

H2O. The wafers were finally spun dried before insertion into the load lock. An in-situ 

cleaning consisting of a 2-min bake at 1050 oC in H2 for blanket wafers and 5-20 min 

bake at 900-950 oC for patterned substrates was used. In this work, the epitaxial SiGe 

layers were grown selectively using SiH2Cl2, GeH4 and HCl at 650 oC. Selective 

epitaxial growth (SEG) of Si or SiGe is a deposition process where a film will only be 

deposited on exposed Si or SiGe area and not on surrounding oxide (LOCOS in this 

work). Inclusion of HCl to the process gases can suppress the formation of nucleation 

sites on the oxide and hence improve the selectivity. However, the presence of HCl will 
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also cause a low deposition rate for the epitaxy. In fact, the HCl flow can be modulated 

to selectively etch the exposed Si areas, which could be attractive for the formation of 

selectively etched and then back-filled source/drain area in the MOSFETs [113]. 

 

4.2.2 Buried-channel with SiO2 gate dielectric  
 

Oxidation of SiGe has been well known to cause problems such as Ge segregation, low 

quality of oxide, and high interface density [114]. Our SiGe pMOSFET fabricated in-

house with a gate dielectric formed by direct thermal oxidation of the SiGe has a large 

subthreshold slope above 300 mV/decade, indicating the presence of an extremely high 

density of interface states. Therefore, the absolute majority of the SiGe pMOSFETs are 

buried-channel type with a Si cap layer [115,116], as shown in Figure 4.5. The Si cap 

guarantees the good quality of the gate oxide, which, as discussed extensively in 

Chapter 3, is of extreme importance for functionality and reliability of the devices. In a 

buried SiGe p-channel MOSFET, the majority of holes in the inverted channel should 

be located in the strained SiGe layer, as shown in Figure 4.6. The enhancement of the 

effective hole mobility for the MOSFETs can therefore be attributed to the strained 

SiGe layer wherein the effective hole mass is reduced and the scattering at the Si/SiGe 

interface is decreased compared with that at the SiO2/Si interface.  The confinement of 

holes in the buried SiGe layer and the consequent reduction of hole scattering make the 

buried SiGe pMOSFETs also very attractive for low-noise applications [117].  

 
Figure 4.5. Schematic cross section of a buried-channel SiGe pMOSFET. 
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Figure 4.6. Energy band diagram for the strained SiGe pMOSFETs in the gate-to-

channel direction, under channel-inversion bias. 

 

Processing the strained SiGe pMOSFETs is similar to processing conventional Si 

MOSFETs except for the selective epitaxy of the Si/SiGe bi-layer. A Si buffer layer is 

usually grown prior to the SiGe growth to improve the epitaxy quality. The Si cap is 

grown on top of the strained SiGe, usually less than 15 nm in order to confine the holes 

inside SiGe layer. Unlike the relatively easy 2-D growth of a strained SiGe layer on Si, 

the Si growth on strained SiGe has been proven to be much more difficult because Si 

has a higher surface energy than either Ge or SiGe. As a result, Si deposition on the 

surface of Ge or of a SiGe alloy can lead to segregation of Ge to the surface so as to 

lower the surface energy [118-120], or minimization of the stress in subsurface layers 

[121], or formation of three-dimensional Si islands [122]. However, even the growth of 

SiGe on Si could become problematic when the Ge content is too high. An example of 

Si cap and strained SiGe epitaxy used for fabrication of Si0.7Ge0.3 (nominal 

composition) buried-channel pMOSFETs is shown in Figure 4.7. A sinusoidal shape of 

the channel surface is observed after full device processing. Within the resolution of the 

TEM image, the “bumps” seem to be, though remain to be confirmed, composed of Si 

and SiGe, indicating that surface roughening occurs for both Si and SiGe layers. 

Interestingly, the Si0.7Ge0.3 buried-channel pMOSFET still exhibits enhancement in hole 

mobility [123,124], in spite of a possible partial strain relaxation of the SiGe layer. 

 

Besides the difficulties in the growth of a Si cap, the buried channel SiGe pMOSFETs 

have other drawbacks in terms of device operation. The Si cap layer tends to act as a 
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Figure 4.7. TEM image of a fabricated pMOSFET with a sinusoidal shape buried 

Si0.7Ge0.3 (nominal) channel [124]. 

 

low-mobility parasitic channel under high gate voltages, which degrades the overall 

effective mobility of the channel and therefore limits the operation window in terms of 

gate bias. The Si cap also equivalently increases the EOT of the gate dielectric, which is 

difficult to scale and sets limitation for the downscaling of the buried-channel 

pMOSFETs into deep sub-100 nm technology nodes. Ultimately, the Si cap should be 

zero in thickness.  

 

4.2.3 Surface-channel with high−κ gate dielectrics  

 

The rapid progress in using high−κ dielectrics for Si MOSFETs has also opened the 

opportunity for making surface-channel SiGe MOSFETs. The problematic thermal 

oxidation of SiGe can be avoided by using high−κ dielectrics deposited at low 

temperatures. Therefore, the use of Si cap is not a necessity and surface-channel SiGe 

MOSFETs can be made with a high−κ gate dielectric. This became the motivation for 

our work, as presented in Papers I-IV. We have studied in these papers how to integrate 

ALD high−κ dielectrics and ALD TiN or LPCVD poly-SiGe gate electrodes with the 

strained SiGe present at the substrate surface. 
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The surface-channel SiGe MOSFETs with a high−κ dielectric are found to be free from 

the drawbacks in terms of device operations due to the use of a Si cap layer. 

Furthermore, a smooth channel surface can be obtained, as shown in Figure 4.8.  

 

 
Figure 4.8. TEM image of a fabricated pMOSFET with a surface Si0.7Ge0.3 (nominal) 

channel. 

 

However, the high−κ/SiGe interface is characterized with a much higher density of 

interface traps compared with the high−κ/Si one. The high density of interface traps 

degrades the carrier mobility due to Coloumb scattering and therefore the device 

electrical operation. In spite of the degradation of mobility by the high density of 

interface traps, an enhanced hole mobility above Si universal can be still obtained 

especially at high electrical field due to the effects of strained SiGe. Detailed results are 

shown in Papers I-IV. 

 

50 nm 

Strained SiGe 

Poly- SiGe 

Ni(Si,Ge) 

High-κ 

Ni(Si,Ge) 



Chapter 5.  Notched-gate architecture  Dongping Wu 
_____________________________________________________________________________ 
 

 49

 
Chapter 5.   Notched-gate architecture 

 

 

As the down scaling is to continue beyond the 90-nm technology node, the parasitic 

capacitances become increasing comparable to the intrinsic ones which scale almost 

linearly with the gate length. The parasitic capacitances have almost no effect on CMOS 

static characteristics such as drive current and transconductance. However, they degrade 

the CMOS dynamic characteristics such as fT, fMAX, and gate delay. Remedies aiming at 

reduction of the parasitic capacitances have been sought in order to also achieve the 

desired gains in dynamic characteristics which are anticipated from the device scaling. 

Notched-gate technology has been shown to be a viable solution [125-127].  

 

The purpose of this chapter is to give a brief overview about how the notched-gate 

technology can lead to reduction of the parasitic capacitances and improvement of the 

dynamic characteristics. How the notched-gate can be implemented in future CMOS 

with high−κ/metal gate stack is then demonstrated. The simulation and experimental 

results are presented in Papers VII and VIII, respectively. 

 

5.1 Reduction of parasitic capacitances with a notched gate 
 

Parasitic capacitance components 
 
A schematic diagram summarizing the various capacitance components at the drain side 

of a MOSFET is shown in Figure. 5.1. In addition to the intrinsic capacitance CG, there 

are several parasitic capacitances: junction capacitance (Cj) between the source/drain 

and the substrate, and overlap (Cov) and fringing capacitances (Cfr) between the gate and 

source/drain region. The junction capacitance is of linear dependency on the 

source/drain diffusion width which scales with MOSFET downscaling. Therefore, the 

junction capacitance tends to scale with MOSFET dimensions. On the other hand, the 

unit-area junction capacitance, almost linearly dependent on square root of the substrate 

doping concentration, will increase since the substrate doping concentration will scale 

up as the MOSFET dimensions scale down (Table 2.1). As a result, the junction 

capacitance scales at a lower rate compared with the MOSFET dimensions. Using SOI 
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Figure 5.1 Schematic diagram showing the components of parasitic capacitances of 

MOSFETs at the drain side. 

 

substrate will greatly reduce the junction capacitance because the unit-area junction 

capacitance is then solely determined by the buried oxide thickness.  

 

The fringing capacitances between the gate and source/drain consist of three 

components: top fringe (Cfr_top), side fringe (Cfr_side), and inner fringe (Cfr_inner). These 

three components can be approximately calculated according to [128,129] 
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In the equations, tox is the gate oxide thickness, tgate the gate electrode thickness, LG the 

gate length, WG the gate width, and xj the source/drain junction depth. Even though 

Cfr_inner is generally larger than Cfr_side due to the higher dielectric constant of Si, it is 
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present only when VG<VT at which the region under the gate is depleted. Cfr_top is, as 

seen, a sub-linear function of the gate length. As tgate decreases, Cfr_side decreases, 

whereas Cfr_top increases. 

 

The overlap capacitance can be simply expressed as 

ox

ovGox
oxovGov t

lWClWC ε
==        (5.4) 

where lov is the length of the source/drain region under the gate, which is mainly 

determined by the source/drain extension due to dopant implantation and diffusion 

during thermal treatments. In modern device fabrication, the diffusion of the dopants in 

the source/drain extension is primarily governed by an RTP step required to activate the 

gate and source/drain dopants. Neither the temperature nor the time span of the RTP 

step, however, can be easily reduced. As a consequence, lov, Cov, and therefore the entire 

parasitic capacitance are scaled less rapidly than the gate length and the gate dielectric 

thickness. Thus, the parasitic capacitance becomes increasingly an obstacle to achieve 

the desired high frequency performance expected from downscaled MOSFET with 

reduced intrinsic capacitance and resistance.  

 

Figure 5.2 shows how CG, 2Cov and Ctot_para (=2Cov+2Cfr_top+2Cfr_side, total parasitic 

capacitance) evolve with gate length calculated for assumed MOSFETs of HP 130-nm, 

90-nm, and 65-nm technology nodes. The values of LG, tox, tgate, and xj for the 

corresponding MOSFETs are chosen with reference to the specifications in the 2001 

and 2003 ITRS updates. For simplicity, lov is assumed to be 60 % of xj, and the poly-

depletion effect, which is equivalent to increasing tox, has not been taken into account. 

As seen, 2Cov and Ctot_para decrease less rapidly than CG when the device dimensions are 

downscaled. Figure 5.3 shows the calculated CG, 2Cov and Ctot_para for assumed 

MOSFETs bearing resemblance to the fabricated devices in Paper VIII. Here, the values 

of tox, tgate, and lov are fixed and chosen as 2, 120, and 15 nm, respectively. In both 

calculations, as the gate length shrinks, 2Cov becomes a main part of Ctot_para and Ctot_para 

becomes comparable to CG. Reduction of the parasitic capacitance is therefore of urgent 

importance for transistors with small gate length. It can be realized through decreasing 

the overlap capacitance. 
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Figure 5.2. Calculated gate capacitance, total parasitic capacitances, and overlap 

capacitance vs. gate length for assumed MOSFETs of HP 130-nm, 90-nm, and 65-nm 

technology nodes. 
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Figure 5.3. Calculated gate capacitance, total parasitic capacitances, and overlap 

capacitance vs. gate length for assumed MOSFETs bearing resemblance to the 

fabricated devices in Paper VIII. 
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Reduction of overlap capacitances using a notched gate 
 

A nonoverlapped structure, i.e. with the extension region implanted after the formation 

of an offset spacer, has been shown to effectively reduce Cov [130]. However, this 

scheme leads to an increase in the effective gate length. On the contrary, a notched-gate 

structure, as shown in Figure. 5.4, not only can reduce the overlap capacitance, but also 

can result in a reduced effective gate length provided that a proper source/drain 

implantation is performed. In fact, notched-gate technology has been recently used to 

fabricate transistors with an ultra-small gate length below 10 nm [131]. With a notched 

gate, Cfr_side is also decreased, in addition to the reduction of Cov. As a result, the total 

parasitic capacitances are reduced substantially, as shown in Figure 5.4. In Paper VII, a 

notched gate was shown to effectively reduce the parasitic capacitances using 2-D 

numerical simulations. The influences of a notched gate on static and dynamic 

characteristics of MOSFETs were also thoroughly studied. 

 

Drain

Gate

Notch

Cov

 
Figure 5.4. Schematic diagram showing the notched gate which reduces the overlap 

capacitances of MOSFETs at the drain side. 

 

5.2 Integration of notched gate with high−κ/metal gate stack 
 

Two approaches have been reported to create a notched gate with SiO2 gate dielectric. 

One is to use a Si/SiGe bi-layer as the gate electrode [126]. The Si/SiGe gate was first 

patterned using conventional poly-Si reactive ion etching (RIE). A subsequent isotropic 

dry etch was then applied to selectively etch the bottom SiGe layer, leaving the poly-Si 
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and SiO2 intact and thus forming the notch profile at the two feet of the gate as shown in 

Figure 5.4. The other uses a W/TiN metal bi-layer as the gate electrode [127]. The W 

and TiN were etched separately, with RIE for the W and an isotropic wet etch for the 

TiN. The TiN wet etch had a high selectivity to the W and oxide, thus generating the 

notch profile in Figure 5.4. Along the same line, we attempted in this thesis to make a 

notched gate with the integration of high−κ and metal gate. The metal used was ALD 

TiN, ensuring a minimum damage to the high−κ layer as discussed earlier. Using ALD 

also leads to superior thickness controllability. To create the notch, a p+ poly-

Si0.7Ge0.3/TiN bi-layer was employed as the gate electrode. The TiN has been measured 

to have a work function of ~5.0 eV (Papers I and II), which is similar to that of the p+ 

poly-Si0.7Ge0.3 layer. The p+ poly-SiGe layer was etched in a conventional poly-Si 

etcher and the TiN was subsequently wet etched in a hot batch of H2SO4:H2O2 of 4:1. 

This etchant is selective to the p+ poly-SiGe layer and has a low etch rate of ALD HfO2. 

The notch was therefore formed with the notch height determined by the ALD TiN 

thickness and the width controlled by the wet etch of the TiN layer. The process flow 

for making the notched TiN gate in our work is shown in Figure 5.5. This process 

integration scheme has also a great potential to be used for integration of high−κ/metal 

gate stack for future CMOS technology since it avoids the possible damage to the high-

κ layer during the plasma dry etch of the metal gate. 

 

It is of utmost importance to obtain a reasonably low etch rate of the ALD TiN layer 

with a good selectivity towards the SiGe atop and the high−κ layer beneath, in order to 

ensure a good control of the notch dimensions and least damage to the high−κ 

dielectric. Solvents such as NH4OH:H2O2:H2O of 1:2:5, HCl:HNO3:HF of 15:5:1, and 

H2SO4:H2O2 of 4:1 are known to etch TiN films. In this work, hot H2SO4:H2O was used 

because it is a common wafer-cleaning solvent in our clean-room laboratory and has a 

good selectivity towards SiO2 and Si. However, the lack of ALD TiN samples forced us 

to use PVD TiN instead to calibrate the etch rate of TiN by hot H2SO4:H2O.  
 

At 80 oC, the etch rate of PVD TiN was found to be around 150 Å/min. The etch rates 

of the HfO2 and Al2O3, and HfAlOx, measured on blanket wafers by ellipsometry, were 

below 10 Å/min. The accuracy of the calibrated etch rates for the high−κ films was 

however impaired by two facts: the uncertain dielectric constant and the small 
 



Chapter 5.  Notched-gate architecture  Dongping Wu 
_____________________________________________________________________________ 
 

 55

(a) LOCOS, well implant, deposition of 
high-κ, TiN, SiGe and TEOS, gate 
lithography and TEOS dry etch. 
 

(b) Poly-SiGe dry etch. 

 

 

(c) ALD TiN wet etch, extension implant. 
 

(d) Spacer formation, high-κ removal, 
deep implant, etc. 

 

Figure 5.5. Schematic process flow for fabricating a notched gate with an ALD 

TiN/high−κ gate stack.  

 

thickness (below 5 nm) of the films. What is more, the etch rates of the high−κ films 

and of the ALD TiN might further change since they had undergone different thermal 

processing steps during device processing. The final notched gate fabricated were 

shown and discussed in Paper VIII. Without surprise, the notch width, determined by 

the wet etch of the ALD TiN layer, was substantially larger than what was obtained 

from the calibrated PVD samples. Further process optimization for the wet etch of the 

ALD TiN layer and high−κ films is highly desired. 
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Chapter 6.   Summary and future perspectives 

 

 

As CMOS technology moves beyond the 65-nm technology node in 2007, 

unconventional materials for the gate stack and channel as well as novel transistor 

architectures are needed in order to assist further downscaling and to maintain the 

performance gain expected from the device scaling.  This thesis examines a novel gate 

stack with ALD high-κ dielectric and metal or poly-SiGe gate electrode, a 

compressively strained SiGe p-channel, and a notched-gate architecture. The essence of 

the thesis is the process integrations for advanced CMOS with the above-mentioned 

novel materials and architecture. The studies, which are both experimental and 

theoretical, are performed on full MOSFETs fabricated in our clean-room laboratory.  

 

A considerable part of the novel gate stack investigations deals with the high-κ gate 

dielectrics, which are expected to replace the conventional thermal SiO2 beyond the 65-

nm technology node. Various aspects of the high-κ dielectrics such as material 

properties, deposition techniques and surface pre-treatments, as well as their 

implications at device and circuit levels are discussed. The gate electrodes investigated 

include TiN metal gate and poly-SiGe gate. These studies lead to exploration of process 

integration issues for MOSFETs with high-κ gate dielectric and TiN or poly-SiGe gate 

electrodes. 

 

Hole mobility enhancements in compressively strained SiGe are studied experimentally. 

Surface-channel strained SiGe pMOSFETs with ALD high-κ dielectrics are 

successfully fabricated and characterized. The strained SiGe channel is found to yield a 

higher hole mobility compared with the conventional unstrained Si, despite of certain 

mobility degradation caused by the use of high-κ dielectrics. A comparison between the 

buried- and surface-channel SiGe pMOSFETs is made in terms of process integration 

and device operation.  

 

The notched-gate technology, which has a potential for ultra-small gate lengths, is 

studied as a means to attain, through reduction of the parasitic capacitance, the dynamic 

performance gain expected from the continuous MOSFET scaling. The notched-gate 



Novel concepts for advanced CMOS: Materials, process and device architecture 
_____________________________________________________________________________ 
 

 58 

architecture is theoretically studied and experimentally implemented with the 

integration of high-κ gate dielectric and TiN metal gate. In detail, the notched gate is 

formed by a combination of plasma dry etch and subsequent selective wet etch of a 

poly-Si0.7Ge0.3/TiN bi-layer gate electrode stack. 

 

As the CMOS scaling is pushed towards the ultimate physical and geometrical limits, 

future MOSFETs may assume an ideal architecture with a high-κ gate dielectric, an all-

around metal gate and a high-mobility nano-scale alternative channel. The high-κ/all-

around metal gate would be used to guarantee the ultimate scaling and the alternative 

channel to attain the best achievable performance out of the device scaling. As the 

intrinsic resistance and capacitance scale with the MOSFET dimensions, techniques or 

device architectures to reduce the parasitic resistance and capacitance are also becoming 

increasingly vital. 
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Appendix A.     Properties of Si and Ge 
 

 Si Ge 
Atoms/cm3   5.0×1022   4.42×1022   
Atomic weight   28.09   72.60   
Breakdown field (V/cm)   ~3×105   ~1×105   
Crystal structure   Diamond  Diamond  
Density (g/cm3)   2.328  5.3267  
Dielectic constant   11.9   16.0  
Nc (cm-3)   2.8×1019  1.04×1019  
Nv (cm-3)   1.04×1019   6.0×1018  
Effective mass, m*/m0   
  Electrons  
               m*l  
               m*t  
  Holes   
               m*lh   
               m*hh   

 
 
0.98  
0.19  
 
0.16   
0.49   

 
 
1.64  
0.082  
 
0.044   
0.28  

Electron affinity, χ(eV)   4.05   4.0   
Energy gap (eV) at 300 K   1.12   0.66   
Intrinisic carrier conc. (cm-3)   1.45×1010   2.4×1013   
Intrinsic Debye length (µm)   24  0.68  
Intrinsic resistivity (Ω-cm)   2.3×105   47   
Lattice constant (Å)   5.43095   5.64613  
Linear coefficient of thermal   
expansion,  (∆L/L)/∆T(oC-1)   2.6×10-6   5.8×10-6   

Melting point (oC)   1415   937   
Minority carrier lifetime (s)   2.5×10-3   1×10-3   

Mobility (drift)  (cm2V-1s-1)   
 
1500  (electron) 
450  (hole) 

 
3900  (electron) 
1900  (hole) 

Optical-phonon energy (eV)   0.063   0.037   

Phonon mean free path (Å)   76(electron)  
55(hole)  105  

Specific heat (Jg-1oC-1)   0.7  0.31  
Thermal conductivity (Wcm-1oC-1)  1.5   0.6  
Thermal diffusivity (cm2s-1)   0.9   0.36   

Vapor pressure (Pa)   1 at 1650 oC   
1×10-6 at 900 oC   

1 at 1330 oC   
1×10-6 at 760 oC   
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Appendix B.     Metal work functions and conduction barrier 
heights* 

 
 

Metal/dielectric 
 

Work function 
(eV) 

 

Barrier height 
(eV) 

 

Measurement method 

Mg 3.66  Photoelectric effect 
Mg/Al2O3 3.6 2.6 Internal photoemission 
Mg/SiO2 3.45 2.5 Internal photoemission 
Mg/ZrO2 4.15 2.6 Internal photoemission 

Ta 4.25  Thermionic emission 
Ta/SiO2 4.2  MOS capacitor VFB 

Al 4.28   
Al/Al2O3 3.9 2.9 Internal photoemission 
Al/SiO2 4.14  MOS capacitor VFB 
Al/Si3N4 4.06  MOS capacitor VFB 
Al/ZrO2 4.25 2.7 Internal photoemission 

W 4.63  Field emission 
W/SiO2 4.6-4.7 3.65-3.75 Fowler-Nordheim tunneling 

Mo (110) 4.95  Photoelectric effect 
Mo/SiO2 5.05  MOS capacitor VFB 
Mo/Si3N4 4.76  MOS capacitor VFB 
Mo/HfO2 4.95  MOS capacitor VFB 

Pt 5.65  Photoelectric effect 
Pt/SiO2 5.59  MOS capacitor VFB 
Pt/HfO2 5.23  MOS capacitor VFB 
Pt/ZrO2 5.05  MOS capacitor VFB 

Ni (110) 5.04  Photoelectric effect 
Ni/Al2O3 4.5 3.5 Internal photoemission 
Ni/ZrO2 4.75 3.25 Internal photoemission 

Au 5.31-5.47  Photoelectric effect 
Au/Al2O3 5.1 4.1 Internal photoemission 
Au/ZrO2 5.05 3.5 Internal photoemission 

Hf 3.95  Photoelectric effect 
Hf/SiO2 4.0  MOS capacitor VFB 

 

* Experimental data on metal work functions and conduction band barrier heights at various 

metal-dielectric interfaces. Data from [37] and references therein.  
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