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Aggressive scaling required to augment device performance has caused
conventional electrode materials to approach their physical scaling limits. Alternative
metal gate/high dielectric constant (MG/High-κ) stacks have been implemented
successfully in commercial devices and hold promise for further scaling based
performance advances. Existing MG/High-κ technology does not achieve a single metal
n-MOS to p-MOS effective work function (EWF) tuning range suitable for bulk silicon
(Si) device applications. Dual metal gates (DMGs) utilizing a separate metal for n-MOS
and p-MOS electrodes increases the cost and complexity of fabrication.
The research presented herein introduces a method by which the cost and
complexity of MG/High-κ device fabrication may be reduced. Innovative fin field effect
vi

transistors (FinFETs) incorporating 3 dimensional ultra thin body silicon on oxide (3-D
UTB-SOI) technology display superior electrical characteristics compared to bulk Si
devices at the nanometer (nm) dimension and require only a +/-200meV n-MOS to pMOS EWF tuning range around the Si mid-gap. Single metals capable of achieving this
+/-200meV EWF tuning range have been evaluated herein and the tuning mechanisms
investigated and engineered to develop a single MG/High-κ FinFET the fabrication
complexity of which is reduced by 40%.
More specifically, the research shows that the metal thickness of titanium
nitride/hafnium silicon oxide (TiN/HfSiOx) gate stack may be engineered to achieve an nMOS (thinner TiN) to p-MOS (thicker TiN) appropriate FinFET EWF tuning range.
FinFETs may be fabricated by depositing a single p-MOS appropriate TiN thickness
which may be selectively etched back to achieve thinner, n-MOS appropriate films.
Similar electrical behavior is exhibited by etched back and as deposited TiN electrode
FinFETs. The single metal etch back fabrication method removes many of the additional
steps required for DMG fabrication and preserves the integrity of the MG/High-κ
interface between n-MOS and p-MOS devices.

These advantages result in reduced

fabrication complexity and improved reliability and reproducibility.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
1.1 METAL OXIDE SEMICONDUCTOR FIELD EFFECT TRANSISTOR (MOSFET)
SCALING: A DEVELOPING CHALLENGE FOR CONVENTIONAL MOSFET
TECHNOLOGY
The electronics industry has relied upon scaling to increase computational power
and enhance product performance by concentrating more logic devices in a smaller area.
G.E. Moore recognized this trend in 1965, noting that improvements in device design and
processing result in a 40% performance increase and a doubling in circuit density
approximately every two years [1]. Dubbed Moore’s Law, this dimension scaling rate
has become a central component of the International Technology Roadmap for
Semiconductors (ITRS), a tool for technology assessment [2, 3, 4 at p.469].
Conventional materials used in device fabrication are reaching their fundamental
scaling limits. Although strain engineering [5-11], innovative geometries [12-15], and
novel device structures [3, 13] are being implemented to extend feasibility, conventional
materials are not expected to remain viable at dimensions beyond 22nm [2, 3].
Alternative gate stack materials able to enhance performance at existing dimensions and
to provide opportunities for future scaling are being investigated to replace the
conventional polysilicon gate and silicon dioxide dielectric (poly-Si/SiO2) electrode stack
[3, 16, 17]. Figure 1.1 is a timeline of demonstrated and expected performance advances
in devices incorporating conventional as well as alternative materials and device
structures.
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Figure 1.1: Developments in conventional and alternative device materials and structures
implemented to maintain expected scaling and performance goals [from 13]
The first metal gate/high-κ dielectric (MG/High-κ) alternative gate stacks were
successfully introduced in 2008 and remain central to emerging scaling technology [17,
18]. MG/High-κ gate stacks tend to be costly and complex to fabricate; efforts are
proceeding to enhance cost effectiveness and simplicity.
1.1.1 Conventional Device Structures
Figure 1.2 illustrates a conventional planar bulk MOSFET structure consisting of
a lightly doped n-type or p-type silicon (Si) substrate and heavily doped source (S) and
drain (D) wells. Current flow through a channel volume formed within the first few
nanometers of the substrate between S and D may be regulated by applying voltage to a
gate electrode fabricated above the channel [4 at p. 438, 19 at p. 257]. The gate electrode
includes a metal or metal-like gate material separated from the channel by an insulating
dielectric layer which passivates surface states at the dielectric/substrate interface and
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establishes a high input impedance. In conventional MOSFETs, the electrode consists of
a poly-Si gate separated from the channel by an SiO2 insulator.

Figure 1.2: Conventional planar MOSFET structure
Channel length is an important scaling parameter affecting threshold voltage (Vth)
stability, mobility, and drive current [4 at pp. 315 and 469, 19 at p. 313, 20, 21]. At the
45nm dimension and beyond, the dielectric equivalent oxide thickness (EOT) must be
less than 1nm in thickness to effectively control the channel and achieve target
performance [3, 13, 22].

SiO2 dielectrics encounter unacceptable gate leakage and

reliability issues as the EOT thickness approaches values less than 1nm [13].
1.1.2 Poly-Si gate on SiO2 Dielectric: Characteristics
Historically, poly-Si/SiO2 gate stacks have proven exceptionally well suited for
MOSFET applications. Among the advantages of SiO2 dielectrics:
•

SiO2 is an abundant and robust material easily produced at reasonable cost,

•

SiO2 affords excellent thickness control during oxide growth and produces a
highly pure film incorporating few trapped charges and defects,

•

affinity between SiO2 and the Si substrate results in an abrupt interface
minimizing interface defects and enhancing electrical stability and performance,

•

SiO2 remains amorphous during high temperature processing, evading grain
boundary current leakage plaguing crystallized interfaces.
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The exemplary characteristics of SiO2 dielectrics result in outstanding device reliability
and performance [3, 24 at p. 149].
During the 1980’s, poly-Si replaced aluminium (Al) gates to facilitate the selfaligned S/D technology implemented to ensure gate overlap with the S/D regions [19 at
p. 294]. The overlap reduces scaling induced short channel effects (SCEs). Among the
advantages of poly-Si:
•

poly-Si withstands the high temperature anneals inherent in MOSFET fabrication
processes,

•

dopant concentration determines poly-Si’s metallicity; tight Vth control may be
easily engineered through gate and/or channel doping even as dimensions scale
[19 at p. 433].

Less advantageous poly-Si characteristics include poly-depletion related parasitic series
capacitance, high sheet resistance, and Fermi level pinning caused by p-type dopant
migration into the dielectric.

These effects have begun to severely degrade device

performance as increased scaling deteriorates the robustness of the SiO2 dielectric [3].
1.1.3 Scaling
Scaling channel length enhances transistor drive current and response time by
increasing channel control and reducing carrier travel distance, respectively [4 at p. 486].
Dielectric thickness, among other device dimensions, must linearly scale with the channel
to maintain constant voltage and electric field effects which ensure appropriate device
performance [25]. Vth, the minimum gate voltage required to induce channel formation,
must be carefully engineered to accommodate power supply margins [19 at p.257].
Vth is determined from the flat band voltage (Vfb), dielectric capacitance, charge,
and channel doping. Vfb is the voltage which must be applied to the gate to remove band
bending and is related to the difference in work function (WF) potential between the MG
and the substrate (Φms). Φms may be engineered to determine Vfb, and thereby control Vth,
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by adjusting the substrate doping, reducing interface charge, or adjusting oxide thickness
and/or dielectric constant [3, 19 at p. 272, 26, 27, 28].
Drain current (ID) is determined by the relationship between channel width (W),
channel length (L), channel carrier mobility (µ), gate dielectric capacitance density of the
inverted channel (Cinv), gate voltage (VG), drain Voltage (VD) and Vth according to the
gradual channel approximation:
ID =

V 
W

µC inv VG − Vth − D VD
L
2 

(1).

The maximum saturation current is determined when VD is equal to VG – Vth:

I D ,sat

(VG − Vth )
W
= L µC inv
2

2

(2).

Reducing channel length and/or increasing capacitance will increase ID. At very short
channel lengths, equations (1) and (2) must be adjusted to capture quantum effects [3, 19
at p. 313].
Maintaining a constant voltage with channel scaling requires that COX also be
scaled [4 at p.471, 20, 28]. As the channel length decreases, charge sharing between S,
D, and gate causes Vth lowering SCEs [19 at p.313].

Concomitant gate oxide scaling

increases capacitance and improves gate control of the channel while maintaining Vth [3,
13, 29].

The general scaling factor for channel length, channel width, and oxide

thickness is approximately .7 per device generation in order to maintain a constant
channel resistance [3].
Effective scaling requires balancing interests in high performance with competing
interests in power efficiency. Low standby power (LSTP) and low operating power
(LOP) devices are less heavily scaled than high performance (HP) devices [30, 23 at p.
45]. Although LSTP and LOP devices are more power efficient and extend battery life,
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they have a higher Vth, respond more slowly, and are impractical for complex, high-speed
applications [3, 30, 23 at p. 45]. Most products, particularly those developed for portable
applications, incorporate integrated circuits (ICs) supporting multiple Vth which reduce
power consumption by activating HP lines only when required [4 at p.486, 19 at p.241,
23 at p. 45]. As dimensions continue to scale, gate leakage and SCEs become a detriment
for LOP as well as HP structures [3, 13].
1.1.4 Detrimental Effects on Device Performance of Gate Oxide Scaling in
Conventional Poly-Si/SiO2 Devices
An SiO2 dielectric 1.5nm thick comprises only 5 atomic layers; at less than 1nm,
the SiO2 dielectric is approximately 3 atomic layers thick [2, 26, 30, 31]. Direct gate
tunneling replaces Fowler-Nordheim tunneling (F-Nt) at such narrow SiO2 thickness; the
gate leakage increases exponentially with continued scaling, deleteriously degrading both
stand-by power and reliability [16, 32]. The 16nm and 11nm dimension devices the
ITRS predicts will be introduced by 2018 and 2022, respectively, are well beyond the
capacity of SiO2 to achieve [2].
As the SiO2 dielectric thickness scales, the poly-depletion effect in conventional
devices increases. A parasitic series capacitance occurs which decreases total gate
capacitance, increases both drive current and transconductance (gm), and impedes
dielectric scaling by inducing a thicker EOT [33, 34]. Increased poly-Si doping reduces
depletion capacitance; however, there is a doping limit of approximately 1021/cm-3
beyond which device behavior deteriorates [26]. Boron (B) in p-MOS poly-Si gates more
easily migrates through highly scaled SiO2 into the channel. Increased charge at the
SiO2/substrate interface causes an unintended Vth shift and Fermi level pinning [3, 26].
Resultant devices lack reliability and are unable to achieve suitable electrical
characteristics.

6

1.1.5 Resolving the Scaling Dilemma: Adapting Conventional Materials and
Introducing Innovative Structures and Materials
Industrial fabrication standards have developed around conventional dielectric
stacks.

The inherent advantages of these stacks and their central role in existing

fabrication technology have spurred research intended to sustain poly-Si and SiO2 beyond
the 32nm dimension [3, 13]. Innovative software engineering, structural design, packing,
and materials engineering have all been implemented to achieve equivalent performance
improvement and response time without physical scaling [12, 13, 14]. These methods
exploit conventional fabrication equipment and methods to limit costs required to
otherwise modify or redesign fabrication facilities to accommodate alternative stack
materials [13].
Pipelining and parallelism have been implemented to increase data throughput
[13]. Logic functions have been designed to implement more efficient, use-specific
methods and structures such as carry look ahead, ripple carry, synchronous/asynchronous
circuit design, and pass gate/normal gate topologies. Shift register frequency and SRAM
layout have also been independently exploited to obtain 45nm performance expectations
at 65nm [24 at p.45].
Gate and body bias optimization for LOP and HP interoperation reduce leakage
and dynamic power by as much as 90% and 50%, respectfully [35]; stacked transistor
layouts are also credited with leakage reduction [36].

Silicon on Insulator (SOI)

technology has been introduced to reduce leakage currents by improving gate insulation
[3, 37-41]. Multigate FETs (MugFETs) more effectively control channel current and are
particularly useful when implemented in 3 dimensional fully depleted SOI (FD-SOI) and
partially depleted SOI (PD-SOI) fin field effect transistors (FinFETs) [20, 37, 41-44].
Improvements in response time achieved through scaling have been reproduced
utilizing denser wiring, shorter interconnects, and less resistant interconnect metals [13].
7

Strain engineering has also been developed to enhance mobility by increasing carrier
concentration and reducing scattering and resistance within the channel [5, 6, 10].
Response time has been observed to increase by 35% without affecting power
consumption in strained Si channels [5].
Channel materials having intrinsic high carrier concentrations are being studied as
alternatives to doped Si. Germanium (Ge), the material from which the first transistor
and IC were demonstrated, is being reconsidered due to its high carrier concentration and
mobility despite integration concerns [3, 13, 45-48]. Silicon Germanium (SiGe) and IIIV materials are also promising channel options [13, 49-51].
1.2 ALTERNATIVE: THE METAL GATE/HIGH-κ DIELECTRIC ELECTRODE
Despite the performance advances continuing to be achieved with conventional
electrodes, alternative gate stack materials will be necessary to maintain long term
scaling. Investigation of High-κ dielectrics capable of producing reliable devices, high
yield, and enhanced performance at low power began in the mid-1990’s [13, 44]. The
first commercially available processors incorporating MG/High-κ were introduced in
2007 for 45nm dimension devices. Similarly fabricated electrodes will be introduced for
the 32nm dimension in 2009 [52].

Exhaustive research was required to establish

appropriate electrode composition and to understand the materials interactions and WF
tuning mechanisms which may be engineered to optimize the electrical behavior
observed.
1.2.1 High-κ Development
The relationship between capacitance, physical thickness, and dielectric constant
is represented by:
C OX =

ε 0κ
T phys
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(3)

In this equation, COX is the gate capacitance, ε 0 is the vacuum permittivity (a constant
equal to 8.85x10-12 F/m), κ is the insulator dielectric constant (3.9 for SiO2), and Tphys is
the insulator physical thickness. COX may be increased either by reducing the oxide
physical thickness or by increasing the insulator’s dielectric constant.
Comparison of the COX of SiO2 and alternative dielectrics using (3) results in a
relationship providing the advantage achieved under ideal circumstances when a higher κ
dielectric is used:
t eq =

t high −κ κ OX

κ high −κ

(4)

In this formula, teq is the thickness of the equivalent SiO2 layer, tOX is the thickness of the

κ
SiO2 layer, κ OX is the dielectric constant of SiO2 and high −κ is the dielectric constant of
the alternative material. High-κ insulators achieve the same EOT for a specific capacitive
value at a greater physical thickness than SiO2 [53]. This greater physical thickness
eliminates/reduces gate leakage current and provides the opportunity for further scaling.
The dielectric/substrate and gate/dielectric interfaces must be considered when
determining the total capacitance of alternative electrodes [26]. Interface interactions may
cause capacitance to vary greatly from that expected for an insulator with abrupt gate and
substrate interfaces. If the interface is not abrupt or if migration into or through the
dielectric occurs at either interface, the full advantage of the higher κ may be lost [3, 13,
26, 30].
Initially, small increases in dielectric constant between 3.9 and 7 were achieved
by incorporating nitrogen (N) into SiO2 to form oxynitrides such as SiOxNy [3, 13, 54].
Binary compounds and ternary oxides are materials of interest capable of achieving even
higher κ [3, 55, 56].

High-κ dielectrics incorporating hafnium (Hf), titanium (Ti),

tantalum (Ta), strontium (Sr), aluminium (Al), and/or their oxides have a much larger
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dielectric constant (between 10 and 80) and are gaining favor as reliable insulator
materials [3, 13, 26, 44, 57, 58]. Commercially available processors incorporate Hf
based dielectrics [13, 26, 44, 52].
1.2.2 Metal Gate Development
Aluminium gates were replaced with poly-Si in the 1980’s because poly-Si is
more resilient during high temperature anneals and is conducive to self aligned gate
fabrication [59].

The inherent drawbacks poly-Si gates exhibit become deleterious to

device performance as the SiO2 dielectric becomes thinner; refractory metals capable of
sustaining high temperature anneals have been investigated to replace poly-Si [3, 33, 60,
61]. Ideally, the gate stack dielectric thickness of an electrode incorporating a MG is
solely that of the SiO2 and less aggressive dielectric scaling is required [3, 13, 26, 55].
Metals investigated as alternative gate materials consist of the following types:
elemental metals, metal silicides, bi-metal alloys, conducting metal oxides, binary and
ternary metal nitrides, and multi-layer metal stacks [62-66]. Ruthenium (Ru) compounds
and conducting metal nitrides such as TiNx, TaNx, TaSixNy, and TiSixNy are particularly
promising MG alternatives [3, 13, 26, 44, 67-71]; however, interactions between SiO2
and the MGs investigated affect reliability and inhibit performance [3, 26, 27, 28, 44].
1.2.3 Metal Gate/High-κ: Challenges and Advances
Exhaustive investigation of poly-Si/High-κ stacks and MG/SiO2 stacks indicate
that neither arrangement is extraordinarily promising. In addition to the poly-depletion,
poly-Si/High-κ gates experience greater, less controllable dopant migration [3, 26, 44,
55]. The poly-Si/High-κ interface is substantial; poor film quality and oxygen defects
cause increased gate leakage and hysteresis which degrade performance [3, 27, 28, 31].
Vth pinning caused by poly-Si/High-κ interface defects and mobility limiting phonon
scattering result in high switching voltages and slow transistor switching speed [27, 31,
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72]. MG/SiO2 stacks exhibit performance degrading silicidation of elemental metals at
high temperatures [3, 23, 26]. While advantageous in fully silicided (FUSI) gates,
optimization is required to ensure reliability and performance gains [13, 73-75].
Metal/SiO2 mixing also results in interface effects and stress induced damage to the
dielectric detrimental to device performance [60].
MG/High-κ stacks are more compatible than either poly-Si/High-κ or MG/SiO2
electrodes and have already been incorporated in commercially available IC packages
[13, 26, 55]. Materials compatibility and fabrication effects must still be analyzed to
achieve optimal performance. Deposition method, materials thickness, stress effects, etch
method and materials, anneal conditions, relative materials concentration ratios and
various other factors all influence the final gate electrode parameters [3, 61].

For

example, the concentration of N in oxynitride improves device characteristics until an
optimal concentration is reached; additional N will then degrade performance [3].
Promising High-κ dielectrics should incorporate the following six characteristics
[3, 26]:
• Dielectric constant high enough to be reasonably scaled well into the future,
•

Thermal stability at the oxide/substrate interface,

•

Kinetic stability during high temperature process flows,

•

Band offsets greater than 1eV with Si for minimal carrier injection into the band,

•

Excellent electrical interface with the substrate,

•

Minimal electrically active bulk defects.

Each of these requirements affords its own challenges, requiring analysis and
optimization to achieve.
As presented in Figure 1.3, dielectric constant is inversely proportional to band
gap [26]. The higher the dielectric constant, the less likely the bandgap to be greater than
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the ~1.1eV necessary for compatibility with an Si substrate and the greater the probability
SCEs from field induced barrier lowering (FIBL) will occur [76-81].

Figure 1.3: Comparison of bandgap with dielectric constant [from 26]
High-κ dielectrics do not tend to form abrupt interfaces with either the substrate
or MG due to thermal instability; high interface state density (Dit), fixed charges, and
bulk dielectric charges may cause C-V hysteresis and Vth shifting which affect stack
stability and device reliability [3, 26, 82]. The interface structure may unexpectedly
lower the final dielectric constant achieved from its expected value [2, 3, 82]. Evolution
of the dielectric structure during fabrication often causes oxygen diffusion and related
dipole formation and Vfb roll off [31, 84-86]; grain boundaries caused by dielectric
crystallization may contribute to gate leakage [60, 87]. The MG WF is strongly
dependent on the underlying H-κ, as well [61]. Figure 1.4 displays the structure of the
MG/High-κ stack and the various effects which must controlled to optimize performance.
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Figure 1.4: Planar MG/High-κ stack displaying challenges of the fabrication process
High temperature fabrication effects are central to the stability and reliability of
MG/High-κ electrodes. In low temperature, gate last fabrication the gate stack is formed
after the high temperature fabrication processes have been completed and there is less
destabilization of the stack structure [29, 88]. The fabrication process flow must be
drastically adapted to accommodate gate last processing [13, 44, 89, 90]. Commercially
available ICs incorporating MG/High-κ are produced using the gate last method [13, 89].
Gate first fabrication methods require greater optimization to ensure stack stability;
however, the method is more cost effective and considered preferable because it may be
seamlessly incorporated into conventional fabrication processes [89-91].
1.3 WORK FUNCTION TUNING
Unlike poly-Si gates the WF of which may be engineered by channel and gate
doping, MGs have a more limited WF tuning range. As shown in Figure 1.5, the WF of
the metal incorporated in an electrode may differ greatly from the metal’s vacuum WF
value. This non-vacuum WF value is referred to as the effective work function (EWF)
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[28, 82, 93]. The EWF achieved is determined by the dielectric and its thickness [28, 31,
94-96], deposition conditions and process [31, 97], MG composition [3, 13, 55, 98] and
relative material ratios in multiple metal layer gates [25, 26, 99-102]. EWF may change
radically during high temperature processing as strain develops, the interface roughens,
and orientation or grain size evolve [31]. Controlled tuning is used to engineer EWF
values appropriate for a specific Vth range. Si ratio [102] and ion implant [27, 103, 104]
are among the many methods utilized to tune EWF.

Figure 1.5: Effective work function on SiO2 versus bulk work function for various metal
electrodes reported in literature [from 31]
1.3.1 Engineering Work Function Tuning Range
Single MG materials must have an EWF tunable across the Si bandgap and within
.2eV of the Si conduction and valence band edges (~4.1eV and ~5.2eV, respectively) for
bulk devices [27, 93]. Poly-Si gates may easily achieve the required ~1.1eV tuning range
through channel and gate doping. Doping may also be used to achieve multiple threshold
voltage tuning of both types for better LOP and HP power efficiency [30, 105].
MGs do not achieve appropriate EWF tuning for single MG bulk Si applications
[27, 31, 106]. While the mid-gap metals investigated have not been capable of achieving
the +/-.4eV WF tuning required for bulk devices, many metals may be engineered to
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obtain either n-MOS or p-MOS appropriate EWF values [31, 107, 108]. Figure 1.6
represents the EWF of various MG/dielectric stacks after 1,000˚C anneal; circled data
indicates stacks which achieve targeted n-MOS and p-MOS EWF values.

Figure 1.6: Metal work function tuning ranges: n-MOS compatible, p-MOS compatible,
and mid-gap [from 107]
Dual metal gates (DMGs) incorporating a separate metal for n-MOS and for pMOS compatible electrodes, respectively, have been adopted by industry to commercially
develop MG/High-κ devices [3, 13, 26, 108]. Incorporating DMGs substantially increases
fabrication cost and complexity. Numerous additional fabrication steps are required to
selectively remove the first gate metal and deposit the second [3, 13, 109-111]. The first
deposited dielectric might also be removed and another deposited for the second MG
stack [3, 20, 107, 109]. Figure 1.7 presents a generalized DMG fabrication scheme in
which both the first metal and dielectric are etched back and replaced.
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Figure 1.7: DMG fabrication requiring both metal and dielectric variation between
n-MOS and p-MOS gates [from 109]
The DMG EWFs achieved may differ radically from those expected if the
fabrication processes are not optimized and carefully monitored. All DMG etchants,
dielectrics, metals, and fabrication processes must be mutually compatible [7, 109, 112].
The dielectric surface must not be damaged or unduly roughened during the first metal
etch and wet etch undercutting must be minimal [2, 109, 111, 112].
1.3.2 Structure Specific Work Function Tuning Range: Bulk v. SOI
Planar and non-planar ultra thin body silicon on insulator (UTB-SOI) structures
capable of meeting scaling demands beyond the 10nm dimension have been introduced as
alternatives to bulk technology [3, 13, 112-114]. As exemplified in Figure 1.8, planar
UTB-SOI structures consist of a very thin (≤ 10nm) partially (PD-SOI) or fully (FD-SOI)
depleted Si channel layer between the gate and a buried oxide (BOX) layer while nonplanar devices consist of a three dimensional (3-D) Si fin field effect transistor (FinFET)
surrounded on two or more sides by the MG/High-κ dielectric stack.
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Figure 1.8: UTB-SOI planar and non-planar device structures [from 114]
UTB-SOI technology provides many advantages over conventional bulk
structures. The undoped/low doped channel is immune to Vth variation with Si film
thickness and contributes to higher mobility and a reduction in junction leakage [115].
UTB-SOI devices have lower junction capacitance than bulk structures and are immune
from latch-up [3, 113, 116, 117]; SCEs are also suppressed at the reduced Si thicknesses
required for sub-micron applications [43, 113, 117].
Multigate FETs (MugFETs) such as the FinFET which have been optimized to
limit roughness and thickness variation provide additional advantages. The multigate
structure enhances current drive and Ion/Ioff ratios while affording better SCE control [10,
13, 44, 114, 116]. FinFETs with varying channel lengths may be fabricated in close
proximity for more compact and efficient system on a chip (SOC) design. Figure 1.9
compares the properties of bulk, planar UTB-SOI, and multiple gate UTB-SOI structures.
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Figure 1.9: Comparison of the properties of bulk structures with planar and multiple
gate SOI devices [from 13]
The most important advantage of UTB-SOI technology for MG development is
the decreased WF range necessary for n-MOS to p-MOS Vth tuning. Because the channel
is undoped or lightly doped, only +/- .2eV change from mid-gap is necessary to achieve
n-MOS (~4.4eV) to p-MOS (~4.9eV) EWF tuning [13, 27, 93]. Many MG materials are
capable of achieving the UTB-SOI tuning range; a simpler and less costly option to DMG
fabrication is possible for UTB-SOI implementation [13, 20].
1.3.3 Engineering SOI Appropriate Single Metal Work Function Tuning Range
EWF values depend on both the metal and dielectric used, as shown in Figure 1.6.
Tuning may be achieved by engineering the characteristics of the materials used.
Changes in composition or composition ratios between components resulting from
implantation [7, 118, 119] or inter-diffusion [109] influence structure, crystallinity,
thermal stability and, finally, EWF. Much research must be invested to determine
appropriate tuning methods which will maintain the integrity of the underlying material.
TaNx, TiNx, and TiSixNy MGs on Hf based dielectrics (HfO2 and HfSiOxNy) are
promising mid-gap gate stack materials capable of achieving the +/-200meV EWF tuning
appropriate for n-MOS to p-MOS UTB-SOI FinFET structures.

These gate stack

structures have been rigorously investigated and proven stable and reliable [3, 43, 44].
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1.4 DISSERTATION OUTLINE
The purpose of the research herein is twofold. First, MG/High-κ dielectric stacks
capable of +/-.2eV EWF tuning around mid-gap are determined and the tuning
mechanism analyzed. Second, a simple single MG integration method is developed for
SOI FinFET fabrication incorporating insight gained from the metal EWF tuning
mechanism analysis.
EWF extraction is an important but complicated issue; an effective analysis
method has only recently been developed. Chapter 2 provides an introduction to the
myriad issues which have confounded researchers’ attempts to accurately determine the
EWF of MG/High-κ dielectric stacks. A description of the terraced oxide EWF extraction
method and the difference between the factors which must be included in the EWF
analysis of MG/High-κ stacks compared with analysis of conventional gate stacks is
provided.
Chapter 3 investigates MG/High-κ stacks promising EWF tuning ranges
appropriate for n-MOS to p-MOS tunable single mid-gap MG UTB-SOI FinFET
applications. Insight is provided into the mechanisms causing the +/-.2eV EWF tuning
around mid-gap through materials and electrical analysis. Methods of utilizing these
mechanisms to further simplify the fabrication process are proposed.
Device structures implementing the tuning mechanisms analyzed in Chapter 3 are
fabricated in Chapter 4. Thickness variation is proven to provide appropriate single MG
stack n-MOS to p-MOS work function tuning for UTB-SOI structures. An innovative
fabrication method is introduced engineering the thickness tuning mechanism to further
simplify fabrication resulting in a 40% reduction in fabrication steps compared to DMG.
Chapter 5 summarizes the research conducted herein and provides suggestions for
future research based upon the results and insight gathered.
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CHAPTER 2
EFFECTIVE WORK FUNCTION EXTRACTION
2.1 MOTIVATION
When the gate, insulator, and semiconducting regions of a MOSFET are brought
into contact, differences in potential between the gate and semiconductor work functions
(WFs) cause band bending in the semiconductor [93, 120]. The flat band voltage (Vfb) is
the voltage required to compensate for the band bending [93]. Although WF values are
difficult to evaluate directly, Vfb values may be easily extracted from simple electrical
measurements using conventional polysilicon (poly-Si)/silicon dioxide (SiO2) structures
and the relationship between Vfb and WF to calculate gate WF values indirectly [26].
Successfully extracting the EWF values of metal gate (MG) stacks has proven far
less straightforward than WF evaluation in conventional stacks. While poly-Si/SiO2
interfaces are abrupt and interface states may be neglected when calculating WF, MG/
High-κ dielectric interfaces are substantial, interface charges and charges in the High-κ
bulk significantly affect the final EWF [26, 27, 31, 82]. Even minor differences in the
fabrication process may significantly affect interface states in MG/High-κ stacks of the
same composition resulting in drastically different EWF values [26, 27, 66, 82].
An innovative method using terraced oxide wafers and a modified charge
distribution analysis to effectively determine MG/High-κ EWF has become the standard
for EWF evaluation [31]. The terraced oxide method is central to the EWF analysis to be
presented in Chapter Three; a comprehensive description of the method and a summary
of complementary EWF extraction methods are presented herein.
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2.2 EFFECTIVE WORK FUNCTION EXTRACTION METHODS
EWF is generally determined by application of one or more of three central
parameter analysis methods: internal photo emission (IPE), capacitor-voltage (C-V), and
current density-voltage (J-V) [26]. Each method analyzes the EWF from a different
perspective. The results obtained may be compared between analysis methods to confirm
their mutual consistency [120].
2.2.1 Internal Photo Emission (IPE) [121]
IPE is a direct measurement surface analysis technique [26, 120, 122]. In IPE, a
metal’s Schottky barrier height is ascertained by bombarding the metal with incident
electromagnetic radiation. EWF is equal to the minimum frequency for which photoemission occurs multiplied by Plank’s constant (h = 6.63x10-34 J/s).
IPE analysis is an involved process and difficult to implement for ultra-scaled
device analysis. Specially designed MOS capacitors (MOSCAPs) must be engineered to
include a thin, light transparent metal layer and a dielectric layer thick enough to prevent
leakage current from contributing to the photo induced current observed [122]. IPE
analysis suggested a broader MG EWF tuning range than that observed using
conventional C-V analysis; EWF values obtained using C-V and the terraced oxide
method are in better agreement with IPE results [26].
2.2.2 Current Density - Voltage Analysis (J-V) [93, 103, 120]
Like IPE, the J-V method is a direct measurement technique; EWF values
observed are independent of Qf and other charge [93, 103]. J-V analysis uses the
metal/dielectric barrier height (Φb) to determine EWF with respect to vacuum. I-V
measurements are taken on capacitors of various thicknesses to determine the applied
voltage (Φb/q) at which Fowler-Nordheim Tunneling (F-Nt) transitions to direct
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tunneling, as illustrated in Figure 2.1[93, 120]. This voltage is related to Φb at the
metal/dielectric interface and occurs at the voltage peak, δ(ln(Jg))/δV [93, 103].

Figure 2.1: Band diagrams expressing bending related to Fowler-Nordheim and
direct tunneling [from 120]
Drawbacks of the J-V method include breakdown of the dielectric films during
measurement of the tunneling current and difficulty in obtaining a priori knowledge of
the effective electron mass in the dielectric films [26, 120]. A detailed description of the
J-V method may be found in Zafar [93] and Wen [120].
2.2.3 Capacitance - Voltage Analysis (C-V)
The C-V method is conventionally used to extract EWF because it is
straightforward, efficient, and may be used with conventional MOSCAP structures. The
method uses the relationship between capacitance and threshold voltage to extract
equivalent oxide thickness (EOT) and Vfb.
Poly-Si/SiO2 and MG/SiO2 stack WF is obtained from the C-V method using
MOSCAPs fabricated on multiple wafers, each wafer having a different insulator
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thickness [27, 28, 66, 123].

C-V measurements are taken at the various insulator

thicknesses and the Vfb and EOT values extracted according to the relationships:
1/C = EOT/εox + 1/Cs(εox)

(1)

Vg = EoxTeq + φs(εox) +Vfb [97]

(2)

In these equations, Eox is the effective electric field across a gate dielectric while Cs(εox)
and φs(εox) are substrate surface capacitance and potential, respectively. EOT is the
equivalent oxide thickness and Vfb is the flat band voltage. εox is the insulator dielectric
constant.
Generally, the experimentally obtained C-V curves are fitted to modeled curves
generated using known parameters such as substrate doping. Experimentally measured
C-V curves which are within 1σ confidence level of the simulated curve are used to
extract the relevant Vfb and EOT values [25]. Experimental data which strongly diverges
from the curve model may indicate inconsistencies in the measurement methodology or
differences between the intended and actual fabrication steps implemented [25, 82].
In highly scaled structures with insulator thicknesses <2nm, quantum mechanical
(QM) effects and, in the case of conventional poly-Si/SiO2 gate stacks, poly-depletion
effects must be considered [25]. There is an ongoing effort to ensure appropriate C-V
curve modeling methods for ultra scaled device analysis [97, 99]. The North Carolina
State University Capacitance Voltage Characterization (NCSU CVC) program effectively
incorporates the most salient QM issues affecting highly scaled devices in its simulations
and is the program used to extract Vfb and EOT values related to this research [25].
Vfb v. EOT plots incorporating data obtained from the MOSCAPs of varying
insulator thickness should generally exhibit a linear relationship represented by the
equation:
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V fb = Φ ms −

Q f ∗ EOT

ε OX

(3)

In equation 3, Φms is the difference between the metal and Si substrate work function, the
Si work function value being either that of intrinsic Si or a value determined by the
substrate doping [123]. Qf is the fixed charge at the insulator/silicon substrate and εox,
the permittivity of the oxide used [27, 66, 123].
The intercept of the equation at EOT = 0 is the value of Φms; the value of Φs may
be subtracted from the intercept value to obtain Φm using the equation:
Φm = Vfb intercept - Φs [66, 120]

(4)

Qf

ε OX is the slope of the line in the V v. EOT relationship and indicates the fixed
fb
charge at the Si/SiO2 interface. A shift in slope between Vfb v. EOT plots indicates a
difference in fixed charge at the interface. When the comparison is between plots of
annealed and unannealed MOSCAPS having the same stack structure, the mechanism
causing the change often warrants further investigation [27].
2.3 METAL GATE/HIGH-κ STACK EFFECTIVE WORK FUNCTION EXTRACTION
The conventional method used to extract EWF from metal and poly-Si gates
deposited on SiO2 is effective because the abrupt Si/SiO2 interface produces a relatively
constant Qf value across multiple wafers [26, 27]. SiO2 also tends to be a thermally
stable insulator incorporating negligible bulk charges [26]. These characteristics ensure
uniform and predictable MOSCAP behavior despite the use of separate wafers for each
dielectric thickness [66]. The assumption of low Qf and negligible bulk charge cannot be
assumed for gate stacks incorporating High-κ dielectrics [27, 66, 123].
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2.3.1 Metal Gate/High-κ Anomalies
High-κ dielectrics generally have significant bulk charge and tend to form
interfaces with the MG and substrate which incorporate significant charge traps and
foster dipole formation [26, 27, 66]. These charges produce non-uniformities between
the individual wafers of independent High-κ thickness which interfere with accurate
EWF estimation [27]. As illustrated in Figure 2.2, charge non-uniformity produces nonlinearity in the conventionally derived Vfb v. EOT plot. The small number of data points
generally used for conventional EWF extraction and evaluation exacerbate the problem; a
different EWF may be derived depending upon which points in the graph are used for the
actual extraction [26, 27].

Figure 2.2: Comparison of EWF extracted from terraced oxide wafer and multiple
wafers [from 27]
Initial research using the conventional C-V extraction method produced
inconsistent EWF values, as displayed in Figure 2.3, even for the same gate stack
structure and fabrication procedure [28, 66].
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Figure 2.3: EWF spread extracted from reported values obtained using conventional
C-V extraction from independent wafers with varying High-κ thickness
[from 28]
These somewhat haphazard results once led researchers to conclude that Fermi level
pinning effects might make p-MOS appropriate metal gates impossible to obtain [26, 100,
101]. In order to effectively extract EWF values from MG/High-κ dielectrics, the entire
extraction method has been revised to ensure the nature of the MG/High-κ structure is
appropriately addressed.
2.3.2 Charge Distribution Modeling

Figure 2.4: Charge distribution model for MG/High-κ stack [after 66]
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The model used to determine EWF for a MG/High-κ stack must incorporate the
charges determining EWF illustrated in Figure 2.4 [27]. In the model, Qm represents the
charge at the MG/High-κ interface, Qb is the effective bulk charge in the High-κ
dielectric (with center at centroid of High-κ derived from bulk charge density (ρb)), Qi is
the interface charge between the High-κ and SiO2, Qox is the effective bulk charge in the
SiO2 region due to oxide bulk charge (ρox), Qf is the fixed charge at the Si/SiO2 interface,
t is the total thickness of the film, th is the physical thickness of the H-κ, and ti is the
thickness of the SiO2 interface.
In order to effectively accommodate all of the charge within the stack and to
precisely determine the EWF, a four charge analysis model has been developed to
incorporate: (1) the SiO2-substrate interface charge, (2) the interfacial oxide/High-κ
interface charge, (3) the interfacial oxide bulk charge, and (4) the High-κ bulk charge
[123]. The resulting equation:
V fb = Φ ms +

1

εh

th

∫ xρ

b

( x)dx −

0

Qi * EOTh

εh

+

1

ε OX

t

∫ xρ ( x)dx −
i

th

Q f * EOT

ε OX

[66]

(5)

is quadratic and complex to solve [82]. The equation may be simplified by excluding
charge terms which have only a nominal effect on the EWF [27]. For example, ρi is
generally negligible because it is so much smaller than the Qf contribution and may be
excluded with minimal effect on the accuracy of the EWF values obtained [66]. The
resulting equation is a three charge model [27, 66, 120]:

V fb = Φ ms −

Qi * EOTh

ε OX

ρb * (
−

εh
) * EOT 2 h
Q f * EOT
ε OX
−
2 * ε OX
ε OX
[27, 120] (6).

If ρi happens to be large for a particular sample, this will be obviated by errors in the
model and the more complex equation may be used instead [27, 66].
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When the Vfb v. EOT plot is created using data obtained from terraced oxide
wafers, the technique and its importance to be explained in 2.3.3, the High-κ layer is
uniform in thickness [27, 66]. This uniformity causes the first three terms of equation
(6):
Φ ms −

Qi * EOTh

ε OX

ρb * (
−

εh
) * EOT 2 h
ε OX
2 * ε OX
, to be constant in value so that only High-κ

related charges affect the intercept value and equation (6) takes on the general form of
equation (3) [27].

Equation (6) may be used to extrapolate EWF from the linear

relationship of the Vfb v. EOT plot, the slope of the line again representing Qf, as
illustrated in Figure 2.5 [27, 120].
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Figure 2.5: Linear Vfb v. EOT obtained using terraced oxide wafer [from 66]
The role of the second and third terms of equation (6) related to Qi and ρb determine the
ordinate intercept of the equation and may be investigated by varying the High-κ
thickness to determine their magnitude [27].
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2.3.3 Terraced Oxide Wafers: Crucial Element in Three Charge Model Effective
Work Function Extraction
Conventional poly-Si/SiO2 EWF extraction from multi-wafer C-V data is accurate
because the dielectric has a low oxide bulk charge and Qf is relatively fixed [27]. These
characteristics ensure consistency in charge distribution between wafers despite any
variation in SiO2 deposition conditions. In High-κ dielectrics, bulk charge and Qf vary
significantly with insulator thickness and show dependence upon the deposition method
[27, 28, 66]. It is extremely difficult to maintain bulk charge and Qf values sufficiently
consistent across multiple wafers to obtain a linear Vfb v. EOT relationship which may be
used to extrapolate the EWF. Applying the four charge model is complex and defeats the
goal of the C-V extraction method to efficiently and simply determine EWF values [66].
The three charge model simplifies EWF extraction; however, multiple wafer
measurement is not conducive to its application [27].

2.3.3.1 Terraced Oxide Wafer Fabrication [27]
A single wafer MOSCAP fabrication method implementing a terraced oxide
surface upon which a constant High-κ thickness is deposited has been established to
support simple EWF extraction using the three charge model. The terraced oxide wafer is
fabricated by deposition of a thick (10nm) thermal SiO2 layer upon an Si substrate. The
wafer is spun horizontally using a spin processor (SEZTM model 203) and a benign
hydrofluoric acid (Hf) etchant stepped across the wafer using a nozzle dispenser [66].
The etchant is stepped from the center of the wafer to the edge to create three to four
distinct oxide thicknesses (often a 20Å - 80Å thickness range with a 20Å step between
the individual terraces) distributed in a radial pattern across the wafer.

Figure 2.6

presents the thickness distribution visibly distinguishable by the distinct color regions
created by the thickness variation.

Thickness distribution is very consistent across

multiple wafers, as Figure 2.7 illustrates.
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Figure 2.7: Consistent SiO2 thickness across
multiple terraced oxide wafers [from 66]

2.3.3.2 EWF Extraction
Once the terraced oxide wafer has been fabricated, the High-κ insulator is
deposited at a uniform thickness across the wafer [27]. In Figure 2.8, the metal gate is
deposited atop the High-κ to create MOSCAPs with varying insulator thickness upon a
single wafer.

Figure 2.8: Terraced oxide MOSCAP structure
The variation in thickness of the specific MOSCAP is determined by the total thickness
of the uniform High-κ and the underlying SiO2 [27, 28].
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MOSCAP fabrication on a single wafer with varying insulator thickness creates
uniformity in the High-κ and various interfaces which cannot be achieved using
independently fabricated wafers of varying thickness [28, 66]. The uniform High-κ
thickness ensures consistent bulk charge throughout the insulator and the single SiO2
deposition provides a constant Qf value [27]. Consistency of the High-κ bulk and Qf
charge are illustrated by the linearity of the Vfb v. EOT slope for the terraced oxide stack
in Figure 2.5, above.
The consistency of the data and resulting extracted EWF has also been improved
by inclusion of a larger data field [26, 27]. As presented in Figure 2.9, the EWF values
obtained from the three charge extraction method using terraced wafer structures are in
excellent agreement with values obtained from the J-V barrier height estimation method
[120]. This agreement supports the mutual validity of the two methods.

Figure 2.9: Comparison of EWF obtained on the same gate stack from J-V and C-V
methods [from 120]
2.4 CONCLUSIONS
The three charge extraction method using terraced oxide structures has been
established to provide consistent EWF results [27, 66]. The method is powerful and
provides insight into the underlying mechanisms affecting gate stack charge distribution
which had been neglected before the method’s advent. The three charge/terraced oxide
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method has established that metal gates have larger tuning ranges than initially assumed
possible. This greater tuning range has led to progress in determining p-MOS appropriate
gate materials and candidates for single metal bulk and UTB-SOI gates [20, 53, 94-96,
102, 104, 124-126]. The method has also provided insight into the nature Fermi level
pinning and its role in EWF [31, 53]. Vfb roll off and a fundamental understanding of its
nature and mechanics are central discoveries resulting from three-charge terraced oxide
C-V analysis [84, 86, 104, 127]. Due to the advantages of its simplicity and accuracy as
well as its growing popularity as the standard for EWF extraction, the three
charge/terraced oxide method has been used to determine and analyze EWF within this
thesis.
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CHAPTER 3
TITANIUM NITRIDE
ACHIEVING +/- 200meV EWF TUNING RANGE AROUND SILICON
MID-GAP THROUGH THICKNESS MODULATION: METHOD
AND MECHANISMS
3.1 INTRODUCTION
Single metal gate (MG)/High-κ dielectric electrodes cannot presently achieve the
1.1eV EWF tuning range required for bulk silicon (Si) applications. Dual metal gate
(DMG) technology resolves this dilemma but introduces additional complexity and
expense into the fabrication process. A single MG option would significantly simplify
MG/High-κ fabrication and reduce cost.
Ultra thin body silicon on insulator (UTB-SOI) device structures require only a
+/-.2eV single MG tuning range around the Si mid-gap to achieve n-MOS to p-MOS
compatible effective work function (EWF) values. UTB-SOI technology is considered
the most viable option for scaling through the 10nm dimension [44, 128-130]; advances
have been made to simplify UTB-SOI integration and to improve performance and
reliability [7, 20, 13, 44, 131, 132].

Metals achieving the required UTB-SOI tuning

range have been identified [7, 13, 20, 98, 118, 119, 133, 134] and efforts have begun to
develop single MG/High-κ devices [20, 128].
Titanium Nitride (TiN) is a mid-gap refractory metal which has been proven to
provide stable and reliable MG/High-κ electrodes with an appropriate EWF tuning range
for single MG UTB-SOI complementary metal on insulator (CMOS) fabrication [3, 7,
133, 135]. TiN mid-gap EWF is partially determined by the dielectric with which it is
paired and by fabrication conditions [7, 131, 133, 136-139].
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Thickness, deposition

method, and Si incorporation have been proven to effectively tune the TiN EWF around
mid-gap [7, 20, 133, 134, 136-138, 140, 141].
This chapter investigates thickness modulated TiN EWF tuning. The research
suggests that thickness dependent crystalline structure and related diffusion effects during
high temperature annealing act as EWF modulation mechanisms [7, 60, 67, 133, 135,
136, 140-144]. Thickness modulated EWF engineering will be central to the innovative,
simple and cost effective fabrication process introduced in Chapter 4.
3.2 TiN METAL GATE EWF TUNING: THICKNESS MODULATION
TiN has long been recognized as a durable coating material and, more recently, a
reliable metal capable of producing stable gate electrodes on both High-κ and SiO2
dielectrics [3, 44, 145, 146]. The material is a mid-gap metal already used in
semiconductor device fabrication as a diffusion barrier and for high-efficiency
interconnects [147]. TiN is commonly utilized as an n-type electrode in dual metal gate
research; as a result, the TiN electrode is exceptionally well understood and fabrication
has been optimized to produce reliable, repeatable behavior [3, 66, 135, 141]. TiN has
been reported capable of achieving the continuous EWF tuning between ~4.3eV and
~4.8eV required for single MG UTB-SOI applications [6, 133]. Electrical analysis of
conventionally fabricated metal on semiconductor field effect transistor (MOSFET) and
capacitor (MOSCAP) structures and materials analysis of the gate stack provide insight
into the EWF tuning mechanism and how it may be engineered.
3.2.1 Experimental
The mechanism governing TiN EWF thickness tuning was investigated using C-V
MOSCAP analysis. Individual MOSCAPs were fabricated to include various
combinations of TiN metal gate thickness, metal deposition method, dielectric material,
and dielectric thickness. Preliminary analysis involved atomic layer deposition (ALD) of
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TiN at 5, 20, 50, 100, 200, and 400 cycles (producing ~ .5, 2 ,5 ,10 , 20, and 40nm films)
using TiCl4 and NH3 precursors on 3nm thick SiO2, HfSiOx or HfO2 dielectric which had
been ALD deposited on the terraced oxide structures described in Chapter 2. The High-κ
dielectrics were nitrided prior to TiN deposition using a 60 second 700˚C post deposition
anneal (PDA) in NH3 or N2 [139, 148, 149]. The resultant electrode received a 5 second
1000˚C rapid thermal anneal (RTA) after being capped with a 150nm n+ polysilicon
(poly-Si) capping layer [133].
Analysis of the TiN deposition method on EWF thickness modulation involved
electrical characterization of MOSCAPs incorporating ALD, CVD, or PVD TiN metal
gates of varying thickness (50, 100, 150, 200, and 400 cycles) deposited as previously
described with the exceptions that the High-κ dielectric was 2nm HfO2 and the post-polySi deposition RTA was conducted for 10 seconds [137]. EWF values were extracted
from EOT v. Vfb plots determined from MOSCAP C-V measurements using the NCSU
CVC extraction method described in Chapter 2.
The process flows of the various TiN metal gate stacks were duplicated on
blanket wafers and materials analysis conducted to investigate thickness related changes
in the stack which may provide insight into the EWF modulation mechanism. The
physical analyses conducted include: x-ray diffraction (XRD) and grazing incident angle
x-ray diffraction (GI-XRD), x-ray photoelectron spectroscopy (XPS), x-ray reflectometry
(XRR), ellipsometry, and high resolution transmission electron microscopy (HRTEM).
Secondary ion mass spectrometry (SIMS), electron energy loss spectroscopy (EELS) and
dispersive x-ray analysis (EDX) were conducted on device structures [128, 135]. Stress
within the stack was measured by analyzing changes in substrate curvature before and
after TiN deposition using a Tencor Alphastep surface profiler.
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Physical analysis data was used to establish density, roughness, thickness,
chemical composition, relative grain size, crystallinity, and both the chemical and
physical profiles of the gate stack [6, 133, 135, 137]. Particular attention has been given
to the MG/dielectric interface, the effect of metal thickness on MG/dielectric interface,
and the effect of metal thickness on the Ti:N ratio within the metal film.
3.2.2 EWF Evolution with TiN Thickness: Results and Analysis
TiN deposited on 2nm HfOx
PVD

CVD

ALD

Thickness XRR (Å)
EWF (eV)
Stress (dyne/cm2)
Resistivity (µΩ-cm)
Density (g/cm3)
Roughness (Å)
Thickness XRR (Å)
EWF (eV)
Stress (dyne/cm2)
Resistivity (µΩ-cm)
Density (g/cm3)
Roughness (Å)
Thickness XRR (Å)
EWF (eV)
Stress (dyne/cm2)
Resistivity (µΩ-cm)
Density (g/cm3)
Roughness (Å)

ALD TiN deposed on various
(3nm) dielectrics
SiO2
HfSixOy
HfOx

Intended Thickness (Ångstroms)
50
100
150
54.98
107.93
164.68
4.45
4.61
-9.13 x 1010 -6.32 x 1010 -5.05 x 1010
388.68
155.84
99.157
5.02
5.03
4.98
7.7
9.47
10.53
43.21
97.87
146.23
4.45
4.65
-6.52 x 1010 -1.37 x 1010 -7.84 x 1008
1411.2
519.19
332.92
4.23
3.99
3.94
9.77
8.93
9.5
54.65
90.58
132.6
4.46
4.61
-5.59 x 1010 -2.38 x 1010 -8.93 x 1009
727.37
161.3
95.93
4.87
5.03
5.02
12.5
13
15

200
224.15
4.73
-4.29 x 1010
73.37
4.93
11.67
173.53
4.8
3.35 x 1009
276.78
3.94
9.83
155.35
4.75
-4.09 x 1009
76.68
5.03
16.3

TiN Cycles (1.1 Ångstrom/cycle)
5
10
20
50
4.23
4.24 4.30 X
4.38
4.41 4.46 4.52
4.31
4.32 4.38 4.53

200
X
4.76
4.72

100
4.45
4.62
4.58

400
448.93
-2.90 x 1010
37.377
4.86
15.53
403.3
4.8
1.69 x 1010
113.12
3.91
13.47
325.84
4.75
9.50 x 1009
28.78
5.02
24.87

400
4.67
4.71
4.65

Table 3.1: TiN Metal Gate EWF values: varying metal thickness, deposition process, and
dielectric
Data obtained for EWF and gate stack evolution from electrical and materials
analyses are reported in Table 3.1. Importantly, MG EWF increases with metal nitride
thickness independent of the dielectric used [6, 133].
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An EWF tuning range of

approximately +/-.2eV around mid-gap has been achieved for ALD TiN on HfSixOy,
HfOx, and SiO2. The EWF tuning achieved with PVD and CVD TiN on HfOx is also
promising. Though some reported PVD and CVD TiN EWF values are more suitable for
p-type tuning, thinner films are expected to achieve an EWF tuning trend similar to that
observed for ALD TiN on HfSixOy, HfOx, and SiO2.
3.2.2.1 Preliminary Observations: TiN Thickness EWF Modulation
EWF is observed to vary with TiN thickness and dielectric material [60, 133, 135]
in Table 3.1. TiN gates deposited on HfSixOy tend to have a higher EWF and related
higher Vth, as described in Table 3.1 and illustrated in Figures 3.1 and 3.2, than similarly
fabricated electrodes of the same TiN thickness on either HfO2 or SiO2 [133, 139, 150].
The higher EWF and Vth of the gate stacks incorporating nitrided HfSixOy result from the
material’s higher dielectric constant and greater stability [139]. HfOx has a more reactive
surface bonding structure at the substrate and MG interfaces which may affect interface
states and influence the final EWF values achieved [139, 151].

Figure 3.1: EWF variation with thickness and dielectric [as partially reported in 133]
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Figure 3.2: Comparison: Vth v. EWF (n-MOSFET) for TiNx (2 -10nm thick) on HfOx
and HfSixOy dielectrics [as reported in 133]
Closer inspection of the relationship between EWF, thickness, and dielectric in
Figure 3.3 indicates that the EWF between dielectrics maintain a constant ratio difference
at each thickness until TiNx reaches 5nm [133]. As thickness increases beyond 5nm, the
EWF ratio between SiO2 and HfSixOy remains relatively constant while that between
HfSixOy and HfOx decreases by approximately half after the two EWF values almost
converge at 5nm. The EWF values continue to increase at the new ratio with respect to
one another beyond 5nm until all the EWF values somewhat plateau and, in the case of
the stacks incorporating High-κ dielectrics, slightly drop at 40nm.
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Figure 3.3: Log scale rendering of TiN EWF tuning on various dielectrics [as partially
reported in 133]
Similarities in stability account for the consistency between SiO2 and nitrided
HfSixOy EWF ratio [139]. HfOx is less stable [139, 152]; interactions at the HfOx
interfaces may account for the change in EWF ratio between HfSixOy and HfOx at 5nm
[139, 144, 152]. Changes in TiN crystallinity and composition at 5nm may promote
diffusion which may affect the HfOx interfaces more greatly than those of HfSixOy and
SiO2 [139, 152].
TiN EWF saturation begins across the dielectrics at 20nm. An EWF value of
~4.68eV for 20nm thick TiN on SiO2 is reported [133]. The EWF for 40nm thick TiN on
High-κ dielectrics drops slightly while that for TiN on SiO2 essentially remains constant.
The EWF decrease associated with 40nm TiN on High-κ dielectrics may be related to
changes in the TiN crystal orientation and grain size between 20 and 40nm TiN [67, 70]
which may influence diffusion during RTA or to the stability of the 1:1 Ti:N ratio at the
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greater thickness [144]. The EWF ratio between HfSixOy and HfOx remains constant
between 10 and 40nm.
Generally EWF is observed in Table 3.1 to increase as stress in the substrate
becomes less compressive, resistivity decreases, and roughness increases. Figures 3.4,
3.5 and 3.6 illustrate the relationship between stress and EWF, roughness and EWF, and
density and EWF, respectively. Density tends to decrease somewhat with increasing
EWF and thickness for PVD and CVD TiN while increasing slightly for ALD TiN.
Density remains relatively constant as thickness and EWF increase. Roughness and
strain evolution do not correlate well with EWF saturation at greater TiN thicknesses.
Most probably bulk rather than interface properties of the film determine the EWF
achieved at these greater thicknesses [133, 151].

4.00E+10

4.9

2.00E+10

4.8

0.00E+00

4.7

-2.00E+10

4.6

-4.00E+10

4.5
PVD Stress
CVD Stress
ALD Stress
PVD EWF
CVD EWF
ALD EWF

-6.00E+10
-8.00E+10
-1.00E+11

EWF (eV)

Strain (dyne/cm^2)

Strain and work function v. Thickness

4.4
4.3
4.2

50

100

150

200

400

Thickness (Å)

Figure 3.4: Stress and EWF v. thickness for ALD, CVD, and PVD TiN on HfOx
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Figure 3.5: Roughness and EWF v. thickness for ALD, CVD, and PVD TiN on HfOx
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Figure 3.6: Density v. thickness for ALD, CVD, and PVD TiN on HfOx
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The trends observed are relatively weak and suggest strain, resistivity, roughness,
and density are concomitant to EWF modulation rather than central to the modulation
mechanism. The results suggest MG and interface composition and structure may be
essential elements of the TiN thickness tuning mechanism which may explain EWF
evolution in stacks utilizing the same dielectric and differences in EWF values observed
between stacks integrating different dielectrics [133, 139, 152].
Strain and roughness at the MG/High-κ interface have been proposed to explain
EWF evolution with TiN thickness [133]. The strain investigation reported herein was
conducted with respect to the substrate. Although the method applied to measure and
analyze strain within the stack was designed to capture strain at each of the interfaces, it
is possible changes in strain within the various films constituting the stack may mask a
large increase in strain at the MG/High-κ interface [153]. The strain data reported here is
not wholly inconsistent with strain having a more important role in EWF thickness
modulation than observed herein. The data reported herein suggest that roughness and
density may have a less important role in EWF thickness tuning than previously reported
[133].

3.2.2.2 TiN EWF Thickness Tuning Mechanism: Electrical Data Analysis
EWF tuning and saturation have been explained to result from transformation of
the MG/dielectric interface during high temperature annealing caused by thickness
dependent differences in metal gate crystalline structure [60, 133, 135].

Choi has

established the existence of three key thickness regimes for TiN: (I) below 2nm, (II)
between 2 and 20nm, and (III) greater than 20nm in thickness [133].
Regime I is characterized by a sharp increase in EWF explained to result from the
coexistence of TiN islands and n+-poly-Si at the dielectric/metal gate interface. The
EWF increases from that of the n+-poly-Si to that of nitrogen (N) deficient TiN as the
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islands become contiguous and begin to form a nearly continuous film at 2nm. The N
deficiency causes the EWF in this regime to be low (Ti metal-like (3.9 eV)) [133, 148].
The difference in EWF between dielectrics and the uniformity in the EWF rate of
increase after a continuous film is achieved in Regime II (2 - 20nm) are attributed to the
unique atomic arrangement at the interface for each dielectric and bulk related properties
of the TiN film, respectively. EWF evolution is much slower in Regime II than in
Regime I. Thickness sensitive bulk properties (diffusion profiles/stress) regulate EWF
tuning in Regime II. Beyond 20nm (Regime III) TiN bulk properties dominate and the
metal/dielectric interface becomes less central to the EWF obtained. The EWF values in
Regime III begin to saturate and converge to a single constant value for each of the stack
types [133, 135].
The EWF convergence of HfSixOy and HfOx at 5nm TiN thickness as well as the
peak and subsequent decrease in EWF noted at 20 and 40nm, respectively, indicate that
the mechanisms regulating EWF tuning undergo important changes at these thicknesses
for HfOx based high-k dielectrics. Data previously reported for 5 and 30nm TiN films
deposited on HfO2 indicate that 5nm thick films have low stress, a relatively smooth
metal/dielectric interface and a relatively low interface trap density compared to 30nm
films [60, 133]. The change in TiN dielectric coverage from discontinuous (<2nm) to
thin, contiguous or continuous and regular (2 - 20nm) and then to relatively thick and
rough (>20nm) may be crucial to the trap density at the metal/dielectric interface and may
account for the EWF tuning trends observed [6, 137, 140]. Interface trap density differs
with metal gate deposition process and may be one reason EWF values differ between
TiN deposition methods [154].
Interface bonds, strain within those bonds, dielectric specific diffusion and other
characteristics related to bonding/strain may account for the difference in EWF values
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obtained for TiN on varying dielectrics despite the general trend remaining relatively
constant independent of the dielectric used [60, 135, 155 at p. 81]. Hf-O bonding
characteristics cause greater intermixing and diffusion in hafnium based dielectrics than
in SiO2 [135]. Evolution of the metal film structure may trigger Hf or O to diffuse toward
the high-κ/substrate interface or into the metal gate [60, 133, 135, 142]. Si may move
from the substrate into the High-κ [135, 156, 158].
A shift in the Vfb v. EOT slope for 20nm TiN on HfSixOy in Figure 3.7 may
indicate that the peak EWF values achieved result from a change in the fixed charge at
the H-κ/substrate interface [67].

Diffusion toward/away from the interface may be

triggered by changes to the metal gate crystalline structure and the MG/High-κ interface
[135]. EWF remains stable on SiO2 between 20 and 40nm compared to the decrease
observed for High-κ electrodes. The difference may indicate that Hf or O diffusion
occurs due to differences in bonding strength when compared to SiO2 [6, 60, 135].

Figure 3.7: Vfb v. EOT for TiN (varying thickness) on HfSixOy [as reported in 133]
For PVD, ALD, and CVD TiN, Table I and Figure 3.8 indicate that the EWF
does not differ greatly across metal deposition processes. PVD and ALD deposited TiN
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have an especially similar EWF. The uniformity primarily results from optimization of
the deposition processes. Actual thickness differs greatly from theoretical thickness
between deposition methods beyond 100Å. This result may partially explain the small
differences in EWF observed at the various thicknesses.
Thickness V. Effective Work Function
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Figure 3.8: EWF v. thickness, effect of deposition method noting difference between
actual and attempted thickness
The EWF ratio observed at each thickness remain constant between the different
deposition methods. In Figure 3.8, all of the various deposition methods produce a
saturated EWF without the dip in EWF observed between the 20 and 40nm TiN ALD
samples receiving a 5 second rather than 10 second anneal. This result may be related to
structural stabilization caused by the longer anneal healing pinholes and other anomalies
within the structure [155 at p. 81].
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3.2.2.3 TiN EWF Thickness Tuning Mechanism: Materials Analysis
In order to understand the metal gate thickness dependent EWF tuning behavior
observed in PVD, ALD, and CVD TiN on HfOx and ALD TiN on HfSixOy, HfOx, and
SiO2, materials analysis of the gate stacks was conducted to determine the stacks’
crystallinity, crystal orientation, density, and composition. The data obtained suggest
crystallinity and preferred crystal orientation determine EWF by influencing diffusion
and bonding within the stack [133, 144, 157]. Thickness determined changes in the ratio
of Ti to N at the MG/High-κ interface are also central to the EWF tuning achieved.
XRD analysis of the various stacks was used to determine crystallinity,
orientation, and grain size [159]. CVD, PVD, and ALD XRD data in Figure 3.9 provide
insight into preferential crystalline orientation as well as general information regarding
grain size and stress for thicknesses within Regimes II (5 and 10nm) and III (40nm) [6,
133, 146, 151, 160-164].
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Figure 3.9: ALD, PVD, and CVD TiN XRD at 5, 10, and 40nm TiN thickness on 2nm
HfOx
The XRD data in Figure 3.9 indicates that 5nm TiN films are largely amorphous,
though (111) and (200) oriented crystallization is apparent in all the samples. The broad
peak between 20-25 degrees in Figure 3.10 also suggests that films between 2nm and
5nm are almost completely amorphous. Amorphous films tend to have better barrier
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characteristics which may explain the relative consistency in the EWF behavior between
deposition methods and dielectric used in regime II [133, 146, 160, 164, 165].
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Figure 3.10: Comparison: ALD, CVD, and PVD TiN at 5 and 40nm
The films exhibit greater crystallinity above 5nm and well into regime III;
increased diffusion through the stack may occur as a result, causing the EWF to increase
[67, 139, 144, 165]. Figure 3.7 illustrates an increase in substrate/dielectric interface
charge at 40nm thickness which may result from diffusion through the more crystalline
TiN. The appearance of crystal formation and related diffusion may be one reason
changes in the EWF ratio begin to appear at a TiN thickness of 5nm, as illustrated in
Figure 3.3.
Peak heights and widths in Figures 3.9 and 3.10 indicate that ALD TiN has the
largest crystal size and greatest crystallinity, respectively, of the three deposition methods
at 40nm. This increased crystallinity may lead to greater diffusion along the grain
boundaries and an increase in EWF through diffusion related changes at the High-κ
interfaces and within the bulk films [60, 133, 142, 159, 161, 164, 165]. Differences in the
dielectric composition and stability may result in differences in diffusion and film
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structure/intermixing which would further explain the EWF changes observed in Figure
3.3.
ALD, PVD, and CVD TiN have similar EWF values while the films are relatively
thin and either relatively amorphous or competition between (200) and (111) orientations
exists. In thicker films having an established preferred orientation, EWF values for (200)
preferentially oriented ALD and PVD TiN remain similar while (111) oriented CVD TiN
exhibits a higher EWF at the same TiN thickness.

These results emphasize the

importance of crystal orientation to EWF thickness tuning in TiN. The similarity in
density between PVD and ALD TiN displayed in Table 3.1 and Figure 3.6 most probably
arises from their similar preferential (200) crystalline structure. The lower density in
CVD TiN indicates that it has more loosely packed grains which may promote diffusion
and a comparatively higher EWF than ALD and PVD TiN.
(200) preferential crystallization for ALD and PVD TiN and (111) preferential
crystallization in CVD films become apparent at 5nm in Figures 3.9 and 3.10; however,
the (111) and (200) crystal orientations are still relatively equal in distribution.
Competition between (111) and (200) crystal growth illustrated in Figure 3.9 may cause
high compressive stress within the relatively thin films. An increase in film thickness to
10nm causes all three films displayed in Figure 3.9 to express definite preferential (111)
(CVD) or (200) (ALD and PVD) orientation and a concomitant decrease in compressive
stress as illustrated in Figure 3.4 [70, 133, 144]. At 40nm, only PVD TiN, which has a
definite (200) preferential crystal orientation and a much larger expression of the (111)
orientation than the CVD and ALD films, retains compressive stress.

CVD ((111)

preferential) and ALD ((200) preferential) TiN gain modestly tensile stress at 40nm [6,
42, 155 at p. 81, 160, 165].
The XRD data in Figures 3.9 and 3.10 and the strain data in Figure 3.5 indicate
that competition between preferred crystal orientations may be more important to EWF
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thickness tuning than grain size and strain [67, 144]. This competition may also result in
the decrease in compressive strain observed as TiN thickness increases.

Highly

amorphous TiN films have compressive stress. The slight shift in XRD peak location for
40nm PVD TiN shown in Figure 3.10 indicates an additional strain related to the
deposition process may exist [6, 135, 137, 140, 162]. As crystallization begins,
compressive strain within the films relaxes; increased crystallization in a preferred single
crystal orientation, independent of grain size, further relaxes strain and may finally
change the strain orientation from compressive to tensile. Whether competition between
crystal orientation results from the additional compressive strain in the PVD TiN film or
acts to maintain the strain, the presence of two competing crystal orientations is
indicative of compressive strain within the gate stack [146, 160-164].
STM-EELS/EDX analysis of ALD TiN films on HfOx after poly-Si removal
displayed in Figure 3.11 indicates that film composition is also central to EWF TiN
thickness tuning. The MG/dielectric interface at .5nm consists of TiN islands interspersed
with poly-Si on the dielectric surface [133, 148, 155 at p. 31]. EELS analysis reveals a
gate stack which is highly intermixed at the dielectric/metal gate interface. The metal
gate is devoid of N and there is almost a 1:1 Ti:O relationship. These results support the
claim that the EWF is Ti metal like in Regime I and that the proximity of the poly-Si cap
to the dielectric may account for the low EWF and relatively sharp EWF evolution
observed in this region, possibly because the poly-Si acts as a conduit for diffusion [133].
There is a large amount of interaction between materials at the High-κ interfaces at .5, 2,
and 10nm.
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Figure 3.11: EELS Data for .5, 2, and 10nm TiN on 3nm HfOx
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At 2nm, EELS analysis indicates a thin, Ti rich TiNx film has evolved and
completely separates the poly-Si from the dielectric. Amorphous TiNx would tend to
prevent a great deal of diffusion into or out of the stack. The 2nm film is still Ti rich;
however, there is more N present within this film than in the .5nm film. There is much
less intermixing within the film and the oxygen content is lower both in the dielectric and
in the MG. An oxygen build up does exist at the substrate/dielectric interface, though
there is no SiOx film development. The observed results may be due to the amorphous
TiNx film which has developed. The slower increase in EWF in Regime II may be due to
reduced diffusion within the stack and to an increase with thickness of the N content in
the TiNx. The interface between the TiNx and the dielectric is also more abrupt and
relatively smooth indicating stability and supporting the slow EWF increase with
thickness [133].
10nm TiNx films show an almost 1:1 O:Hf ratio in the dielectric similar to that of
the .5nm films. Unlike the .5nm films, the 10nm films do not exhibit SiOx formation
between the substrate and dielectric. The thicker film has a Ti:N ratio of ~ 1:1. A larger
amount of Hf and O exist within the 10nm metal gate than the .5nm gate; like the .5nm
films, the outer edge of the TiN film is oxygen rich and N deficient.
TiN has high thermal stability and low resistivity [67]. The decrease in resistivity
with thickness recorded in Table 3.1 is in accord with the EELS data in Figure 3.11
indicating the Ti:N ratio approaches 1:1 as thickness increases. The data supports the
conclusion that the EWF is N concentration dependent [67, 70]; as N content increases,
the EWF increases from a value similar to that of pure Ti to that of 1:1 Ti:N. Once 1:1
TiN has been achieved, the EWF saturates. TiNx becomes more stable as it approaches
TiN [144]; in Figure 3.11, the MG/High-κ interface becomes sharper as N content in the
metal increases with thickness.

51

Similarities between O distribution between the 10nm and .5nm TiNx thicknesses
may partially explain the similarity in EWF ratio for HfSiOx and HfOx discussed in
section 3.2.1, above. While the higher EWF is tied to the greater amount of N in the
metal gate, the higher O concentration in the dielectric and in the metal gate outer edge as
well as the larger amount of Hf in the metal gate may indicate similar diffusion and
similar interface structure at the interfaces for both thicknesses. The XRD analysis
indicates that there is definite crystallinity at 10nm thickness; diffusion along the grain
boundaries may account for the distributions observed in the EELS data.
SIMS analysis in Figure 3.12 of TiN on HfSiOx also supports diffusion as
important to EWF. EWF saturation at higher TiN thickness results from a more stable
chemical structure.

Between 5 and 20nm TiN, the concentration of carbon (C)

contamination, O, and Si within the films decreases significantly while Chlorine (Cl)
contamination increases. Increasing Si tends to drive EWF to midgap EWF [147]. The
large drop in Si between thicknesses indicates that Si concentration is important to EWF
evolution with thickness. Greater Si in the metal gate film seems to lead to lower EWF.
Less O in the metal film also seems to trigger an EWF increase.
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Figure 3.12: SIMS of ALD TiNx on HfSiOx at 5 and 20nm, respectively
At the MG/High-κ interface, the Cl, O, and Si values remain relatively constant
between 5 and 20nm thick TiN; C is the only component the concentration of which
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decreases greatly. Film, rather than interface, composition plays the central role in EWF
tuning for thicker films. Stability in materials concentrations at 20nm may result in EWF
saturation [133]. RBS data not included herein confirms the thickness related evolution
of Cl, O, N, and Si content within the films observed in the SIMS data.
3.3 CONCLUSIONS
TiN thickness dependent EWF tuning is influenced by preferred Ti:N ratio,
crystal orientation, film crystallinity, and diffusion through the stack.

These

characteristics vary with dielectric and gate deposition method. Interdiffusion and atomic
affinities will determine how atoms will move through the stack and where they will
finally congregate/bond.
Very thin films (<2nm) comprise TiNx islands separated by the poly-Si cap on the
dielectric interface [133]. Materials analysis indicates the stack experiences extensive
interdiffusion. The metal gate is oxidized and Ti rich. These factors produce a low EWF
similar to poly-Si for very thin films and a value approaching Ti EWF for thicker films.
Films between 2 and 20nm have a metal gate/dielectric interface which is
relatively abrupt. At the lower end (5nm) the metal gate is still Ti rich, accounting for its
lower EWF when compared to 20nm TiNx. The metal gate is also relatively amorphous
at 5nm which may explain the more moderate EWF tuning in regime II. There is
probably less diffusion through the metal gate than that experienced at <2nm and >20nm.
An increase in crystallinity within the metal gate structure becomes visible at 10nm. This
crystallinity may allow greater diffusion through the metal gate and result in, at greater
thicknesses (200Å and 400Å) greater stability in the EWF values as equilibrium is
reached within the stack. Cl in the metal gate at 40nm has most likely been incorporated
during the deposition process. Whether it has some independent effect on EWF has not
been established; however the Cl is known to contribute to roughness, as observed here.
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Bulk TiN behavior is established as films thicken. EWF increases to TiN EWF
(mid-gap value) with increasing thickness as the film becomes more amorphous during
the development of Regime II. As regime III begins to develop, EWF tuning above midgap probably results due to diffusion regaining the dominance held in regime I. The TiN
structure, the High-κ substrate interface, and the dielectric/metal gate interface are all
affected and play integral roles in the final EWF achieved.
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CHAPTER 4
n-MOS TO p-MOS THICKNESS TUNABLE METAL GATE/HIGH-κ
ELECTRODE FinFETS UTILIZING AN INNOVATIVE
FABRICATION PROCESS
4.1 INTRODUCTION
Metal gate/High-κ dielectric (MG/High-κ) stacks are the leading solution being
developed to enhance device scalability and performance beyond the 32nm dimension
[13, 20, 44]. Conventional polysilicon (poly-Si)/silicon oxynitride (SiOxNy) gate stacks,
though well understood and simple to fabricate, experience excessive gate leakage at
highly scaled dimensions and are not considered viable options as device dimensions
continue to shrink [3, 13, 14, 166]. Integrating MG/High-κ stack technology into existing
processes has required major innovation and investment [5, 7, 20. 38, 44, 167, 168].
After over 15 years of development, MG/High-κ devices have only recently
begun entering the market. Intel introduced the first commercially viable MG/High-κ
devices (45nm technology) in 2008; Intel, IBM and other microelectronics technology
leaders expect to introduce 32nm technology MG/High-κ devices in late 2009 [17, 52].
Dual metal gate (DMG) fabrication is the industry standard for MG/High-κ stacks [3, 13,
28, 66, 107, 169]. The process is complex and costly compared to the techniques utilized
in conventional gate stack fabrication [112, 165].
DMG is required for MG/High-κ fabrication because the n-MOS to p-MOS
compatible tuning range required for bulk devices (~4.0eV to ~5.0eV) cannot be reliably
achieved by any of the metal gate materials investigated to date [3, 13, 20, 21, 170]. In
dual metal gate fabrication, a first gate metal is deposited and then selectively etched to
expose the High-κ surface in areas intended to have opposite compatibility. A second
metal is then deposited in these exposed areas and the remaining fabrication steps
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completed. Additional lithography and etch steps must be included in conventional
fabrication processes to independently deposit the two metal gates. Compatible etch
chemistries must be established between the two metals to be used; the first metal etch
may affect the High-κ surface and cause reliability issues for the second metal deposited
devices [2, 7, 109, 111, 112, 149, 165, 169].
The research herein develops an innovative single metal gate fabrication method
which is 40% less complex than DMG. Single metal n-MOS to p-MOS tuning is
achieved by fabricating devices on ultra thin body silicon on insulator (UTB-SOI)
substrates. Depleted UTB-SOI device channels receive little to no implantation; as a
result, the n-MOS to p-MOS tuning range required for UTB-SOI structures is only one
fourth of the Si band gap (~ 4.35eV to ~ 4.9eV), a more reasonable range for single metal
tuning [13, 20, 107]. Development of compatible DMG etch chemistry is no longer
required because the same fabrication method may be used for both the n-MOS and pMOS single metal gates.
The titanium nitride (TiN) thickness controlled effective work function (EWF)
tuning mechanisms presented in Chapter 3, have been engineered herein to further
simplify gate stack fabrication. Etch back of thick (p-MOS compatible) TiN to a thinner
(n-MOS) compatible film eliminates many of the additional fabrication steps required for
DMG second metal electrode fabrication and protects the dielectric surface from etch
related damage.
The fabrication method introduced here is proven to be effective for 3dimensional (3-D) fin field effect transistor (FinFET) fabrication. FinFETs are considered
the most promising device structures for 22nm technology and beyond as a result of the
excellent control of short channel effects (SCEs) the structure affords [13, 20, 43, 171].
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4.2 FABRICATION AND PRELIMINARY THRESHOLD VOLTAGE (Vth) ANALYSES OF AS
DEPOSITED VARIABLE THICKNESS TiN METAL GATES
Initial measurements were taken on FinFETs fabricated with 30Å, 100Å and 200
Å as deposited TiN. FinFET devices were fabricated on (100) SOI (90nm Si on 125nm
buried oxide), using 193nm 45° rotational lithography to produce (001)[010] channels
along the (110) Si planes and Hafnium (Hf) terminated surface preparation of the channel
areas prior to dielectric deposition. The resulting fins were 20nm wide and 80nm high
with a 4:1 aspect ratio. Each Multigate FET (MUGFET) consists of 20 fins. The fins
were deposited with 2nm thick hafnium silicate (HfSixOy) and the dielectric nitrided. TiN
metal gates were deposited on the dielectric at thicknesses of 30Å, 100Å, and 200Å.
Both the dielectric and metal were atomic layer deposited (ALD) at 1.1Å/cycle. A polySi capping layer was deposited over the MG/High-κ stacks. To control SCEs, a lightly
doped drain (LDD) region was formed for the n-FET devices. The structures received a
low temperature forming gas anneal (FGA), as well [112, 134, 137, 140].
Vth comparison of as deposited 30Å, 100Å, and 200Å thick TiN for n-MOS and
p-MOS FinFETs in Figure 4.1 indicates that it is possible to achieve fairly symmetric,
tunable n-MOS and p-MOS compatible Vth through TiN thickness engineering [20]. As
expected, the 30 Å TiN (thin) causes Vth to decrease for n-MOS devices while Vth for pMOS devices at 200Å is observed to increase [5, 7, 133].
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Figure 4.1: Vth v. gate length (Lg) for as deposited 30Å (n-MOS), 100Å (midgap), and
200Å (p-MOS) appropriate TiN gate FinFETs
Though a single metal gate reduces etch compatibility issues, DMG-like
fabrication is required to independently deposit the two separate metal thicknesses [20];
the fabrication process remains costly and complex as a result. The metal etch back
method introduced below is the culmination of the research herein and serves as a simple,
cost effective alternative for MG/High-κ gate fabrication.
4.3 SIMPLIFIED ETCH BACK FABRICATION METHOD AND ELECTRICAL
RESPONSE ANALYSIS
Single metal/High-κ gates retaining MG/dielectric interface integrity and
electrically stable response may be simply and cost effectively fabricated by depositing a
uniform, p-MOS appropriate TiN thickness layer and selectively etching back the TiN of
n-MOS designated structures to a thickness expected to achieve n-MOS appropriate
EWF. Since the first metal deposited is not completely etched away, the dielectric is
never exposed to the first metal etchant and the dielectric surface remains consistent
between n-MOS and p-MOS devices [112, 165, 172]. Fewer steps are necessary to
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complete the fabrication process because the initial metal deposited does not need to be
selectively removed from the dielectric surface and a second metal deposition is no
longer required.
4.3.1 Fabrication
The etch back fabrication method introduced herein requires deposition of a
hardmask on the metal gate material. The hard mask is patterned using conventional
lithography and then dry etched to expose the regions intended to be n-MOS. The
exposed TiN receives a controlled wet etch to a thinner, n-MOS appropriate thickness.
After etch back, the hardmask is removed, a poly-Si cap deposited, and the gate etched
[112, 165, 169]. Figure 4.2 presents a schematic of the general fabrication process.

Figure 4.2: Schematic of the novel metal-as-deposited/etched-back fabrication method
Substrate preparation and dielectric deposition for device fabrication were
conducted as described in Section 4.2. TiN was deposited on the dielectric at thicknesses
of 30Å, 100Å and 200Å. The 200Å metal was either maintained at 200Å or submitted to
a DI:H2O2:NH4OH (SC1) cold wet metal etch to reduce metal thickness to 100Å (15
minutes) or 30Å (25 minutes). Halo implants for both n-MOS (Boron (B)) and p-MOS

60

(Arsenic (As)) devices were conducted; only n-MOS devices received an LDD implant
(As). After poly-Si cap deposition, the 30Å as deposited and etched back wafers received
an SC1 cold metal etch for 10minutes, while all the others received an SC1 etch of 5 to 7
minutes. Full CMOS integration was completed through formation of a nitride spacer,
source/drain implantation, nickel silicide (NiSi) processing, and aluminium (Al)
metallization [5-7, 112, 165].
Capacitors of varying TiN thickness were fabricated to establish thickness related
EWF tuning. High resolution transmission electron microscopy (HRTEM) images were
taken of the as deposited metal gate FinFET transistor n-MOS and p-MOS
substrate/dielectric interfaces described in Section 4.2.
4.3.2 Results and Analysis
4.3.2.1 EWF and EOT Variation with TiN Thickness
In order to prove that metals etched back from one thickness to another would
have the same effect as deposited metals at the specific thickness, ALD capacitors with
TiN thicknesses of 200Å, 100Å and 30Å were deposited. Equivalent oxide thickness
(EOT) and flat band voltage (Vfb) values calculated for the as deposited capacitors were
compared with values obtained from ALD TiN capacitors deposited at 200Å and etched
back to 100Å and 30Å.
Etched back thicknesses have been assumed from etch time to thickness
relationships developed from XRR analysis conducted to develop the relevant etch
recipes. Etched back thicknesses achieved are generally found to be reasonably close to
the targeted thickness. Etch time has been used to establish etched back gate thickness in
the research presented herein.

Neither XRR nor alternative thickness measurement

techniques have been utilized to confirm etched back thickness. The electrical results
reported in this research support the accuracy of the etch time method to achieve metal
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thicknesses reasonably similar to the targeted value, particularly in the case of TiN
exposed to shorter etch times.
In Figure 4.3, EOT decreases and Vfb becomes more negative as TiN thins in both
as deposited and etched back gates [20, 133, 165, 169]. The more negative Vfb and
markedly thinner EOT of etched back compared to as deposited TiN at 100Å may result
from differences in crystallinity, structure, and grain size between the two gates caused
by divergence of the etched back TiN thickness achieved from the targeted value [5, 133,
169]. The etched back TiN may be physically thinner than the targeted 100Å; over
etching is not obvious in the 30Å etched back capacitors. Though thickness dependent
structural differences may influence diffusion which may then affect interface and bulk
TiN characteristics [133, 165, 169], 30Å and thinner films may experience similar
diffusion during RTA.

Figure 4.3: Difference in EOT and Vfb for as deposited and etched back TiN at 30Å,
100Å, and 200Å [etched back thickness estimated per §4.3.2.1 ¶ 2, p. 75]
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4.3.2.2 FinFET Electrical Response and Analysis
Etched back and as deposited MG transistor electrical behavior is exemplified by
the Vth v. Lg characteristics displayed in Figures 4.4(a) and 4.4(b). Generally, similar
trends are exhibited in the Vth of both etched back and as deposited MG transistors. The
less than ideal Vth characteristics and lack of p-MOS yield for transistors with 30Å TiN
gates indicates that thin TiN fabrication processes must be optimized.
Vth v. Lg - Comparison 100Å v. 200Å etched back to 100Å
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(a) Vth v. Lg comparing 100Å and 200Å etched back to 100Å TiN
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(b) Vth v. Lg comparing 30Å and 200Å etched back to 30Å TiN
Figure 4.4: Vth v. Lg comparison between electrodes incorporating as deposited and
etched back TiN [etched back thickness estimated per § 4.3.2.1 ¶ 2, p. 75]
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In Figure 4.4(a), Vth values are very similar between 100Å as deposited and
etched back TiN for both n-MOS and p-MOS devices. The Vth roll off with decreasing
channel length is expected and indicates the uniformity of the fabrication process [20,
112]. Importantly, and similar to the Vth data presented in Figure 4.1 for as deposited TiN
at various thicknesses, the n-MOS and p-MOS values are relatively symmetric for both
the as deposited and etched back 100Å TiN devices, at least for very short Lg [20].
Electrical behavior is markedly different between the as deposited and etched
back n-MOS Vth presented in Figure 4.4(b) for 30Å TiN gates; however, general trends
remain consistent.

Although the less than ideal electrical behavior for devices

incorporating both as deposited and etched back 30Å TiN results from the fabrication
process itself, the divergence between as deposited and etched back TiN Vth values may
result from differences between the physical thickness expected and achieved during the
etch back process. Since the metal is thin, Ti:N ratio is important to the Vth achieved;
even minor differences in etched back and as deposited TiN thicknesses may cause Vth to
vary more than in thicker films having a similar discrepancy between etched back and as
deposited film thicknesses [133]. 30Å p-MOS devices did not yield, most probably
because the p-MOS underlap and halo characteristics require optimization in order to
withstand full CMOS processing of thinner films.
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Figure 4.5: Cinv (µF/cm2) distribution for n-MOS as deposited and etched back 100Å TiN
[etched back thickness estimated per § 4.3.2.1 ¶ 2, p. 75]
Figure 4.5 compares the inversion layer capacitance (Cinv) distribution across
multiple wafers of etched back and as deposited TiN. The Cinv values of 200Å TiN etched
back to 100Å experience wider distribution than as deposited 100Å TiN. Slight variations
in inter-wafer and intra-wafer TiN thickness caused by localized and general wafer strain
effects on the TiN etch rate during the etch back process may be responsible for the
observed Cinv spread [6, 112, 133, 137, 140, 168].

Etchant related changes to the

dielectric interfaces and slight differences in the etch time between wafers might also
contribute to the wide distribution of the etched back devices [165, 169, 137, 168].
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Figure 4.6: Capacitance and inversion layer thickness (Tinv) for etched back and as
deposited 100Å TiN (Cinv values at |1.5| V were used to calculate Tinv under
the gate) [etched back thickness estimated per § 4.3.2.1 ¶ 2, p. 75]
Capacitance-Voltage (C-V) curves in Figure 4.6 indicate TiN etched back to
100Å tracks as deposited 100Å TiN capacitance well; as expected, 200Å etched back
100Å TiN C-V values are much higher than those for as deposited 200Å TiN. n-MOS
and p-MOS C-V are relatively symmetric; Tinv values for n-MOS and p-MOS are also
reasonably similar. The slight differences between as deposited and etched back Tinv and
Cinv values, respectively, result from either differences in expected and actual etched back
thickness or interface effects in the etched back stack occurring during the anneal
process.
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Figure 4.7: HRTEM cross section of n-MOS and p-MOS fins showing a thicker p-MOS
bottom interface layer compared to the n-MOS interface layer for as
deposited 30Å and 100Å TiN
HRTEM images in Figure 4.7 of 100Å and 30Å as deposited TiN gate stacks
reveal that thicker, p-MOS appropriate TiN stacks develop a thicker interfacial oxide
(SiO2) layer between the channel and dielectric than thinner, n-MOS appropriate TiN
stacks. The similarity in behavior between 100Å as deposited and etched back TiN in
Figure 4.6 as well as the difference between this behavior and that displayed by the
200Å TiN stacks suggests the thickness of the interfacial oxide layer evolves post etch
back, during RTA processing. More rapid diffusion through the thinner metal gate may
account for the differences in interfacial oxide thickness [165, 169].
Drain induced barrier lowering (DIBL) values demonstrating change in threshold
to drain voltage (∆Vth/∆Vd) between linear and saturation current v. gate voltage (Id-Vgs)
curves are provided in Figures 4.8(a) and 4.8(b) for FinFETs incorporating 100Å and
30Å TiN electrodes, respectively. DIBL indicates a decrease in Vth and concomitant
increase in Id caused when the drain voltage contributes to channel regulation. As
deposited and etched back n-MOS FinFETS display similar DIBL at both 30Å and 100Å
TiN gate thicknesses. The DIBL values display the expected inverse relationship to gate
length caused when the drain voltage begins to assert greater influence on the Id at
smaller dimensions. Optimization of the fabrication process is expected to improve the
DIBL values achieved.
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Figure 4.8: n-MOS DIBL comparison between electrodes incorporating as deposited and
etched back TiN [etched back thickness estimated per § 4.3.2.1 ¶ 2, p. 75]
Id-Vg, transconductance (gm), and current v. drain voltage (Id-Vd) FinFET data in
Figures 4.9, 4.10, and 4.11, respectively, indicate greater consistency between 100Å as
deposited and etched MG transistors than between 30Å MG devices. Etched back TiN
MGs tend to underperform as deposited TiN devices. The electrical behavior is generally
worse for the shorter channel FinFETs [173, 174, 175].
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Figure 4.9: Id-Vgs of 100Å and 30Å as deposited and etched back TiN gated FinFETs at
5µm and 85nm Lg [etched back thickness estimated per § 4.3.2.1 ¶ 2, p. 75]
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Id-Vg data presented in Figure 4.9(a) indicates comparable drive current between
5µm Lg devices with 100Å as deposited, 100Å etched back, and 30Å as deposited TiN
gates [3]. The significantly degraded drive current etched back 30Å TiN gated transistors
exhibit may result from fin roughening caused by the etch back process or from
composition differences resulting from differences between targeted thickness and etched
back thickness achieved.
Higher drive currents for the shorter Lg (85nm) FinFETs in Figure 4.9(b) than for
the longer gated devices in Figure 4.9(a) may indicate better gate control of the channel
or more pronounced SCEs (DIBL) affecting the shorter Lg devices [173]. The percentage
change in as deposited and etched back drive current for 30 Å TiN remains consistent
between long and short Lg devices.

Divergence is greater between 100Å as deposited

and etched back TiN gated transistor drive current at 85nm Lg than at 5µm Lg.
Interestingly, the etched back 100Å TiN gate exhibits a higher drive current than
the as deposited MG electrode transistors. In all other cases, etched back gated devices
have lower drive current than devices with as deposited gates. The higher drive current
for the etched back 100Å TiN gate most probably results from the thickness achieved
being less than the targeted thickness. The differences observed between long and short
Lg Id-Vg may relate to differences in etch uniformity over the longer gate lengths.
In Figure 4.10(b), 30Å TiN gated transistor gm is shifted right of 100Å TiN gated
devices. The shift indicates a TiN thickness dependent change in Vth at short Lg which is
not so obvious in the longer Lg structures of Figure 4.9(a). Inter and intra wafer Id spread
is much larger for shorter Lg 100Å and 30Å TiN gated devices. Electrical behavior is
degraded in the shorter Lg devices, particularly those incorporating very thin etched back
TiN. The etched back method may affect interface composition/Ti:N ratio. Optimization
is required to improve the single metal gate etch back fabrication method.
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(b) 100Å and 30Å as deposited and etched back TiN gm-Vgs, 85nm Lg
Figure 4.10: gm-Vgs of 100Å and 30Å as deposited and etched back TiN gated FinFETs
at 5µm and 85nm Lg [etched back thickness estimated per §4.3.2.1 ¶ 2, p.75]
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Transconductance (gm = ∂I D / ∂VG ) values for the 30Å and 100Å long and short
Lg TiN gated FinFETs presented in Figures 4.10(a) and 4.10(b), respectively, indicate
that there is a decrease in mobility between as deposited and etched back 30Å TiN. In
keeping with the increase in drive current of 85nm Lg 100Å etched back TiN FinFETs,
the gm for these FinFETs in Figure 4.10(b) is greater than that of the as deposited 100Å
TiN gate devices. With the exception of 85nm Lg 100Å etched back TiN gated FinFETs,
the gm of the etched back devices in Figures 4.10(a) and 4.10(b) is lower than as
deposited gm values. This decrease in mobility may indicate an increase in interface traps
(Dit) or scattering points which might be the result of incorporation of atoms into the TiN
or roughness introduced on the TiN surface by the etch.
The increased gm observed in the etched back short channel 100Å FinFETs may
result from greater strain induced because the etched back thickness is thinner than the as
deposited thin metal gate [137]. As expected from the Id-Vgs data presented in Figure
4.9(b), the gm and peak values of the as deposited 100Å, 30Å, and etched back 100Å TiN
5µm Lg devices are similar. 30Å etched back TiN has a substantially lower peak gm
value somewhat shifted to lower Vgs values.
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(b) 100Å and 30Å as deposited and etched back TiN Id-Vds, 85nm Lg
Figure 4.11: Id-Vds of 100Å and 30Å as deposited and etched back TiN gated FinFETs at
5µm and 85nm Lg [etched back thickness estimated per § 4.3.2.1 ¶ 2, p. 75]
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Id-Vds curves obtained at Vgs = 0V, .6V and 1.2V are presented in Figures 4.11(a)
and 4.11(b). For 5µm Lg, Id values for etched back and as deposited 100 Å TiN gates are
very similar. The Id values are substantially larger for longer channel as deposited 30Å
TiN gate devices than for etched back 30Å TiN gated structures. As expected from the
Id-Vg and gm data in Figures 4.9 and 4.10, the as deposited 30Å TiN Id values are very
similar to those of the as deposited and etched back 100Å Id. Values for both 100Å and
30Å etched back and as deposited devices are essentially the same at .6V and 0V gate
voltages.
In Figure 4.11(b), etched back and as deposited shorter Lg 100Å TiN devices
display similar behavior, although the variation between etched back and as deposited
TiN gate devices is greater than that for the devices with larger Lg in Figure 4.11(a). 30Å
etched back and as deposited devices display a larger percentage difference in Id than the
30Å devices at 5µm Lg. There is greater spread, as well, between 100Å and 30Å TiN
gate devices at .6V Vgs. While 100Å etched back and as deposited TiN gate devices have
the same Id values, there is spread in the 30Å as deposited and etched back Id. At 0V Vgs,
the Id-Vds for 30Å as deposited and etched back devices are essentially zero.
Interestingly, there is greater spread between 100Å etched back and as deposited Id
values; these are also greater than zero at 0V Vgs.
4.4 CONCLUSIONS
Generally, the electrical data analyzed herein proves that single metal TiN gates
fabricated on High-κ dielectrics may be tuned between n-MOS and p-MOS compatible
Vth for UTB-SOI, specifically FinFET, devices using a simplified metal etch back
fabrication method to engineer TiN thickness. Thinner TiN is appropriate for n-MOS
devices while thicker TiN is appropriate for p-MOS devices. Etch back of thicker TiN is
shown to be generally as effective as TiN deposited at 30Å and 100Å in achieving nMOS and p-MOS appropriate Vth values. The resulting etched back devices behave
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relatively well although they must be optimized before they may be considered a viable
alternative to existing DMG technology.
Etching back thick as deposited TiN achieves a 40% step reduction in the gate
fabrication process, a lithography sub-module reduction of six steps, and mitigation of
overlay issues by elimination of a reverse lithography step required in DMG. The etchback method is user friendly and may be implemented for metals the EWF of which may
be tuned across the appropriate range by thickness engineering, implantation, and bimetal layering.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK
5.1 SUMMARY AND CONCLUSIONS
The research developed herein provides a simple to integrate, low cost alternative
to existing dual metal gate (DMG) high-k/metal gate fabrication methods. The unique
gate stacks engineered introduce n-MOS to p-MOS thickness tunable single metal gates
for SOI FinFET applications; an innovative thicker to thinner metal etch back fabrication
method produces single metal n-MOS and p-MOS devices with reasonable electrical
behavior at lower cost and complexity than conventional complete first metal etch DMG
fabrication processes.
More specifically, the research herein has introduced:
•

Insight into the mechanism controlling TiN thickness related EWF tuning
between n-MOS and p-MOS appropriate values; specifically, Ti:N ratio and
interface structure.

•

A simplified alternative to DMG high-k dielectric/metal gate incorporating
thicker to thinner metal etch back; specifically, depositing a mask layer over a
thick single metal gate, exposing areas to be etched back, etching back the
thickness of the exposed areas, removing the remaining mask, and completing full
CMOS integration.

•

Full scale single metal gate SOI FinFET devices incorporating the etched back
metal gate fabrication method displaying reasonable, though not optimized,
behavior proving that etched back and as deposited gates exhibit similar behavior.

•

Possible mechanisms through which thickness EWF tuning is achieved.

5.2 FUTURE WORK
The devices fabricated and results presented herein provide a proof of concept.
Future research will include optimizing the fabrication and gate etch process of the same
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gate metal at two different thicknesses to produce tighter electrical behavior. Materials
analysis delving into the mechanism causing the difference between etched back and as
deposited electrical behavior would be useful in determining how the fabrication process
might be optimized, particularly in the case of 30Å devices. The research would greatly
benefit from reliability analyses to determine whether the etched back gates are as
resilient as TiN as deposited metal gates and to better understand the tuning mechanism
and how it may be effectively engineered. In addition, etched-back fabrication may be
investigated as an alternative for other thickness tunable metals and for metals the EWF
of which may be tuned by ion implantation.

77

Bibliography
[1]

G.E. Moore, Cramming More Components onto Integrated Circuits, Electron.
38(8), pp. 114 - 117 (1965).

[2]

Semiconductor Industry Association, International Roadmap for Semiconductors,
2008 edition, [on-line]: http://public.itrs.net/ (2008).

[3]

G.D. Wilk, R.M. Wallace, and J.M. Anthony, High-κ gate dielectrics: current
status and materials properties considerations, J. Appl. Phys. 89 (10), pp. 5243 5375 (2001).

[4]

S.M. Sze, Physics of Semiconductor Devices, 2nd Edition. Wiley-Interscience
Publication, John Wiley & Sons, New York, 1981.

[5]

C.Y. Kang, J.-W. Yang, J. Oh, R. Choi, Y.J. Suh, H.C. Floresca, J. Kim, M. Kim,
B.H. Lee, H.-H. Tseng, and R. Jammy, Effects of film stress modulation using
TiN metal gate on stress engineering and its impact on device characteristics in
metal gate/high-k dielectric SOI FinFETs, IEEE Electron Device Lett. 29(5), pp.
487 - 490 (2008).

[6]

C.Y. Kang, R. Choi, and M.M. Hussain, J. Wang, Y.J. Suh, H.C. Floresca, M.J.
Kim, J. Kim, B.H. Lee, and R. Jammy, Effects of metal gate-induced strain on the
performance of metal-oxide-semiconductor field effect transistors with titanium
nitride gate electrode and hafnium oxide dielectric, Appl. Phys. Lett. 91(3),
033511 (2007).

[7]

C.Y. Kang, R. Choi, S.C. Song, K. Choi, B.S. Ju, M.M. Hussain, B.H. Lee, G.
Bersuker, C. Young, D. Heh, P. Kirsch, J. Barnett, J.-W. Yang, P. Zeitzoff, W.
Xiong, H.-H. Tseng, and R. Jammy, A novel electrode-induced strain engineering
for high performance SOI FinFET utilizing Si (110) channel for both N and
PMOSFETs, in IEEE IEDM Tech. Dig., 2006, pp.885 - 888 (2006).

[8]

O. Weber, T. Irisawa, T. Numata, M. Harada, N. Taoka, Y. Yamashita, T.
Yamamoto, N. Sugiyama, M. Takenaka, and S. Takagi, Examination of additive
mobility enhancements for uniaxial stress combined with biaxially strained Si,
biaxially strained SiGe and Ge channel MOSFETs, in IEEE IEDM Tech. Dig.,
2007, pp. 719 - 722 (2007).

[9]

R. Khamankar, H. Bu, C. Bowen, S. Chakravarthi, P.R. Chidambaram, M. Bevan,
A. Krishnan, H. Niimi, B. Smith, J. Blatchford, B. Hornung, J.P. Lu, P. Nicollian,
B. Kirkpatrick, D. Miles, M. Hewson, D. Farber, L. Hall, H. Alshareef, A.
Varghese, A. Gurba, V. Ukrainstev, B. Rathsack, J. DeLoach, J. Tran, C.
Kaneshige, M. Somervell, S. Aur, C. Machala, and T. Grider, An enhanced 90nm
high performance technology with strong performance improvements from stress
and mobility increase through simple process changes, in IEEE VLSI Symp.
Tech. Dig., 2004, pp.162 - 163 (2004).
78

[10]

A. V.-Y. Thean, D. Zhang, V. Vartanian, V. Adams, J. Conner, M. Canonico, H.
Desjardin, P. Grudowski, B. Gu, Z.-H. Shi, S. Murphy, G. Spencer, S. Filipiak, D.
Goedeke, X.-D. Wang, B. Goolsby, V. Dhandapani, L. Prabhu, S. Backer, L.B.
La, D. Burnett, T. White, B.-Y. Nguyen, B.E. White, S. Venkatesan, J. Mogab, I.
Cayrefourcq, and C. Mazure, Strain-enhanced CMOS through novel processsubstrate stress hybridization of super-critically thick strained silicon directly on
insulator (SC-SSOI), in IEEE VLSI Symp. Tech. Dig., 2006, pp. 130 - 131
(2006).

[11]

D.K. Sadana, S.W. Bedell, A. Reznicek, J.P. De Souza, K.E. Fogel, H.J. Hovel,
Strain engineering for silicon CMOS technology, in Proc. ULSI Process
Integration IV, C. Claeys, F. Gonzalez, S. Zaima, D.A. Buchanan and J.O.
Borland, Eds., The Electrochem. Soc. PV, 2005 - 06, pp. 360 - 382 (2005).

[12]

K. Kim and G. Jeong, Memory technologies for sub-40nm node, in IEEE IEDM
Tech. Dig., 2007, pp. 27 - 30 (2007).

[13]

T. Skotnicki, Materials and device structures for sub-32nm CMOS nodes,
Microelectron. Eng. 84(9 - 10), 1845 - 1852 (2007).

[14]

A. Savio, S. Monfray, C. Charbuillet, T. Skotnicki, On the limits of silicon for IMOS integration, IEEE Trans. Electron Devices 56(5), pp.1110 - 1117 (2009).

[15]

J.A. Hutchby, G.I. Bourianoff, V.V. Zhirnov, and J.E. Brewer, Emerging research
memory and logic technologies: a critical review of the technologies based on
new relevance/evaluation criteria, IEEE Circuits and Devices 21(4), pp. 47 - 51
(2005).

[16]

K.W. Ang, K.J. Chui, V. Bliznetsov, A. Du, N. Balasubramanian, M.F. Li, G.
Samudra, and Y.-C. Yee, Enhanced performance in 50nm n-MOSFETs with
silicon-carbon source/drain regions, in IEEE IEDM Tech. Dig., 2004, pp. 978 980 (2004).

[17]

Intel, White Paper: Introduction to Intel’s 32nm process technology, [on-line]:
http://download.intel.com/pressroom/kits/32nm/westmere/Intel_32nm_Overview.
pdf (2009).

[18]

K. Mistry, C. Allen, C. Auth, B. Beattie, D. Bergstrom, M. Bost, M. Brazier, M.
Buehler, A. Cappellani, R. Chau, C.-H. Choi, G. Ding, K. Fischer, T. Ghani, R.
Grover, W. Han, D. Hanken, M. Hattendorf, J. He, J. Hicks, R. Heussner, D.
Ingerly, P. Jain, R. James, L. Long, S. Joshi, C. Kenyon, K. Khun, K. Lee, H. Liu,
J. Maiz, B. McIntyre, P. Moon, J. Neirynck, S. Pae, C. Parker, D. Parsons, C.
Prasad, L. Pipes, M. Prince, P. Ranade, T. Reynolds, J. Sandford, L. Shifren, J.
Sebastian, J. Seiple, D. Simon, S. Sivakumar, P. Smith, C. Thomas, T. Troeger, P.
Vandervoorn, S. Williams, and K. Zawadzki, A 45nm logic technology with highk + metal gate transistors, strained silicon, 9Cu interconnect layers, 193nm dry
patterning, and 100% Pb-free packaging, in IEEE IEDM Tech. Dig., 2007, pp.
247 – 250 (2007).

79

[19]

B. Streetman, and S. Banerjee, Solid State Electronic Devices, 5th ed., Prentice
Hall, New Jersey, 2000.

[20]

D. Pham, H. Luan, K. Mathur, B. Sassman, B. Nguyen, G. Brown, J.-W. Yang, J.
Oh, P. Zeitzoff, and L. Larson, Single metal gate with dual work function for FDSOI and UTB double gate technologies, in Proc. IEEE Intl. SOI Conf., 2006, pp.
25 - 26 (2006).

[21]

L. Chang, S. Tang, T.-J. King, J. Bokor, C. Hu, Gate length scaling and threshold
voltage control of double-gate MOSFETs, in IEEE IEDM Tech. Dig., 2000, pp.
719 - 722 (2000).

[22]

S.C. Song, J.H. Sim, Z. Zhang, S.H. Bae, P. Kirsch, G. Bersuker, and B.H. Lee,
Morphology and crystallization of ultrathin HfON (EOT ≤ 1) with TiN metal
gate, Electrochem. Solid-State Lett. 9(3), pp. G77 - G79 (2006).

[23]

V. Kursan and E.G. Friedman, Multi-Voltage CMOS Circuit Design, John Wiley
& Sons, Ltd, West Sussex, England, 2006.

[24]

T. Hori, Gate Dielectrics and MOS ULSIs, Principles, Technologies and
Applications, Springer-Verlag, Berlin, 1997.

[25]

J.R. Hauser and K. Ahmed, Characterization of ultra-thin oxides using electrical
C-V and I-V measurements, in AIP Conf. Proc. 449, 1998, pp 235 - 239 (1998).

[26]

J. Robertson, High dielectric constant gate oxides for metal oxide Si transistors,
Rep. Prog. Phys. 69, pp. 327 - 396 (2006).

[27]

G. Brown, G. Smith, J. Saulters, K. Matthews, H.C. Wen, P. Majhi, and B.H. Lee,
An improved methodology for gate electrode work function extraction in SiO2
and high-k gate stack systems using terraced oxide structures, in Proc. IEEE SISC
Conf., 2004, p.15 (2004).

[28]

P. Majhi, H.C. Wen, H. Alshareef, K. Choi, H.R. Harris, P. Lysaght, H. Luan, Y.
Senzaki, S.C. Song, B.H. Lee, and C. Ramiller, Evaluation and integration of
metal gate electrodes for future generation dual CMOS,” in Proc. ICICDT, 2005,
p. 69 – 72 (2005).

[29]

H.D.B. Gottlob, T. Mollenhauer, T. Wahlbrink, M. Schmidt, T. Echtermeyer, J.K.
Efave, M.C. Lemme, and H. Kurtz, Scalable gate first process for silicon on
insulator metal oxide semiconductor field effect transistors with epitaxial high-k
dielectrics, J. Vac. Sci. Technol. B 24(2), pp. 710 - 714 (2006).

[30]

B.H. Lee, S.C. Song, R. Choi, and P. Kirsch, Metal electrode, high-κ dielectric
gate-stack technology for power management, IEEE Trans. Electron Devices
55(1), pp. 8 - 20 (2008).

[31]

H.-C. Wen, P. Majhi, K. Choi, C.S. Park, H. N. Alshareef, H.R. Harris, H. Luan,
H. Niimi, H.-B. Park, G. Bersurker, P.S. Lysaght, D.-L. Kwong, S.C. Song, B.H.

80

Lee, R. Jammy, Decoupling the Fermi-level pinning effect and intrinsic
limitations on p-type effective work function metal electrodes, Microelectron.
Eng. 85, pp. 2 - 8 (2008).
[32]

R. Degraeve, E. Cartier, T. Kauerauf, R. Carter, L. Pantisano, A. Kerber, and G.
Groseneken, On the electrical characterization of high-k dielectrics, Mat. Res.
Soc. Bull. 27(3), pp. 222 - 225 (2002).

[33]

H.R. Huff, A. Hou, C. Lim, Y. Kim, J. Barnett, G. Bersuker, G.A. Brown, C.D.
Young, P.M. Zeitzoff, J. Gutt, P. Lysaght, M.I. Gardner, and R.W. Murto, High-k
gate stacks for planar, scaled CMOS integration circuits, Microelectron. Eng. 69,
pp. 152 - 167 (2003).

[34]

S.H. Lo, D.A. Buchanan, Y. Taur, and W. Wang, Quantum-mechanical modeling
of electron tunneling current from inversion layer of ultra-thin oxide nMOSFETs,
IEEE Electron Device Lett. 18, pp. 209 - 211 (1997).

[35]

M.C. Johnson, D. Somasekhar, and K. Roy, Leakage control with efficient use of
transistor stacks in single threshold CMOS, in Proc. ACM/IEEE Design
Automation Conf., 1999, pp. 442 - 445 (1999).

[36]

E. Bernard, T. Ernst, B. Guillaumot, N. Vulliet, T.C. Lim, O. Rozeau, F.
Danneville, P. Coronel, T. Skotnicki, S. Deleonibus, and O. Faynot, First internal
spacers’ introduction in record high ION/IOFF TiN/HfO2 gate multichannel
MOSFET satisfying both high-performance and low standby power requirements,
IEEE Electron Device Lett. 30(2), pp.148 - 151 (2009).

[37]

E. Bernard, T. Ernst, B. Guillaumot, N. Vulliet, X. Garros, V. Maffini-Alvaro, P.
Coronel, T. Skotnicki, and S. Deleonibus, Impact of the gate stack on the
electrical performances of 3D multi-channel MOSFET (MCFET) on SOI, SolidState Electron. 52(9), pp.1297 - 1302 (2008).

[38]

H. Shang, M.H. White, An ultra-thin midgap gate FDSOI MOSFET, Solid-State
Electron. 44(9), pp. 1621 - 1625 (2000).

[39]

J.P. Collinge, Silicon-on-Insulator Technology: Materials to VLSI. 2nd ed.,
Kluwer Academic publishers, Norwell, MA, 1997.

[40]

A.J. Auberton-Herve, SOI: materials to systems, in IEEE IEDM Tech. Dig., 1996,
pp. 3 - 10 (1996).

[41]

S.C. Song, Z.B. Zhang, M. M. Hussain, C. Huffman, J. Barnett, S.H. Bae, H. J.
Li, P. Majhi, C.S. Park, B.S. Ju, H.K. Park, C.Y. Kang, R. Choi, P. Zeitzoff, H.H.
Tseng, B.H. Lee, and R. Jammy, Highly manufacturable 45nm LSTP CMOSFETs
using novel dual high-k and dual metal gate CMOS integration, in IEEE VLSI
Symp. Tech. Dig., 2006, pp. 13 - 14 (2006).

[42]

A. Kaneko, A Yagashita, K Yahashi, T. Kubota, M. Omura, K. Matsuo, I.
Mizushima, K. Okano, H. Kawasaki, S. Inaba, T. Izumida, T. Kanemura, N. Aoki,

81

K. Ishimaru, H. Ishiuchi, K. Suguro, K. Equchi, and Y. Tsunashima, Sidewall
transfer process and selective gate sidewall spacer formation technology for sub15nm FinFET with elevated source/drain extension, in IEEE IEDM Tech. Dig.,
2005, pp. 844 - 847 (2005).
[43]

H.R. Harris, M.M. Hussain, C. Smith, J.-W. Yang, P. Majhi, H. Adhikari, H.-H.
Tseng, and R. Jammy, FinFETs: Challenges in material and processing for a new
3D device paradigm, Future Fab 23, pp. 74 – 77 (2007).

[44]

T. Skotnicki, Transistor Scaling to the end of the roadmap, in Proc. Symp. VLSI
Tech. 2004.

[45]

H.B. Michaelson, The work function of the elements and its periodicity, J. Appl.
Phys. 48(11), pp. 4729 - 4733 (1977).

[46]

T. Maeda, K. Ikeda, S. Nakaharai, T. Tezuka, N. Sugiyama, Y. Moriyama, and S.
Takagi, High mobility Ge-on-insulator p-channel MOSFETs using Pt germanide
Schottky Source/Drain, IEEE Electron Device Lett. 26(2), pp. 102 - 104 (2005).

[47]

S. Joshi, C. Krug, D. Heh, H.J. Na, H.R. Harris, J.W. Oh, P.D. Kirsch, P. Majhi,
B.H. Lee, H.-H. Tseng, R. Jammy, J.C. Lee, and S.K. Banerjee, Improved Ge
surface passivation with ultrathin SiOx enabling high-mobility surface channel
pMOSFETs featuring a HfSiO/WN gate stack, IEEE Electron Device Lett. 28(4),
pp. 308 - 311 (2007).

[48]

T. Krishnamohan, Z. Krivokapic, K. Uchida, Y. Nishi, and K.C. Saraswat, High
mobility ultrathin strained Ge MOSFETs on bulk and SOI with low band-to-band
tunneling leakage: experiments, IEEE Trans. Electron. Devices 53(5), pp. 1509 –
1516 (2006).

[49]

M.L. Lee, D.A. Antoniadis, and E.A. Fitzgerald, Strained and relaxed SiGe for
high-mobility MOSFETs, in Proc. Conf. Dig. ISTDM, 2006, pp. 1 - 2 (2006).

[50]

P.R. Chidambaram, B.A. Smith, L.H. Hall, H. Bu, S. Chakravarthi, Y. Kim, A.V.
Samoilov, A.T. Kim, P.J. Jones, R.B. Irwin, M.J. Kim, A.L.P. Rotondaro, C.F.
Machala, and D.T. Grider, 35% drive current improvement from recessed-SiGe
drain extensions on 37nm gate length PMOS, in IEEE VLSI Symp. Tech. Dig.,
2004, p. 48 - 49 (2004).

[51]

R. Chau, Challenges and opportunities of III-V nanoelectronics for future logic
applications, in DRC 2006, [on-line]:
http://download.intel.com/technology/silicon/Chau_DRC_062606.pdf (2006).

[52]

Intel, White Paper: First the tick, now the tock: next generation Intel
Microarchitecture (Nehalem), [on-line]:
http://www.intel.com/technology/architecture-silicon/next-gen/whitepaper.pdf
(2008).

82

[53]

J.K. Schaeffer, D.C. Gilmer, C. Capasso, S. Kalpat, B. Taylor, M.V. Raymond, D.
Triyoso, R. Hegde, S.. Samavedam, and B.E. White, Application of group
electronegativity concepts to the effective work functions of metal gate electrodes
on high-k gate oxides, Microelectron. Eng. 84, pp.2196 - 2200 (2007).

[54]

A. Shanware, M.R. Visokay, J.J. Chambers, A.L.P. Rotondaro, J. McPherson, L.
Colombo, G.A. Brown, C.H. Lee, Y. Kim, M. Gardner, and R. W. Murto,
Characterization and comparison of the charge trapping in HfSiON and HfO2 gate
dielectrics, in IEEE IEDM Tech. Dig., 2003, pp. 939 – 942 (2003).

[55]

R.M. Todi, A. P. Warren, K.B. Sundaram, K. Barmak, K.R. Coffey,
Characterization of Pt-Ru Binary Alloy Thin Films for Work Function Tuning,
IEEE Electron Device Lett. 27(7), pp. 542 – 545 (2006).

[56]

K.J. Hubbard and D.G. Schlom, Thermodynamic stability of binary oxides in
contact with silicon, J. Mater. Res. 11(11), pp. 2757 - 2776 (1996).

[57]

B.H. Lee, L. Kang, W.J. Qi, R. Nieh, Y. Jeon, K. Ohnishi, J.C. Lee, Ultrathin
hafnium oxide with low leakage and excellent reliability for alternative gate
dielectric application, in IEEE IEDM Tech. Dig, 1999, p. 133 - 136 (1999).

[58]

L. Manchanda, M.L. Green, R.B. van Dover, M.D. Morris, A. Kerber, Y. Hu, J.P. Han, P.J. Silverman, T.W. Sorsch, G. Weber, V. Donnelly, K. Pelhos, F.
Klemens, N.A. Ciampa, A. Kornblit, Y.O. Kim, J.E. Bower, D. Barr, E. Ferry, D.
Jacobson, J. Eng, B. Busch, H. Schulte, Si-doped aluminates for high temperature
metal-gate CMOS: Zr-Al-Si-O, a novel gate dielectric for low power applications,
in IEEE IEDM Tech. Dig., 2000, p.23 - 26 (2000).

[59]

W.E. Howard, Thin film transistors – a historical perspective, in Thin Film
Transistors, C.R. Kagan and P. Andry (eds.), Marcel Dekker, Inc., New York,
N.Y., 2003, p.1.

[60]

S.H. Bae, S.C. Song, K. Choi, G. Bersuker, D.-L. Kwong, and B.H. Lee,
Thickness optimization of the TiN metal gate with polysilicon–capping layer on
Hf-based high-k dielectric, Microelectron. Eng. 83, pp. 460 - 462 (2006).

[61]

A. Kuriyama, O. Faynot, L. Brevard, A. Tozzo, L. Clerc, S. Deleonibus, J.
Minard, V. Vidal, S. Cristoloveanu, and H. Iwai, Work function investigation in
advanced metal gate-HfO2-SiO2 systems with bevel structures, in ESSDERC
Tech. Dig., 2006, pp. 109 – 112 (2006).

[62]

J. Lee, H. Zhong, Y.-S. Suh, G. Heuss, J. Gurganus, B. Chen, and V. Misra,
Tunable work function dual metal gate technology for bulk and non-bulk CMOS,
in IEEE IEDM Tech. Dig., 2002, pp. 363 - 366 (2002).

[63]

V. Misra, H. Zhong and H. Lazar, Electrical properties of Ru-based alloy gate
electrodes or dual metal gate Si-CMOS, IEEE Electron Device Lett. 23, pp. 354 356 (2002).

83

[64]

Y.-S. Suh, G. Huess, H. Zhong, S.-N. Hong, and V. Misra, Electrical
characteristics of TaSixNy gate electrodes for dual gate Si-CMOS devices, in
IEEE VLSI Symp. Tech. Dig., 2001, pp. 47 - 48 (2001).

[65]

R. Chau, S. Datta, M. Doczy, B. Doyle, J. Kavalieros, and M. Metz, High-k/metal
gate stack and its MOSFET characteristics, IEEE Electron Device Lett. 25(6), pp.
408 - 410 (2004).

[66]

P. Majhi, H.C. Wen, G. Bersuker, G. Brown, B.-H. Lee, and H. Huff, Advanced
gate electrode for future generation CMOS, Semiconductor FABTECH, pp. 122 –
127 (2004).

[67]

H. Wakabayashi, Y. Saito, K. Takeuchi, T. Mogami, and T. Kunio, A dual-metal
gate CMOS technology using nitrogen-concentration-controlled TiNx film, IEEE
Trans. Electron Devices 48(10), pp. 2363 - 2369 (2001).

[68]

Y.H. Kim, C.H. Lee, T.S. Jeon, W.P. Bai, C.H. Choi, S.J. Lee, L. Xinjian, R.
Clarks, D. Roberts, and D.L. Kwong, High Quality CVD TaN gate electrode for
sub-100nm MOS devices, in IEEE IEDM Tech. Dig., 2001, pp. 667 - 670 (2001).

[69]

F. Lévy, P. Hones, P.E. Schmid, R. Sanjinés, M. Diserens, and C. Wiemer,
Electronic states and mechanical properties in transition metal nitrides, Surf. Coat.
Technol. 120 - 121, pp. 284 – 290 (1999).

[70]

B.-Y. Tsui and C.-F. Huang, Investigation of Cu/TaN metal gate for metal-oxidesilicon devices, J. Electrochem. Soc. 150(1), pp. G22 - G27 (2003).

[71]

M. Wittmer, Properties and microelectronic applications of thin films of
refractory metal nitrides, J. Vac. Sci. Technol. A 3(4), pp.1797 - 1803 (1985).

[72]

R. Chau, S. Datta, M. Doczy, J. Kavalieros, and M. Metz, Gate dielectric scaling
for high-performance CMOS: from SiO2/polySi to high-k/metal gate, in IWGI
2003, [on-line]:
http://www.intel.com/technology/silicon/IWGI_2003_Robert_Chau_Intel.pdf

[73]

C.-T. Lin, Y.-K. Fang, W.-K. Yeh, T.-H. Lee, M.-S. Chen, C.-M. Lai, C.-H. Hsu,
L.-W. Chen, L.-W. Cheng, and M. Ma, A Novel strain method for enhancement
of 90-nm node and beyond FUSI-gated CMOS performance, IEEE Electron
Device Lett. 28(2), pp. 111 – 113 (2007).

[74]

D. Aime, B. Froment, F. Cacho, S. Descombes, Y. Morand, N. Emonet, F.
Wacquant, T. Farjot, S. Jullian, C. Laviron, M. Juhel, R. Pantel, R. Molins, D.
Delille, A. Halimaoui, D. Bensahel, and A. Souifi, Work-function tuning through
dopant scanning and related effects in Ni fully silicided gate for sub-45nm node
CMOS, in IEEE IEDM Tech. Dig., 2004, pp.87 - 90 (2004).

[75]

T. Nabatame, M. Kadoshima, K. Iwamoto, N. Mise, S. Migita, M. Ohno, H. Ota,
N. Yasuda, A. Ogawa, K. Tominaga, H. Satake, and A. Toriumi, Partial silicides
technology for tunable work-function electrodes on high-k gate dielectrics –

84

Fermi level pinning controlled PtSix for HfOx(N) pMOSFET, in IEEE IEDM
Tech. Dig., 2005, pp.83 - 86 (2005).
[76]

B. Cheng, M. Cao, R. Rao, A. Inani, P.V. Voorde, W.M. Greene, J.M.C. Stork, Z.
Yu, P.M. Zeitzoff, and J.C.S. Woo, The impact of high-k gate dielectrics and
metal gate electrodes on sub-100nm MOSFETs, electron devices, IEEE Trans.
Electron Devices 46, pp.1537 - 1544 (1999).

[77]

G.W. Dietz, M. Schmacher, R. Waser, S.K. Streiffer, C. Basceri, and A.I. Kingon,
Leakage currents in Ba0.7Sr0.3TiO3 thin films for ultrahigh-density dynamic
random access memories, J. Appl. Phys. 82(5), pp. 2359 - 2364 (1997).

[78]

J. Robertson, Band offsets of wide band gap oxides and implications for future
electronic devices, J. Vac. Sci. Technol. B (18), pp1785 – 1791 (2000).

[79]

H.-S. P.Wong, Beyond the conventional transistor, IBM J. Res. & Dev. 46(2/3), p.
133 - 168 (2002).

[80]

J. Robertson, Electronic structure and band offsets of high-dielectric constant gate
oxides, Mat. Res. Soc. Bull. 27(3), pp. 217 - 221 (2002).

[81]

J. Kwo, M. Hong, A.R. Kortan, K.T. Queeney, Y.J. Chabal, R.L. Opila, D.A.
Muller, S.N.G. Chu, B.J. Sapjeta, T.S. Lay, J. P. Mannaerts, T. Boone, H.W.
Krautter, J.J. Krajewski, A.M. Sergnt, and J.M. Rosamilia, Properties of high k
gate dielectrics Gd2O3 and Y2O3 for Si, J. Appl. Phys 89(7), pp. 3920 – 3927
(2001).

[82]

P. Majhi, G. Bersuker, and B.H. Lee, Towards understanding of processingnanostructure-property inter-relationships in high-k/metal gate stacks, pp. 29-40,
in E. Gusev (Ed.) Defects in High-k Gate Dielectric Stacks: Nano-electronic
Semiconductor Devices, Springer, Netherlands, 2006.

[83]

A.I. Kingon, J.-P. Maria, and S. K. Streiffer, Alternative dielectrics to silicon
dioxide for memory and logic devices, Nature 406, pp.1032 - 1038 (2000).

[84]

A.A. Demkov, Thermodynamic stability and band alignment at a metal-high-k
dielectric interface, Phys. Rev. B 74(8), 085310 (2006).

[85]

C.C. Hobbs, L. Fonseca, A. Knizhnik, V. Dhandapani, S.B. Samavedam, W.J.
Taylor, J.M. Grant, L.G. Dip, D.H. Triyoso, R.I. Hegde, D.C. Gilmer, R. Garcia,
D. Roan, M.L. Lovejoy, R.S. Rai, E.A. Hebert, H.-H. Tseng, S.G.H. Anderson,
B.E. White, and P.J. Tobin, Fermi-level pinning at the polysilicon/metal-oxide
interface—part I, IEEE Trans. on Electron Devices 51, pp. 971 - 977 (2004).

[86]

S.C. Song, C.S. Park, J. Price, C. Burham, R. Choi, H.C. Wen, K. Choi, H.H.
Tseng, B.H. Lee and R. Jammy, Mechanism of Vfb roll-off with high work
function metal gate and low temperature oxygen incorporation to achieve pmos
band edge work function, in IEEE IEDM Tech. Dig., 2007, pp. 337 – 340 (2007).

85

[87]

G. Lucovsky, Transition from thermally grown gate dielectrics to deposited gate
dielectrics for advanced silicon devices: a classification scheme based on bond
ionicity, J. Vac. Sci. Technol. A 19, pp. 1553 - 1561 (2001).

[88]

Nara, S. Inumiya, S. Kamiyama, and K. Nakamura, Hf-based High-k Gate
Dielectrics - Scalability for hp45 node and beyond, in IEEE IWNC Tech. Dig.,
2006, pp. 132 – 135 (2006).

[89]

R. Arghavani, G. Miner, and M. Agustin, High-k/metal gates prepare for highvolume manufacturing, Semiconductor International 30(12), pp. 32 - 38 (2007).

[90]

C. Choi, T. Ando, E. Cartier, M.M. Frank, R. lijima, and V. Narayanan, Quasidamascene metal gate/high-k CMOS using oxygenation through gate electrodes,
Microelectron. Eng. 86(7-9), pp. 1737 - 1739 (2009).

[91]

N. Yoshida, X. Tang, K. Ahmed, M. Agustin, S. Hung, V. Ku, O. Chan, R. Liang,
H. Chen, B. Zheng, G. Conti, C. Lazik, M. Jin, K. Lavu, C.P. Chang, T.
Mandrekar, and S. Gandikota, Enabling effective work function tuning by
RFPVD metal oxide on high-k gate dielectric, in ECS Meeting 2008, Abs. # 632
(2008).

[92]

S.A. Krishna, M. Quevedo, R. Harris, P.D. Kirsch, R. Choi, B.H. Lee, G.
Bersuker, J.C. Lee, Negative bias temperature instability dependence on dielectric
thickness and nitrogen concentration in ultra-scaled HfSiON dielectric/TiN gate
stacks, An additional issue is investigation of device characteristics – how long
will they last under stress electrical stress - Krishnan – Jpn. J. Appl. Phys. 45(4B),
pp. 2945 – 2948 (2006).

[93]

S. Zafar, C. Cabral, R. Amos, and A. Callegari, A method for measuring barrier
heights, metal work functions and fixed charge densities in metal/SiO2/Si
capacitors, Appl. Phys. Lett., 80, pp. 4858 - 4860, (2002).

[94]

B.-Y. Tsui and C.-F. Huang, Wide range work function modulation of binary
alloys for MOSFET application, IEEE Electron Device Lett. 24, pp. 153 – 155
(2003).

[95]

T. Nabatame, H. Ota, A. Toriumi, What is the essence of Vfb shifts in high-k gate
stack?, in ECS Meeting 2007, Abs. # 1163 (2007).

[96]

T. Nabatame, K. Segawa, M. Kadoshima, H. Takaba, K. Iwamoto, S. Kimura, Y.
Nunoshige, H. Satake, T. Ohishi, A. Toriumi, The effect of oxygen in Ru gate
electrode on effective work function of Ru/HfO2 stack structure, Mater. Sci.
Semicond. Process. 9(6), pp.975 - 979 (2006).

[97]

N.Yasuda, T. Yamaguchi, Y. Nishikawa, H. Satake, and N. Fukushima,
Composition of ideal C-V curves for ultrathin gate dielectrics based on
experimental determination of substrate surface capacitance and potential, in Ext.
Abs. IWGI 2001, pp. 212 - 213 (2001).

86

[98]

B. Chen, R. Jha, and V. Misra, Work function tuning via interface dipole by
ultrathin reaction layers using AlTa and AlTaN alloys, IEEE Electron Device
Lett. 27(9), pp. 731 - 733 (2006).

[99]

C. Leroux, F. Allain, A. Toffoli, G. Ghibaudo, G. Reimbold, Automatic statistical
full quantum analysis of C-V and I-V characteristics for advanced MOS gate
stacks, Microelectron. Eng. 84, pp 2408 - 2411 (2007).

[100] Y.-C. Yeo, T.-J. King, and C. Hu, Metal-dielectric band alignment and its
implications for metal gate complementary metal-oxide-semiconductor
technology, J. Appl. Phys. 92, pp. 7266 - 7271 (2002).
[101] C.C. Hobbs, L. Fonseca, A. Knizhnik, V. Dhandapani, S.B. Samavedam, W.J.
Taylor, J.M. Grant, L.G. Dip, D.H. Triyoso, R.I. Hegde, D.C. Gilmer, R. Garcia,
D. Roan, M.L. Lovejoy, R.S. Rai, E.A. Hebert, H.-H. Tseng, S.G.H. Anderson,
B.E. White, and P.J. Tobin, Fermi-level pinning at the polysilicon/metal-oxide
interface—part II, IEEE Trans. on Electron Devices 51, pp. 978 - 984 (2004).
[102] H.N. Alshareef, Z. Zhang, P. Majhi, G.A. Brown, P.M. Zeitzoff, H.R. Huff, and
B.H. Lee, Gate electrode development for dual metal-gate CMOS applications,
Future Fab Intl. 19, pp. 91 - 93 (2005).
[103] S. Zafar, E. Cartier, and E.P. Gusev, Measurement of barrier heights in high
permittivity gate dielectric films, Appl. Phys. Lett. 80(15), pp. 2749 - 2751
(2002).
[104] E. Cartier, F.R. McFeely, V. Narayanan, P. Jamison, B.P. Linder, M. Copel, V. K.
Paruchuri, V.S. Basker, R. Haight, D. Lim, R. Carruthers, T. Shaw, M. Steen, J.
Sleight, J. Rubino, H. Deligianni, S. Guha, R. Jammy, and G. Shahidi, Role of
oxygen vacancies in Vfb/Vt stability of PFET metals on HfO2 , in IEEE VLSI
Symp. Tech. Dig. 2005, pp.230 – 231 (2005).
[105] N. Sirisantana, L. Wei, and K. Roy, High performance low power CMOS circuits
using multiple channel length and multiple oxide thickness, international
conference on computer design, in ICCD, 2000, pp. 227 - 232 (2000).
[106] Z. Li, T. Schram, T. Witters, H.-J. Cho, B. O’Sullivan, N. Yamada, T. Takaaki, J.
Hooker, S. De Gendt, K. De Meyer, Investigation on molybdenum and its
conductive oxides as p-type metal gate candidates, J. Electrochem. Soc. 155(7),
pp. H481 - H484 (2008).
[107] P. Majhi, H.-C. Wen, H. Alshareef, H..R. Harris, H. Luan, K. Choi, C.S. Park, S.C. Song, B. H. Lee, and R. Jammy, Developing a systematic approach to metal
gates and high-k dielectrics in future-generation CMOS, MICRO (2006).
[108] B.H. Lee, J. Oh, H.-H. Tseng, R. Jammy, and H. Huff, Gate stack technology for
nanoscale devices, Mater. Today 9(6), pp. 32 - 40 (2006).

87

[109] S.C. Song, M.M. Hussain, J. Barnett, B.S. Ju, B.H. Lee, Integrating dual
workfunction metal gates in CMOS, Solid State Technol. 49(8), pp. 47 - 54
(2006).
[110] Z.B. Zhang, S.C. Song, C. Huffman, J. Barnett, N. Moumen, H. Alshareef, P.
Majhi, M. Hussain, M.S. Akbar, J.H. Sim, S.H. Bae, B. Sassman, and B.H. Lee,
Integration of dual metal gate CMOS with TaSiN (NMOS) and Ru (PMOS) gate
electrodes on HfO2 gate dielectric, in IEEE VLSI Symp. Tech. Dig., 2005, pp.
500 - 512 (2005).
[111] Z. Zhang, M. Hussain, S. Bae, S. Song, B. Lee, Impact of metal wet etch on
device characteristics and reliability for dual metal gate/high-k CMOS, in IEEE
IRPS, 2006, pp. 388 - 391 (2006).
[112] M.M. Hussain, C. Smith, P. Kalra, J-W Yang, G. Gebara, B. Sassman, P. Kirsch,
P. Majhi, S.-C. Song, R. Harris, H.-H. Tseng, R. Jammy, Dual work function
high-k/metal gate CMOS finFETs, in ESSDERC Tech. Dig., 2007, pp. 207 – 209
(2007).
[113] D. Flandre, S. Adriaensen, A. Akheyar, A. Crahay, L. Demeûs, P. Delatte, V.
Dessard, B. Iniguez, A. Nève, B. Katschmarskyj, P. Loumaye, J. Laconte, I.
Martinez, G. Picun, E. Rauly, C. Renaux, D. Spôte, M. Zitout, M. Dehan, B.
Parvais, P. Simon, D. Vanhoenacker, and J.-P. Raskin, Fully depleted SOI CMOS
technology for heterogeneous micropower, high-temperature or RF
Microsystems, Solid-State Electron. 45, pp.541 - 549 (2001).
[114] P. Zeitzoff, Trends and challenges in MOSFET scaling, Solid State Technol.
49(2) (2006).
[115] Y.-K. Choi, K. Asano, N. Lindert, V. Subramanian, T.-J. King, J.B. Bokor, and C.
Hu, Ultra-thin body SOI MOSFET for deep-sub-tenth micron era, IEEE Electron
Device Lett. 21(5), pp. 254 - 255 (2000).
[116] Z. Krivokapic and W.D. Heavlin, Manufacturability of single and double-gate
untrathin silicon film fully depleted SOI technologies, IEEE Trans.
Semiconductor Manufacturing 15(2), pp 144 - 150 (2002).
[117] A. Vandooren, A. Barr, L. Mathew, T.R. White, S. Egley, D. Pham, M. Zavala, S.
Samavedam, J. Schaeffer, J. Connor, B.-Y. Nguyen, B.E. White, M.K. Orlowski,
and J. Mogab, Fully-depleted SOI devices with TaSiN gate, HfO2 gate dielectric,
and elevated source/drain extensions, IEEE Electron Device Lett. 24(5), pp. 342 –
344 (2003).
[118] Y-K. Choi, L. Chang, P. Ranade, J-S. Lee, D. Ha, S. Balasubramanian, A.
Agarwal, M. Ameen, T-J. King, J. Bokor, FinFET process refinements for
improved mobility and gate work function engineering, in IEEE IEDM Tech.
Dig., 2002, pp. 259 – 262 (2002).

88

[119] K. Anil, P. Verheyen, N. Collaert, A. Dixit, B. Kaczer, J. Snow, R. Vos, S.
Locorotondo, B. Degroote, X. Shi, R. Rooyackers, G. Mannaert, S. Brus, Y. Yim,
A. Lauwers, M. Goodwin, J. Kittl, M. van Dal, O. Richard, A. Veloso, S.
Kubicek, S. Beckx, W. Boullart, K. De Meyer, P. Absil, M. Jurczak, S.
Biesemans, CMP-less integration of fully Ni-silicided metal gates in FinFETs by
simultaneous silicidation of the source, drain, and the gate using a novel dual hard
mask approach, in IEEE VLSI Symp. Tech. Dig., 2005, pp. 198 – 199 (2005).
[120] H.-C. Wen, R.N. Choi, G.A. Brown, T. Boescke, K. Matthews, H.R. Harris, K.
Choi, H.N. Alshareef, H.F. Luan, G. Bersuker, P. Majhi, D.-L. Kwong, and B.H.
Lee, Comparison of effective work function extraction methods using capacitance
and current measurement techniques, IEEE Electron Device Lett. 27 (7), pp 598 601 (2006).
[121] S. Sayan, R.A. Bartynski, J. Robertson, J.S. Suehle, E. Vogel, N.V. Nguyen, J.
Ehrstein, J.J. Kopanski, S. Suzer, M.B. Holl, and E. Garfunkel, Band alignment
issues in metal/dielectric stacks: a combined photoemission and inverse
photoemission study of the HfO2/Pt and HfO2/Hf systems in advanced short-time
thermal processing for Si-based CMOS devices II, in ECS Proc. 2004-01, edited
by M.C. Ozturk, L.J. Chen, P.J. Timans, F. Roozeboom, E.P. Gusev, D.-L.
Kwong, and G. Miner, pp. 255 - 263 (2004).
[122] I. Ferain, L. Pantisano, B.J. O’Sullivan, R. Singanamalla, N. Collaert, M. Jurczak,
and K. De Meyer, Methodology for flatband voltage measurement in fully
depleted floating body finFETs, IEEE Trans. on Electron Devices 55 pp. 1657 1663 (2008).
[123] R. Jha, J. Gurganos, Y.H. Kim, R. Choi, J. Lee, and V. Misra, A capacitancebased methodology for work function extraction for metals on high-k, IEEE
Electron Device Lett. 25, pp. 420 - 423 (2004).
[124] F.Y. Yen, C.L. Hung, Y.T. Hou, P.F. Hsu, V.S. Chang, P.S. Lin, L.G. Yao, J.C.
Jiang, H.J. Lin, C.C. Chen, Y. Jin, S.M. Jang, H.J. Tao, S.C. Chen, and M.S.
Liang, Effective work function engineering of TaxCy metal gate on Hf-based
dielectrics, IEEE Electron Device Lett. 28, pp. 201 - 203 (2007).
[125] R. Singanamalla, H.Y. Yu, B. Van Daele, S. Kubicek, and K. De Meyer, Effective
work-function modulation by aluminum-ion implantation for metal-gate
technology (Poly-Si/TiN/SiO2), IEEE Electron Device Lett. 28, pp.1089 - 1091
(2007).
[126] Y.-M Kim and J.-S. Lee, Tunable work functions of platinum gate electrode on
HfO2 thin films for metal-oxide-semiconductor devices, Appl. Phys. Lett. 92,
102901 (2008).
[127] C.S. Park, S.C. Song, C. Burham, H.B. Park, H. Niimi, B.S. Ju, J. Barnett, C.Y.
Kang, P. Lysaght, G. Bersuker, R. Choi, H.K. Park, H. Hwang, B.H. Park, and S.
Kim, Achieving band edge effective work function of gate first metal gate by
oxygen anneal processes: low temperature oxygen anneal (LTOA) and high

89

pressure oxygen anneal (HPOA), in Proc. Ext. Abstr. ICSSDM 2007, pp. 14 -15
(2007).
[128] A.V.-Y. Thean, A. Vandooren, S. Kalpat, Y. Du, I. To, J. Hughes, T. Stephens, B.
Goolsby, T. White, A. Barr, L. Mathew, M. Huang, S. Egley, M. Zavala, D.
Eades, K. Sphabmixay, J. Schaeffer, D. Trivoso, M. Rossow, D. Roan, D. Pham,
R. Rai, S. Murphy, B.-Y. Nguyen, B.E. White, A. Duvallet, T. Dao, J. Mogab,
Performance and reliability of sub-100nm TaSiN metal gate fully-depleted SOI
devices with high-k (HfO2) gate dielectric, in IEEE VLSI Symp. Tech. Dig.,
2004, pp. 106 - 107 (2004).
[129] M. Vinet, T. Poiroux, J. Widiez, J. Lolivier, B. Previtali, C. Vizioz, B.
Guillaumot, P. Besson, J. Simon, F. Martin, S. Maitrejean, P. Hollinger, B.
Biasse, M. Cassé, F. Allain, A. Toffoli, D. Lafond, J.M. Hartmann, R. Truche, V.
Carron, F. Laugier, A. Roman, Y. Morand, D. Renaud, M. Mouis, and S.
Deleonibus, Planar double gate CMOS transistors with 40nm metal gate for
multipurpose applications, in Proc. Ext. Abstr. ICSSDM 2004, pp. 768 - 769
(2004).
[130] V. Subramanian, A. Mercha, B. Parvais, J. Loo, C. Gustin, M. Dehan, N. Collaert,
M. Jurczak, G. Groeseneken, W. Sansen, and S. Decoutere, Impact of fin width
on digital and analog performances of n-FinFETs, Solid-State Electron. 51, pp.
551 - 559 (2007).
[131] N. Collaert, A. De Keersgieter, A. Dixit, I. Ferain, L.-S. Lai, D. Lenoble, A.
Mercha, A. Nackaerts, B.J. Pawlak, R. Rooyackers, T. Schulz, K.T. San, N.J. Son,
M.J.H. Van Dal, P. Verheyen, K. von Arnim, L. Witters, K. De Meyer, S.
Biesemans, and M. Jurczak, Multi-gate devices for the 32nm technology node and
beyond, Solid-State Electron. 52, pp. 1291 - 1296 (2008).
[132] K. Okano, T. Izumida, H, Kawasaki, A. Kaneko, A. Yagishita, T. Kanemura, M.
Kondo, S. Ito, N. Aoki, K. Miyano, T. Ono, K. Yahashi, K. Iwade, T. Kubota, T.
Matsushita, I. Mizushima, S. Inaba, K. Ishimaru, K. Suguro, K. Eguchi, Y.
Tsunashima, and H. Ishiuchi, Process integration technology and device
characteristics of CMOS FinFET on bulk silicon substrate with sub-10nm fin
width and 20nm gate length, in IEDM Tech. Dig., 2005, pp. 721 - 724 (2005).
[133] K. Choi, H.-C. Wen, H. Alshareef, R. Harris, P. Lysaght, H. Luan, P. Majhi, and
B.H. Lee, The effect of metal thickness, overlayer and high-k surface treatment on
the effective work function of metal electrode, in ESSDERC Tech. Dig., 2005, pp.
431 - 434 (2005).
[134] H. Luan, H.N. Alshareef, H.R. Harris, H.-C. Wen, K. Choi, Y. Senzaki, P. Majhi,
and B.H. Lee, Evaluation of titanium silicon nitride as gate electrodes for
complementary metal-oxide semiconductor, Appl. Phys. Lett. 88, p. 142113
(2006).
[135] J.K. Schaeffer, S.B. Samavedam, D.C. Gilmer, V. Dhandapani, P.J. Tobin, J.
Mogab, B.-Y. Nguyen, B.E. White, S. Dakshina-Murthy, R.S. Rai, Z.-X. Jiang, R.

90

Martin, M.V. Raymond, M. Zavala, L.B. La, J.A. Smith, R. Garcia, D. Roan, M.
Kottke, and R.B. Gregory, Physical and electrical properties of metal gate
electrodes on HfO2 gate dielectrics, J. Vac. Sci. Technol. B 21(1), pp. 11 – 17
(2003).
[136] V. Cosnier, P. Besson, V. Loup, L. Vandroux, S. Minoret, M. Cassé, X. Garros,
J.-M. Pedini, S. Lhostis, K. Dabertrand, C. Morin, C. Wiemer, M. Perego, and M.
Fanciulli, Understanding of the thermal stability of the hafnium oxide/TiN stack
via 2 “high k” and 2 metal deposition techniques, Microelectron. Eng. 84, pp.
1886 – 1889 (2007).
[137] M.M. Hussain, N. Moumen, J. Barnett, J. Saulters, D. Baker, and Z. Zhang, Metal
wet etch process development for dual metal gate CMOS, Electrochem. and
Solid-State Lett. 8(12), G333 - G336 (2005).
[138] I. Ferain, R. Duffy, N. Collaert, M.J.H. van Dal, B.J. Pawlak, B. O’Sullivan, L.
Witters, R. Rooyackers, T. Conrad, M. Popovici, S. van Elshocht, M. Kaiser,
R.G.R. Weemaes, J. Swerts, M. Jurczak, R.J.P. Lander, and K. De Meyer,
Performance improvement in narrow MuGFETs by gate work function and
source/drain implant engineering, Solid-State Electron. 53(7), pp. 760 - 766
(2009).
[139] H.Y. Yu, J.F. Kang, C. Ren, J.D. Chen, Y.T. Hou, C. Shen, M.F. Li, D.S.H. Chan,
K.L. Bera, C.H. Tung, and D.L. Kwong, Robust high-quality HfN-HfO2 gate
stack for advanced MOS device applications, IEEE Electron Device Lett. 25(2),
pp. 70 - 72 (2004).
[140] M.M. Hussain, M.A. Quevedo-Lopez, H.N. Alshareef, H.C. Wen, D. Larison, B.
Gnade, and M. El-Bouanami, Thermal annealing effects on a representative highk/metal film stack, Semicond. Sci. Technol. 21, pp. 1437 - 1440 (2006).
[141] H. C. Wen, H. N. Alshareef, H. Luan, K. Choi, P. Lysaght, H. R. Harris, C.
Huffman, G. A. Brown, G. Bersuker, P. Zeitzoff, H. Huff, P. Majhi, B. H. Lee,
Systematic Investigation of Amorphous Transition-Metal-Silicon-Nitride
Electrodes for Metal Gate CMOS Applications, in IEEE VLSI Symp. Tech. Dig.,
2005, pp. 46 - 47 (2005).
[142] R.M.C de Almeida and I.J. R. Baumvol, Oxygen diffusion, p. 125, in M. Houssa,
ed., High κ Gate Dielectrics, IOP Publishing (Bristol), 2004.
[143] V.V. Afanas’ev and A. Stesmans, Band alignment at the interface of Si and
metals with high-permittivity insulating oxides, p. 217, in M. Houssa, ed., High κ
Gate Dielectrics, IOP Publishing (Bristol), 2004.
[144] C. Ren, D.S.H. Chan, M.-F. Li, W.-Y. Loh, S. Balakumar, C.H. Tung, N.
Balasubramanian, D.-L. Kwong, Work function tuning and material
characteristics of lanthanide-incorporated metal nitride gate electrodes for NMOS
device applications, IEEE Trans. Electron Devices 53(8), pp. 1877 - 1884 (2006)

91

[145] G. Abadias, Stress and preferred orientation in nitride-based PVD coating, Surf.
Coat. Technol. 202, pp. 2223 – 2235 (2008).
[146] G. Abadias and Y.Y. Tse, Diffraction stress analysis in fiber-textured TiN thin
films grown by ion-beam sputtering: application to (001) and mixed (001) + (111)
texture, J. Appl. Phys. 95(5), pp. 2414 – 2428, (2004).
[147] S. Deleonibus, Device architectures for the nano-CMOS era, p. 524, in M.
Houssa, ed., High κ Gate Dielectrics, IOP Publishing (Bristol), 2004.
[148] S. Sakashita, T. Kawahara, M. Mizutani, M. Inoue, K. Mori, S. Yamanari, M.
Higashi, Y. Nishida, K. Honda, N. Murata, J. Tsuchimoto, J. Yugami, H.
Yoshimura, and M. Yoneda, Diffusion control techniques for TiN stacked metal
gate electrodes for p-type metal insulator semiconductor field effect transistors,
Jpn. J. Appl. Phys. 46, pp. 1859 – 1864 (2007).
[149] Z. Zhang, S.C. Song, M.A. Quevedo-Lopez, K. Choi, P. Kirsch, P. Lysaght, and
B.H. Lee, Co-optimization of the metal gate/high-κ stack to achieve high-field
mobility > 90% of SiO2 universal mobility with an EOT = ~1nm, IEEE Electron
Device Lett. 27(3), pp. 185 - 187 (2006).
[150] M.V. Fischetti, D.A. Neumayer, and E.A. Cartier, Effective electron mobility in
Si inversion layers in metal-oxide-semiconductor systems with a high-k insulator:
the role of remote phonon scattering, J. App. Phys. 90, pp. 4587 - 4608 (2001).
[151] S. Guha and V. Narayanan, High-κ/metal gate science and technology, Annu.
Rev. Mater. Res. 39, pp. 181 - 202 (2009).
[152] W. Tsai, L.-Â Ragnarsson, L. Pantisano, P.J. Chen, B. Onsia, T. Schram, E.
Cartier, A. Kerber, E. Young, M. Caymax, S. De Gendt, and M. Heyns,
Performance comparison of sub 1nm sputtered TiN/HfO2 nMOS and
pMOSFETs, IEEE IEDM Tech. Dig. 2003, pp.311 - 314 (2003).
[153] Stress Measurements of Multiple Films, FLX #8, V1, KLA-Tencor Corporation,
Metrology Group, Surface 12/98.
[154] M. Ritala, Atomic layer deposition, p. 17, in M. Houssa, ed., High κ Gate
Dielectrics, IOP Publishing (Bristol), 2004.
[155] The Physical Properties of Thin Metal Films, G.P. Zhigal’skii and B.K. Jones,
eds., Taylor & Francis (London), 2003.
[156] G. Lucovsky and J. Whitten, Chemical bonding and electronic structure of high-k
transition metal dielectrics: applications to interfacial band offset energies and
electronically active defects, p. 325, in M. Houssa, ed., High κ Gate Dielectrics,
IOP Publishing (Bristol), 2004.
[157] A. Yagishita, T. Saito, K. Nakajima, S. Inumiya, K. Matsuo, T. Shibata, Y.
Tsunashima, K. Suguro, and T. Arikado, Improvement of threshold voltage

92

deviation in damascene metal gate transistors, IEEE Trans. Electron Devices
48(8), pp. 1604 - 1611 (2001).
[158] Y. Senzaki, K. Choi, P.D. Kirsch, P. Majhi, B.H. Lee, Atomic layer deposition of
high-k dielectric and metal gate stacks for MOS devices, AIPC Proc. 788, 2005,
pp. 69 – 72 (2005).
[159] S. Christiansen, M. Albrecht, H.P. Strunk, and S. Veprek, Microstructure of novel
superhard nanocrystalline-amorphous composites as analyzed by high resolution
transmission electron microscopy, J. Vac. Sci. Technol. B 16 (1), pp. 19 – 22
(1998).
[160] J.P. Zhao, X. Wang, Z.Y. Chen, S.Q. Yang, T.S. Shi, X. Liu, Effect of film
thickness on preferred growth of TiN films during filtered arc deposition, J.
Mater. Sci. Lett. 16, pp. 974 - 976 (1997).
[161] Y.-S. Kim, H. Jeon, Y. D. Kim, and W. M. Kim, Atomic-Layer Chemical-VaporDeposition of TiN Thin Films on Si(100) and Si(111), J. Korean Phys. Soc. 37
(6), pp. 1045 - 1050 (2000).
[162] U. C. Oh and J. H. Je, Effects of strain energy on the preferred orientation of TIN
thin films J. Appl. Phys. 74 (3), pp. 1692 – 1696 (1993).
[163] J. Kim, H. Hong, K. Oh, C. Lee, Properties including step coverage of TiN thin
films prepared by atomic layer deposition, Appl. Surf. Sci. 210, pp. 231 - 239
(2003).
[164] M.I. Jones, I.R. McColl, D.M. Grant , Effect of substrate preparation and
deposition conditions on the preferred orientation of TiN coatings deposited by
RF reactive sputtering, Surf. Coat. Technol.132, pp. 143 – 151 (2000).
[165] S.C. Song, B.H. Lee, Z. Zhang, K. Choi, S.H. Bae, and P. Zeitzoff, Impact of
metal gate deposition method on characteristics of gate-first MOSFET with Hfsilicate, Electrochem. Solid-State Lett., 8(10) G261 - G264 (2005).
[166] R.M. Wallace and G. Wilk, High-κ gate dielectric material, MRS Bulletin 27(3)
pp 192 – 197 (2002).
[167] H.-S. Jung, S.K. Han, H. Lim, Y.K. Choi, C.-K. Lee, M.S. Lee, Y.-S. You, Y.
Chung, J.-B. Park, E.H. Lee, H. S. Baik, J.-H. Lee, N.I. Lee, and H.-K. Kang,
Integration friendly dual metal gate technology using dual thickness metal
inserted poly-Si stacks (DT-MIPS), in IEEE VLSI Symp. Tech. Dig., 2007,
pp.196 - 197 (2007).
[168] Z. Zhang, S.C. Song, C. Huffman, M.M. Hussain, J. Barnett, N. Moumen, H.N.
Alshareef, P. Majhi, J.H. Sim, S.H. Bae, and B.H. Lee, Integration of dual metal
gate CMOS on high-κ dielectrics utilizing a metal wet etch process, Electrochem.
Solid-State Lett. 8(10), pp. G271 – G274 (2005).

93

[169] S.-C. Song, Z. Zhang, C. Huffman, J.H. Sim, S.H. Bae, P.D. Kirsch, P. Majhi, R.
Choi, N. Moumen, and B.H. Lee, Highly manufacturable advanced gate-stack
technology for sub-45-nm self-aligned gate-first CMOSFETs, IEEE Trans.
Electron Devices 53(5), pp. 979 – 989 (2006).
[170] L. Pantisano, T. Schram, M. Heyns, B. O’Sullivan, S. De Gendt, G. G.
Groeseneken., Improving work function control of metal gate electrodes, Solid
State Technol. 49(9), pp. 45 - 48 (2006).
[171] S. Agrawal and J.G. Fossum, On the suitability of a high-κ gate dielectric in
nanoscale FinFET CMOS technology, IEEE Trans. Electron Devices 55(7), pp.
1714 - 1719 (2008).
[172] I. Polishchuk, P. Ranade, T.-J. King, and C. Hu, Dual work function metal gate
CMOS technology using metal interdiffusion, IEEE Electron Device Lett. 22(9),
p.444 – 446 (2001).
[173] N. Lindert, L. Chang, Y.-K. Choi, E.H. Anderson, W.-C. Lee, T.-J. King, J.
Bokor, and C. Hu, Sub-60-nm quasi-planar FinFETs fabricated using a simplified
process, IEEE Electron Device Lett. 22(10), pp. 487 - 489 (2001).
[174] S. Cristoloveanu, Length, width and thickness effects in SOI transistors, IEEE
Intl. Workshop on Nano CMOS 2006, p. 278 (2006)
[175] C.R. Manoj, A. Mangal, V. R. Rao, K. Tsutsui, H. Iwai, Parasitics effects in multi
gate MOSFETs, IEEE Intl. Workshop on Nano CMOS 2006, pp.255 – 260
(2006).

94

VITA
Cynthia Faye Burham attended Trinity University in San Antonio, Texas where
she graduated Cum Laude with University Honors, earning Bachelor of Arts degrees in
Philosophy and English. After graduating from Trinity, Cynthia attended The University
of Texas at Austin School of Law in Austin, Texas, earning the degree of Juris Doctor.
She also earned a Masters of Law in International Law with concentrations in
international patent law and jurisdictional issues from St. Mary’s University School of
Law in San Antonio, Texas. Cynthia is licensed to practice law in Texas and Nevada as
well as before the 5th Circuit Federal Court for the Western District of Texas, the 9th
Circuit Federal and Appellate Courts, and the Supreme Court of the United States.
Cynthia returned to the University of Texas at Austin in 2000, earning a Bachelor of
Science in Electrical Engineering with concentrations in Signal Processing and
Electromagnetics in 2003 and achieving her Masters of Engineering in 2005. Cynthia has
conducted research in the development and analysis of organic field effect transistors for
sensor applications and of metal gate/high dielectric constant electrodes for nanoscale
device applications. Cynthia has completed internships with IBM and SEMATECH and
has collaborated with her colleagues on numerous papers and conference presentations.
She is a member of various honor societies, including Tau Beta Pi.

Permanent address:

burham@mail.utexas.edu

This dissertation was typed by the author.

95

