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Dual Work Function Metal Gate Technology Using Fully

Molybdenum Silicidation

Student : Ho, Wu-L.ing Advisor : Dr. Chun-Yen Chang

Department of Electronics Engineering & Institute of Electronics

National Chiao Tung University

ABSTRACT

We propose a new schematic structure for gate electrode to fabricate the CMOS
device. That is using pure Mo and Mo-silicide gate for pMOS and nMOS device,
respectively. That can eliminate the boron penetration, and provide excellent thermal
stability up to 950 C.

First, we investigated the work function adjustability of fully Mo-silicide films and
the thermal stability of gate dielectric and equivalent oxide thickness of Mo-silicide MOS
devices. The molybdenum and amorphous silicon were deposited by sputtering system in
Ar ambient. Samples with metal/SiO,/Si-sub MOS structures annealed at different
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temperature in RTA (rapid thermal anneal) system in N, ambient were used to analyze the

thermal stability of the flat-band voltage and equivalent oxide thickness. Using the same

process condition, the molybdenum and amorphous silicon were deposited on HfO,

high-k Dielectric that deposited by MOCVD system. Investigating the work function

adjustability and thermal stability of gate dielectric.

The work function of the Molybdenum silicide on SiO, dielectric decreased from

4,78 eV to 4.39 eV as anneal temperature increased to 800°C 30s. And on the aspect of

the molybdenum silicidation on HfO, high-k dielectric, the work function was decrease

from 4.81 eV to 4.34 eV as anneal temperature increase to 800°C 30s. The work function

of the molybdenum silicide has not seen obvrousfermi pinning effect. This may be due to

fermi pinning level very close to 4.34 €V'! ‘After that, using arsenic ion implantation to

add arsenic to gate of MOS structure, to cause the work function of the gate on SiO,

dielectric decrease to 4.001 eV. And the work function of the gate on HfO, high-k

dielectric decrease to 4.16 €V.

To investigate the thermal stability of gate oxide and equivalent oxide thickness, the

samples were annealed by RTA system from 600 C to 950 °C, and found that no matter

what metal silicide on SiO, or HfO, dielectric, the deviation of the metal work function

and equivalent oxide thickness annealed among 800°C and 950°C can be neglect.
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Suggesting the molybdenum silicide metal gate can replace the traditional n” poly-Si
gate.

The work function of pure Mo on SiO, and HfO, is about 4.931 eV and 4.906 eV,
respectively. That is very close to the valance band of silicon. The deviation of the metal
work function and equivalent oxide thickness annealed up to 950 C can be neglect.

Based on these results, Mo-silicide gate for nMOS and pure Mo gate for pMOS may

chose for CMOS device fabrication.
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Captions

Boron penetration through the gate oxide cause the threshold voltage in
BF,-impaaented p-channel devices to shift positive at anneal temperature
above ~800 C

Threshold voltage versus work function of gate electrode for both nMOSFET
and pMOSFET with different surface concentration.

Band diagram of silicon conduction and valence band.

Using a single gate material for both nMOS and pMOS devices can yield
symmetric but large .threshold. voltages. Achieving low and symmetric
threshold voltages will require twodifferent mid-gap gate materials.
Schematic energy band diagraniiforra metal gate on a dielectric, showing
extrinsic states that pin”the metal Fermi level. The energy level of the
extrinsic states, i.e., pinning level, could be related to the interfacial bonding
defects between the metal and the dielectric. The conduction-band edge and
the valence-band edge of the dielectric are denoted by E.q and E,g4
respectively.

Cross sections illustrating the dual-metal gate process, after etching TiN/Ti
and before deposition of Mo and TiN (top), and after the gate etch and

source-drain implantation to show the gate stack (bottom).
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Fig. 1-7 Schematic illustration of the process flow. (a) CMOS structure after second
metal has been removed from the nMOS side. (b) CMOS structure after
annealing shows that the metals on the pMOS side have interdiffused, and
second metal has segregated to the dielectric interface.

Fig. 1-8 XPS depth profile for Ti/Ni gate electrode after the 400 “C, 30 min
interdiffusion anneal. A large concentration of Ni is present at the SiO,
interface.

Fig. 1-9  Fully silicide heavily implanted poly-Si gate electrode

Fig. 1-10  The schematic of CMOS device process flow diagram. Using molybdenum
silicided gate and pure molybdenum gate for nMOSFET and pMOSFET,
respectively.

Chapter 3

Fig. 3-1 C-V curves for pMOS capacitors with-different thickness of a-Si layer after
800 ‘C RTA.

Fig. 3-2  Flat-band voltage as a function of the equivalent oxide thickness. A larger
flat-band voltage variation is observed between 700 C and 800 ‘C RTA
(work function: 4.796 eV for 700 “C RTA and 4.389 ¢V for 800 ‘C RTA).

Fig. 3-3 Extracted Work function versus the RTA temperature. After 800 ‘C RTA,
evidence of silicidation is observed by the change of work function.

Fig. 3-4  Dependence of sheet resistance of Mo/a-Si stack layers on annealing

temperatures.
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Fig. 3-5

Variation of equivalent oxide thickness of molybdenum silicide gated MOS
capacitors with annealing temperature. Excellent thermal stability up to 950

‘C can be observed.

Fig. 3-6  No degradation in gate leakage current is found after high-temperature
annealing.

Fig.3-7  Hysteresis of Mo-silicide gated MOS capacitor after 950 “C rapid thermal
anneal still exhibits negligible.

Fig. 3-8 Flat-band voltage versus the equivalent oxide thickness with As-doped and
undoped Mo-silicide gate (work function: 4.389 eV for undoped and 4.202
eV for As 1x10"° cm™ dosage, 4.01 eV for As 5x10'° cm™ dosage).

Fig. 3-9 The work function of Me-silicided gate-vs. As implanted dosage.

Fig. 3-10  Variation of equivalént oxide thickness of molybdenum silicide gated MOS
capacitors with annealing temperature. Excellent thermal stability up to 950
C can be observed.

Fig. 3-11  Flat-band voltage of pure Mo gated MOS capacitor versus the equivalent
oxide thickness.

Fig. 3-12  Hysteresis of pure Mo gated MOS capacitor with 950 °C rapid thermal
anneal still exhibits negligible.

Chapter 4

Fig. 4-1 Extracted work function versus RTA temperature.

Fig.4-2  Variation of equivalent oxide thickness of molybdenum silicide gated MOS

capacitors on high-k HfO, verse annealing temperatures. Excellent thermal

stability up to 950 ‘C can be observed.
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Fig. 4-3

Fig. 4-4

Fig. 4-5

Fig. 4-6

The work function of Mo-silicided gate on HfO, dielectric versus As
implanted dosage after 800 ‘C RTA.

Variation of equivalent oxide thickness of molybdenum silicide gated MOS
capacitor with As 5x10"° cm™ dosage on HfO, annealing at different
temperatures. Excellent thermal stability up to 950 ‘C can be observed.

The C-V curve of pure Molybdenum gated MOS capacitor undergo 950 ‘C
RTA.

Oxide quality leakage current characteristic.
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Chapter 1

Introduction

1-1 Evolution of Gate candidates

The aluminum was used as the gate candidate in the early integrated circuit era. The gate
electrode of MOSFET was then replaced by poly silicon since the low melting point of
aluminum gate (660 “C) makes it not acceptable for application. In self-aligned technology,
gate electrode must sustain high temperature annealing required for the implanted dopants
activation. Poly-Si was chosen ds a gate matetial for the advantage of high thermal stability
and low thermal stress. Fewer fixéd charges in the bulk gate oxide, and lower strain and fewer
dangling bonds at the oxide/silicon interface made this material favorable. Heavily doped n"
poly-Si is used as the gate electrode in both n-channel and p-channel MOSFET devices to
simplify their operation. However, the magnitude of threshold voltage of a pMOSFET will be
too large if the channel concentration of dopants is not adjusted [1]. In order to adjust the
threshold voltage, dual poly silicon technology was suggested where n'- and p - poly silicon
gate are used for n- and p-MOSFET devices, respectively. The major advantage of the
traditional poly silicon gate electrode is the ability of Fermi-level adjustment by either donor

or acceptor implantation. However, the resistance of the poly-Si gate is too high for high



frequency application. A metal gate can solve this problem due to its lower resistivity.

Another problem is boron penetration resulted from the p* poly-Si gate[2-5]. The boron
penetration can change the doping level and increase the fixed charge in the channel region,
making threshold voltage difficult to control [2], Fig.1-1 illustrates the threshold voltage shift
in a BF2" ion-implanted p" poly-Si gate pMOSFET due to boron diffusion into the substrate
as the process temperature exceed 800 ‘C [2]. This phenomenon becomes more and more
serious when the oxide thickness is reduced. Although the boron penetration problem can be
retarded by nitrogen incorporation, but it is difficult to be completely eliminated. Moreover,

incorporation techniques usually inerease the resistance of the gate electrode [6-8].

The poly depletion effect is-another'severerproblem. It will result in 3-5A  equivalent
oxide thickness increment, the scaling down of gate dielectric thickness makes the influence
of poly depletion effect more pronounced. As the poly-Si is driven into depletion, part of the
applied voltage is dropped across the gate, reducing the field at the Si/SiO, interface and
decreasing the channel carrier concentration. The drive current of the MOSFET, which is
proportional to the carrier concentration, is therefore reduced as well [9]. This situation cannot
be avoided because the dopant solid solubility of silicon film is limited. Minimization of poly
gate depletion effect requires highly doped, hyper-activated dopent levels (Boron). But will

increasing probability of boron penetration through the ultra-thin gate dielectric in this way.



It is also worth to note that the high gate tunneling leakage current is another serious issue
when device is scaled 8down. To solve this problem, high-k materials may be used to replace
conventional SiO; gate dielectric. The introduction of high-k materials, however, will lead to
a new problem that the thermal stability of conventional poly silicon on high-k is poor. The

introduction of metal gates will be expected to provide a turning point [10-13].

In summary, metal gates can provide lower resistivity and eliminate the boron penetration
and poly depletion effect. The metal gate technology will play a more important role beyond

the 70 nm CMOS technology node.

1-2 Basic Requirement forr Metal Gate

The use of metal gate electrodes can possess. lower resistivity and eliminate the inherent
drawbacks of conventional poly silicon gates such as the boron penetration and poly depletion

effect.

First, metal gates must have suitable work function because of gate work function is one
of the primary factor to decide the threshold voltage of MOSFET. Not all metals can possess
work function suitable for producing a surface channel device with a threshold voltage below
0.3V in magnitude. Table 1-1 lists the work function of some metals[14][15]. Some of them

possess a work function suitable to nMOSFETs or pMOSFETs, but the thermal stability of



metals such as Al, Ti, and Au are not very good. Those metals interact with gate dielectrics

creates some concern. Certain metal gate materials possibly can react with certain high-k

dielectric materials. For example, Al can react with HfO, and forms Al,O; at the dielectric

and metal gate interface then increases effective oxide thickness. However, inert chemicals

and thermally stable materials with appropriate work functions are the primary gate materials.

The early approach of metal gate technology employs single metal with work function

near the valence band of Si can only produce surface channel pMOSFET, and vice versa. If a

single metal is used as the gate electrode of both nMOSFET and pMOSFET, one of them

would be able to suffer implantation downrte produce buried channel. Counter channel doping

can lower the threshold voltage; the channel concentration must be lowered to obtain a low

threshold voltage, as shown in Fig.1-2. But after implantation, the buried channel device will

be formed, and the short-channel and turn-off characteristics will be degraded. Another

approach is use single metal gate with mid-gap work function for both nMOSFET and

pMOSFET [16], that can provide symmetrical threshold voltages. The drawbacks are that the

threshold voltages would be too large to be applied to low voltage and low power applications,

would also be able to suffer implantation down to produce buried channel. Therefore, an

approach analogous to the established dual-poly-silicon gate technology, i.e., a dual-metal

gate technology, and it would be preferred. For bulk CMOS devices, metals with work

functions (®.,) near the silicon conduction and valence band edges, i.e., ~4eV and ~5.1eV, are

4.



needed for nMOS and pMOS devices, respectively (Fig. 1-3) [17]. It is also worth to note that

the values of required metal work functions depend on body thickness[18]. To achieve low

and symmetric threshold voltage, the required work functions for n- and p-channel devices

will be increased and decreased, respectively, compared to those for bulk devices, as shown in

Fig.1-4. Therefore, the required metal work functions would be about 4.4 ~ 4.6 eV and 4.8 ~

5.0 eV for n- and p-channel devices, respectively.

In selecting metal-gate materials for device integration, the metal work function is an

important consideration since it directly affects the threshold voltage and the performance of a

transistor. The identification of metal-gate materials is a challenging task because metal-gate

work functions are observed to be dependent-on the tinderlying gate dielectric [19][20]. The

dependence of the gate dielectric material tobe due to dipole formation at the interface of the

gate electrode and the gate dielectric, as shown in Fig.1-5. When the metal Fermi level E¢, is

above the pinning level, i.e.,

, a dipole is created that is charged negatively on

A9 | <[P yinex
the dielectric side (Fig. 1-5(a)). When the metal Fermi level Eg,, is below the extrinsic

pinning level, i.e., , a dipole is created that is charged positively on the

A9 ] >[40 iner
dielectric side(Fig. 1-5(b)). For both cases, the interfacial dipole drives the metal Fermi level
toward to the pinning level. This model has been particularly successful for metal-dielectric
interfaces where there is minimal interfacial reaction [19][20], or where intrinsic states or

metal-induced gap states (MIGS) dominate.



The resistivity of metal material has been already much lower than that of traditional
poly-Si, Table. 1-2 shows the resistivity of several metal materials. But not every metal
material is suitable for fabricating metal gate of MOSFET device. For example, Al is
chemically active or may react with the gate dielectric. Cu can react easily with other

elements and can seriously contaminate SiO; and Si [21].

1-3 Reviews of state-of-the-art Metal Gate Technologies

Here, we will review some metal gate technologies, such as mid-gap work function
of TiN gate, dual work function metal gate using Ti and Mo, dual work function by Ni-Ti

interdiffusion, and work function adjustment of the single metal gate by full silicidation.

1-3-1 Mid-gap Work Function of TiN gate

The early approach of metal gate technology employs single metal with mid-gap work
function such as TiN for both nMOSFET and pMOSFET [14], to provide symmetrical
threshold voltages. The drawback is that the threshold voltages would be too large for low
voltage and low power applications. Counter channel doping can lower the threshold voltage,

but the buried channel may be formed. So that the short-channel effect and turn-off



characteristics will be degraded. In the view of device performance and scaling, the dual work

function technology will be a better choice.

1-3-2 Dual Work Function Metal Gate Using Ti and Mo

An intuitional method for dual work function metal gate technology is using different

metal candidates with suitable work function for ntMOSFET and pMOSFET ,respectively. In

Fig. 1-6, Ti metal gate is used for nMOSFET and Mo metal gate is used for pMOSFET. After

blanket deposition, the first layer metal Ti (@, ~4eV) is removed from the pMOS region and

then the second layer metal Mo (@, ~5eV)is-deposited [22]. But this approach will expose

the gate dielectric in metal etchant. It will'make the effective oxide thickness uncertain, and

degrade the gate dielectric reliability:

1-3-3 Dual Work Function by Ni-Ti interdiffsion

A novel dual work function metal gate technology without exposing the gate dielectric in

metal etchant was proposed [23-25].

First, a thin Ti (@, ~3.9¢V) layer and Ni (@, ~5eV) layer were deposited over the entire

wafer in sequence. Ni (O, ~5e¢V) was then selectively removed from the nMOS region while

the pMOS regions were protected by photoresist (Fig. 1-7). Since the low work function

metal Ti is the only metal remaining on top of the nMOS, it will clearly determine the

-7 -



nMOSFET threshold voltage. A 400°C anneal was then applied to allow for Ni-Ti
interdiffusion in the pMOS region. Due to the high diffusivity of Ni in Ti, this low thermal
budget is sufficient to ensure that Ni diffuses through the Ti layer to the dielectric interface. as
shown in Fig. 1-8.

Doing it in this way will have a lot of shortcomings. It would produce larger leakage
current and cause worse thermal stability in pMOS region because of Ti and gate dielectric

react during interdiffusion anneal.

1-3-4 Work Function Adjustment:by Fully Silicided Metal-Gate Electrode

The self-aligned silicide (SALICIDE) technology has been used in advanced CMOS
process [26]. But the gate resistanceis still not.small enough, because of only partial
poly-silicon gate be silicided. Other problems are still unable to avoid, such as poly gate
depletion and boron penetration. It can obtain a lot of advantages to extend SALICIDE
technology for fully silicided gate, and its low temperature formation is CMOS compatible
(Fig.1-9).

The MOS capacitors with SiO, gate dielectric were fabricated on Si substrates.
Polysilicon was deposited on the gate dielectric. For n’ polysilicon, in-situ
phosphorous-doping technique during deposition was used. And then boron ions were

implanted into undoped polysilicon. Both n” and p" polysilicon films underwent the dopant



activation anneal. Hafnium was sputtering deposited on poly-silicon. Silicidation was done by
furnace annealing. No channel doping was utilized.

From electrical results, it is estimated that nMOS work function is ~4.23eV and pMOS
~4.87eV. The change of metal work function may be attributed to As and B piled-up at the
gate dielectric interface for nMOSFET and pMOSFET, respectively [27]. The work function
is still too large to obtain low threshold voltage for bulk CMOS device, and the channel
doping will still be needed for threshold voltage control. Another drawback is that Boron

penetration may recur in pMOS region again because of still using boron dopants.

1-4 Why we chose Molybdenum Silicide ?

Molybdenum has high melting point (Table 1-3), low expansion coefficient and low
resistivity (Table 1-2). Those are good for MOSFET fabrication process. The thermal stability
of molybdenum may reach 900°C on SiO, dielectric [28]. The application in other high-k
dielectrics may be expect that also has the same thermal stability. The work function of
molybdenum on SiO, dielectric is about 4.69¢V [28], and has the wide adjustability(4.6 ~
4.9¢V) that is depending on crystal orientation [29]. Molybdenum has suitable work function
on Si0; dielectric, may use it to fabricate the metal gate of pMOSFET device, and may use it
to the dual work function metal gate CMOS process[30][31]. Because the threshold voltage of

MOSFET can be affected by the work function of metal gate, therefore we expect to join it Si



atoms to form the Mo-silicide and adjust the work function and threshold voltage, make it
suitable for nMOSFET device. Fig. 1-10 shows the schematic of CMOS device process flow
diagram, using molybdenum silicide gate and pure molybdenum gate for nMOSFET and

pMOSFET, respectively.

HfO, has the suitable permittivity for high-k dielectric of MOSFET device, it did not
react with Si substrate and high temperature formation. Beside the work function of
Mo-silicide on SiO, dielectric, the work function and thermal stability of Mo-silicide gate on

HfO; also is a key point which we studies.

1-5 Organization of the Thesis

The thesis is divided into five chapters. In chapter 1, we introduce the evolution of gate
candidates and basic requirement for metal gate, we also review some metal gate technologies
and discuss their advantages and drawbacks. Midgap work function of TiN, dual work
function metal gate using Ti and Mo, dual work function by Ni-Ti interdiffusion and the work
function adjustment of the single metal gate by full silicidation. In chapter 2, the detailed
process flow will be described involve LOCOS isolation, gate oxide growth, metal gate
deposition, electrical characteristics measurement. The method of metal work function

extraction will also be addressed. Chapter 3 focuses on electrical characteristics and thermal

-10 -



stability of Mo-silicide and pure Mo gate on SiO, gate dielectric. Different rapid thermal
anneal temperature are performed to form Mo-silicide and estimate the thermal stability.
Chapter 4 focuses on electrical characteristics and thermal stability of Mo-silicide and pure
Mo gate on HfO2 gate dielectric. Different rapid thermal anneal temperature are performed to
form Mo-silicide and estimate the thermal stability. Chapter 5 we make a simple conclusion of

this thesis.

-11 -



Chapter 2
Experiments and Measurements

2-1 Process Flow of the Molybdenum silicidation Gated

Capacitor

This experimental step is MOS capacitor fabricating process. All experiments were
carried out in National Nano Device Laboratory (NDL). The detailed fabrication process steps

are described as follows.

2-1-1 Molybdenum silicide metal gate with SiO, dielectric
The molybdenum silicide gated capacitors were fabricated on 6-inch n-type (100) 15 - 25

Q-cm silicon wafers. The process flow is shown in Table 2-1.

First all wafers will engrave the number by Laser Marking System. Particle will be
removed after NH4OH + H,O,+ H,O. An initial alignment key was formed at wafer surface
for each mask alignment afterward. A wafer with a bare silicon surface was RCA cleaned to
remove organic material, metal ions and Native Oxide. A 35 nm oxide was thermally grown

in the horizontal furnace at 950 ‘C on the surface. The function of this layer, called a pad

-12 -



oxide, used to resist stress which produced between silicon surface and silicon nitride. Next, a

150 nm thick layer of LPCVD silicon nitride was deposited at 780 “C. This layer is to prevent

oxygen diffusing to silicon substrate. Silicon nitride was effective in this role because oxygen

and water vapor diffused very slowly through it. In addition, the nitride itself oxidized very

slowly as the field oxide was grown. In addition, a photoresist pattern is normally used to

protect all of the areas where active devices would be formed. After photoresistance coating,

the active region of MOSFET was defined by using the G-line Stepper, 435nm ultraviolet.

The nitride layer was etched by TEL 5000, and then the photoresist was stripped. After active

regions definition, the field oxide 550'nm was thermally grown by means of wet oxidation at

980 °C. Following field oxidation, the masking layer was removed. Since 20-30 nm of the top

of the nitride was converted to SiO, during the field oxidation, this layer must be etched off

first by BOE dipping for 15 seconds. The remaining nitride and pad oxide were then etched.

Nitride was removed by H;PO4 at 165 ‘C for 65 minutes and pad oxide was removed by HF.

A 35 nm sacrificial oxide was grown at 925 C to remove any dry-etch induced damage or

unwanted nitride. And then, using the HF solution removed the sacrificial oxide.

Before starting to grow gate oxide, native Oxide have to be removed by dilud HF

(HF:H,0=1:50) to accurate control gate oxide thickness, and avoids the electrical weaken

which because of Extra gate oxide thickness. After RCA clean, gate oxide was thermally

grown by dry oxidation using the vertical furnace at 800 °‘C. In order to eliminate the

-13 -



contribution of fixed charge, three different oxide thicknesses (3 nm, 6 nm, and 8 nm) were

deposited.

After the growth of gate oxide, Molybdenum and silicon films were deposited in a
sputtering system to a thickness of 10nm and 25nm, respectively. Neither substrate bias nor
heating was intentionally applied to the deposition system. The process chamber was pumped
down to 2x107 torr before the films were deposited. The pressure of the process chamber was
kept at 7.6x 107 torr during deposition. The DC power was set to 150 W. the Ar gas flow was
set to 24 sccm. The gate electrode was then capped by 20 nm TiN. The conventional photo
lithography process was then used'to definefan-gate tegion with an area of 100x100 pm®. The
gate electrodes were then patterned by teactive ion etching using Cl, based chemistry.
Unpatterned sample with TiN(20 nm)/Si(25 nm)/Mo(10 nm) were also prepared for material

analysis.

In order to form the Mo-silicide and examine thermal stability of gate dielectric, all
samples were then subjected to different rapid thermal anneal temperature from 600 C to 950

C for 30s.

2-1-2 Molybdenum silicide metal gate with HfO, High-k dielectric

The process flow of the Ti/Si/Mo/HfO,/Si-Sub MOS capacitor structure fabrication, as
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shown in Fig. 2-1, resembles that of the Ti/S1/Mo/SiO,/Si-Sub MOS capacitor, except that
thermal SiO, was replaced by MOCVD H{O,. The process flow chart is shown in Table 2-2.
After LOCOS formation, HfO, with different thickness were deposited by atomic vapor
deposition in an AIXTRON Tricent system at a substrate temperature of 500 ‘C. The
MOCVD system was designed for 8-inch wafers, so a 6-inch quartz was used as wafer carrier
for film deposition. The same process flow was then carried out to complete

T1/S1/Mo/HfO,/S1-Sub MOS capacitor.

2-2 Measure techniques and material analysis

In this section, we introduce some mStruments of material analysis and measure
techniques of electrical property.”The instruments of material analysis include Ellipsometer
and X-ray Diffraction Analysis (XRD). In the aspect of electrical properties, we use Keithley

4200-SCS to measure the C-V curves of MOS capacitors.

2-2-1 Physical Thickness Measurement of Ultra-Thin Gate Oxide using
Ellipsometer

An ellipsometer enables to measure the refractive index and the thickness of
semi-transparent thin films. The instrument relies on the fact that the reflection at a dielectric

interface depends on the polarization of the light while the transmission of light through a
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transparent layer changes the phase of the incoming wave depending on the refractive index
of the material. An ellipsometer can be used to measure layers as thin as 1 nm up to layers
with several microns thick. Applications include the accurate thickness measurement of thin

films, the identification of materials and thin layers and the characterization of surfaces.

2-2-2 Capacitance-Voltage Measurement using KEITHLEY 4200

The Keithley 4200-SCS has built-in support for the control of external C-V analyzers. It
supports both the Keithley 590 C-V Analyzer and the HP4284A Precision LCR meter,
controlling them via Keithley UsersLibrary Teol (KULT) user modules through Keithley

Interactive Test Environment (KITE) User Test Modules (UTMs).

2-3 Flat-Band Voltage Extraction
In the strong accumulation region, the MOS capacitor acts like a parallel-plate capacitor,
and the oxide thickness may be calculated from Cox and the gate area using the following

equation :

€oxA
tox = PSESNETY
Cox( 1x10 )
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where tox is the oxide thickness (nm), A is the gate area (cm?), o is the permittivity of the
oxide material (F/cm), and Cox is the oxide capacitance (pF). Oxide thickness calculations
based on C-V measurements can be very precise, unless improperly extracted. Oxide
thickness must be extracted from the strong accumulation region, where the capacitance
measured truly reflects the oxide capacitance.

Adding a flat-band voltage (Vpg) on gate will result in the disappearance of band
bending. At this point, known as the flat-band condition, the semiconductor band becomes flat.
And the surface potential is zero (with the reference potential being taken as the bulk potential
deep in the semiconductor). Flat-band voltage and its shift are widely used to extract other
device parameters, such as oxide'charges.

We can identify Vgg from the C-V* curve. First, we can estimate the flat-band capacitor
from C-V data, and then find out the flat-band voltage Vgg. In the C-V theory, the flat-band

capacitance can be expressed as following:

Crs = O e @)

Eox kT Esi
tox + (gL /(?)(qu)

where to is the effective oxide thickness, Eq.(1), Ng4 is the substrate doping concentration ,

and &, and &g are the dielectric constant of oxide and silicon substrate, respectively.

According to the flat-band capacitance, we can extract the flat-band voltage from the C-V
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measurement.

2-4 Extracting Work Function
From effective oxide thickness and flat-band voltage, the metal gate work function can

be extracted. Following is the expression of flat-band voltage:

where Qg 1s the density of fixed:oxide charges, @; 1S the metal work function and ®_is the
Fermi level of silicon substrate. In order to eliminate the contribution of fixed oxide charge
from the work function, C-V measurement on several oxide thickness were used to generate a
Vs vs. EOT plot. The y-intercept of this plot indicates the @, value, then the work function
of metal gate can be extracted by Eq.(4). Since Qs must be constant in order to obtain
meaningful values of ®,,;, we have prepared three kinds of different thickness of gate oxide

on the same wafer to ensure that Qg is the same.
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Chapter 3

Molybdenum Silicide Gate Electrode on SiO,

Dielectric

3-1 Introduction

Metal gate electrodes have been investigated to replace poly-Si to solve problems such as
poly depletion effects and boron penetration for future CMOS devices. Several approaches for
dual metal gate process such as metal interdiffusion gate and nitrogen implantation into a
single metal have recently beer proposed [22-25][30]. However, most of thermally stable
metals suitable for CMOS process have work functions near mid-gap or the valance band of
silicon. Since the metals with low work functions are inherently unstable and reactive,
searching a suitable metal for nMOSFET gate electrode with thermal stability compatible
with CMOS front-end process remains a challenge. Recently, fully silicided (FUSI) metal
silicides such as NiSi and CoSi for dual metal gates have drawn considerable attention due to
its CMOS compatibility and no process-induced damage to the gate dielectric [31]-[34].
Unfortunately, boron penetration may be suffered at the pMOSFET if boron implantation is
used to tuning work function of the electrode of pMOSFET device.

In this work, we demonstrate for the first time that FUSI Mo-silicide with a work
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function of 4.008 ¢V and excellent thermal stability up to 950 ‘C can be used as a gate
electrode material for nMOSFETs. In addition, Mo can possess high work function on Si02
dielectric, suitable for the gate electrode of pMOSFET [29]. The use of Mo for pMOSFET
can also eliminate the boron penetration, and provide excellent thermal stability up to 950 C.
Here, we propose an new approach to fabricate CMOS device with a suitable work function

and excellent thermal stability, as shown in Fig. 1-10.

3-2  Experiment

The MOS capacitors with different thicknessrof SiO, gate dielectric (30, 60, 80 nm) were
fabricated on 6-in. n-type (100)-Si substrates: Molybdenum with a thickness of 10 nm and
amorphous silicon with a thicknéss of*25 nm were.deposited on the gate dielectric using a
sputtering system under an argon ambient with a base pressure of 7.6 mtorr. Some sample
were then subjected to As ion implantation with a dosage of 1x10"° cm™ ~ 5x10"° cm™. About
a 20-nm-thick titanium nitride capping layer was subsequently deposited on top of gate
electrode. The titanium nitride capping layer can prevent amorphous silicon from being
oxidized during silicidation. Gate electrodes of all samples were etched in a Cl,-based
helicon-type plasma etcher, followed by photoresist stripping in a down-stream O, plasma
asher. Silicidation was done by rapid thermal annealing (RTA) at different temperatures

ranging from 600 C to 800 C for 30 s. For the evaluation of thermal stability of the
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Mo-silicide, the samples were annealed in a RTA chamber at 950 “C for 30 s.

3-3 Results and Discussion

In order to know the condition of forming silicidation with molybdenum and silicon

stack structure, we fabricated MOS capacitors with different thickness of a-Si layer. C-V

measurements shows that for sample with 15 nm of silicon layer, the flat-band voltage

remains unchanged indicating that molybdenum silicide is sufficiently far from the interface

of gate dielectric and not to effect capacitor’s electrical property. For 25 nm thick silicon layer,

flat-band voltage progressively shiftstower to lower voltage in nMOS capacitor, as shown in

Fig. 3-1.

Fig. 3-2 shows the work function' extraction of molybdenum silicide metal gate with

Si0; dielectric. In order to decouple the effect of fixed charge, C-V measurements on MOS

capacitors with varying oxide thickness were used to generate a flat-band voltage vs.

equivalent oxide thickness plot. The work function can be extracted from the y-intercept of

this curve. All conditions exhibited linear behavior from which work function could be

extracted. The work function of as-deposited gate electrode is 4.781 eV. After rapid thermal

anneal for 700 ‘C 30s, the work function of gate electrode have only a negligible variation.

The work function of molybdenum and silicon stacked gate after 700 'C RTA is not the same

as the work function of pure molybdenum gate (4.931 eV, as shown following). This is may
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be silicon ions diffused to dielectric interface during sputtering, cause Mo and Si mixture

substance at this time. Therefore, the work function of MOS capacitance has been shift to near

mid-gap region of silicon. As temperature increase to 800 ‘C, the work function of gate

electrode has a noticeable shift from 4.775 eV to 4.389 eV. Fig. 3-3 shows the extracted work

function versus rapid thermal anneal temperature. We can see from this picture, the work

function violent decline obviously that is may be silicon and molybdenum mixture substance

has already been formed molybdenum silicde during 800 ‘C rapid thermal anneal. Fig. 3-4

shows the sheet resistance versus the annealing temperature. Sheet resistance was measured

without stripping the titanium nitride capping layer. As molybdenum and silicon just been

deposited on gate dielectric, the“sheet resistance of gate electrode is seems too large that is

due to amorphous silicon has worse eleetric conductivity. After 800 ‘C rapid thermal anneal,

the Mo-sisicide was been formed and sheet resistance of gate electrode was decrease to about

76 Q/o.

The thermal stability of Mo-silicide gate is further investigated by RTA up to 950 C for

30s, which is the temperature required for source/drain implantation annealing. In our

experiments, the TiN film successfully played a role of capping layer, Fig. 3-4 showing no

degradation of sheet resistance even after a high temperature annealing at 950 ‘C. After

annealing at 950 ‘C, the sheet resistance of 20-nm-thick TiN capped Mo-silicide stack gate

was measured to be about 79 ohms/square. Further reduction of sheet resistance can be
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achieved by increasing the TiN thickness. The EOT of TiN capped Mo-silicide gated MOS

capacitors show negligible variation even after annealing at 950 C, as shown in Fig. 3-5.

Gate oxide leakage current shown in Fig. 3-6 also shows no meaningful difference between

800 C and 950 C rapid thermal annealing. Gate leakage become smaller and smaller with

the increase of temperature, and tend to steady when temperature increase to 950 ‘C. Process

quality was demonstrated in Fig. 3-7, hysteresis of Mo-silicide gated MOS capacitor with 950

‘C Rapid thermal anneal still exhibits negligible.

The work function of undoped Mo-silicide gate electrode is 4.389 eV. That is just

suitable for FInFET and ultra-thin body (UTB) MOSFET device. Therefore, we use As ion

implantation to dope the gate eléctrode and observe the change of work function. Silicidation

was performed under the same “EUSI condition. Fig. 3-8 plots the flat-band voltage of

Mo-silicided devices versus the effect oxide thickness (EOT) for As- and un-doped

Mo-silicide gate electrode, that was undergo 800 ‘C 30s RTA and Mo-silicide has been

formed. The extracted work function values are summarized in Fig. 3-9. Comparing the work

function of doped and undoped Mo-silicide, it becomes evident that the arsenic dopants

strongly affect the work function of Mo-silicides. That may be attributed to the As pile-up at

the Mo-silicide and SiO, interface changing the electrical property of MOS capacitor. Similar

As pile-up has been reported in FUSI gates[35][36]. The work function difference between

As-doped and undoped Mo-silicide can be at least up to 0.379 eV, and the work function of

-23 -



Mo-silicided gate with As 5x10'> cm™ becomes 4.001 eV, that is suitable for bulk nMOSFET
device.

The thermal stability of Mo-silicide gate with 5x10"° cm™ As-implant is further
investigated by RTA up to 950 ‘C. The EOT of Mo-silicide gated MOS capacitors with
5x10"° cm™ As-implant show negligible change even after annealing at 950 °C, as shown in
Fig. 3-10.

Based on these results, Mo-silicide gate with 5x10" cm™ As implanted during 800 C
for 30s RTA may chose for bulk nMOSFET device fabrication.

Fig. 3-11 shows the flat-band yeltage of pute. Mo gated MOS capacitor as a function of
the oxide thickness. The work function of pure Molybdenum gate after 950 ‘C rapid thermal
anneal is about 4.931 eV, that is very close to the reported result [29]. Fig. 3-12 shows the
hysteresis of pure Mo gated MOS capacitor with 950 °‘C rapid thermal anneal still exhibits
negligible variation. Therefore, pure Mo gate may chose for pMOSFET device fabrication.

We proposed and demonstrated fully silicide Mo-silicide with 5x10"° cm™ As implanted
as a metal-gate material for nMOSFETs (work function 4.001 eV) and pure Mo as a
metal-gate material for pMOSFETs (work function 4.931 eV). Those were compatible with
CMOS processing. Negligible change in work function and EOT are observed even after
annealed at 950 °C, demonstrating its excellent thermal stability. Therefore, Mo-silicide and

pure Mo gate electrode is the promising candidate for dual-metal work function CMOS
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device.
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Chapter 4

Molybdenum Silicide Gate Electrode on HfO,

Dielectric

4-1 Introduction

For the sub-micron CMOS device, silicon dioxide gate dielectric will suffer large gate
leakage current. Therefore, a lot of high dielectric constant (high-k) materials like Al,Os,
ZrO, and HfO, have been widely studied to replace the silicon dioxide to reduce gate leakage.
Unfortunately, poly silicon gate €lectrode was-€asily interact with high-k dielectric. And some
other issues such as poly gate depletion, boron penetration and high resistivity have been
suggested that using metal gate to replace poly silicon gate. However, in order to achieve
suitable threshold voltage for n and pMOSFETs, the work function of metal gate near
band-edge of silicon is necessary.

In this chapter, we will use the same structure with chapter 3, but replace the SiO, gate
dielectric with HfO, in order to reduce gate leakage current and observe the change of the
Mo-silicided gate work function on HfO, high-k dielectric. The thermal stability of

Mo-silicide gate on HfO2 high-k dielectric is also investigated by RTA up to 950 C.
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4-2 Experiment

MOS capacitors were fabricated on 6-in. n-type silicon wafers with conventional
LOCOS isolation process. The different thickness of MOCVD HfO, gate dielectric (30, 60,
80 nm) were deposited as gate dielectric. Molybdenum with a thickness of 10 nm and
amorphous silicon with a thickness of 25 nm were deposited using a sputtering system in an
argon ambient with a base pressure of 7.6 mtorr. Some samples were implanted by As with a
dosage of 5x10"° cm™. About A 20-nm-thick titanium nitride capping layer was subsequently
deposited on top of gate electrode. Gate electrodes of all samples were etched in a Cl,-based
helicon-type plasma etcher, followed by photoresist stripping in a down-stream O, plasma
asher. Silicidation was done by rapid thermal annealing (RTA) at different temperatures
ranging from 600 C to 800 C. for30s. For the evaluation of thermal stability of the
Mo-silicide, the samples were annealed in a RTA chamber at 950 “C for 30 s.

4-3 Results and Discussion

Fig. 4-1 shows the extracted work function versus rapid thermal anneal temperature. The
work function of Mo-silicided gate after 600 “C and 700 “C is about 4.813 €V and 4.792 €V,
respectively. The work function of gate electrode have only a negligible variation. After 800
‘C rapid thermal anneal, The work function of Mo-silicide shift to 4.34 e¢V. This situation is
quite similar to using Mo-silicided gate electrode with SiO, gate dielectric, and has not seen

obvious fermi pinning effect. This may be due to fermi pinning level very close to 4.34 eV.
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Fig. 4-2 shows the variation of equivalent oxide thickness of FUSI molybdenum silicide gated
MOS capacitors on HfO, versus different temperatures. Excellent thermal stability up to 950
C is observed. The Mo-silicided gate is quite stable on hafnium dioxide.

The work function of undoped Mo-silicide gate electrode on HfO; is about 4.34 eV. That
is just suitable for FinFET and ultra-thin body (UTB) MOSFET device. Therefore, we use As
ion implantation to dope the gate electrode and observe the change of work function.
Silicidation was performed under the same FUSI condition in chapter 3 for 5x10" cm?
As-doped samples. The extracted work function values are summarized in Fig. 4-3 after 800
‘C RTA. Comparing the work functieir of doped/and undoped Mo-silicide, it becomes evident
that the arsenic dopants strongly-affect the work function of formed Mo-silicides. That may be
attributed to the As pile-up at the Moe-silicide and” HfO, dielectric interface changing the
electrical property of MOS capacitor. The work function difference between As-doped and
undoped Mo-silicide with HfO, gate dielectric can be at least up to 0.363 eV, and the work
function of Mo-silicided gate with As 5x10" cm™ on HfO, dielectric becomes 4.16 eV, that is
suitable for bulk nMOSFET device.

The thermal stability of Mo-silicide gate with 5x10"° cm™ As-implant is further
investigated by RTA up to 950 C. The equivalent oxide thickness of Mo-silicide gated MOS

capacitors with 5x10"°> cm™ As-implant on HfO, shows negligible change even after annealing

at 950 °C, as shown in Fig. 4-4.
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Based on these results, Mo-silicide gate with 5x10"° cm™ As implanted on HfO, gate
dielectric during 800 ‘C 30s RTA may chose for bulk nMOSFET device fabrication.

pMOSFET device with HfO, gate dielectric also fabricated and discussed. The work
function of pure Molybdenum gate with HfO, gate dielectric after 950 “C rapid thermal
anneal is about 4.906 eV. The C-V curve of pure Molybdenum gated MOS capacitor with
HfO, gate dielectric was shows in Fig. 4-5, and Fig. 4-6 shows the oxide quality leakage
current characteristic. The leakage current of MOS capacitor with high-k HfO, dielectric is
smaller than that of MOS capacitor with SiO, gate dielectric. Using HfO, as gate oxide can
make the gate oxide leakage currentyimprove about 2 orders than SiO,. Therefore, pure Mo
gated MOSFET device with HfO; gate dielectric may chose for pMOSFET device fabrication.

We proposed and demonstrated fully silicided Mo-silicide with 5x10'°> cm™ As implanted
as a metal-gate material for nMOSFETSs (work function 4.16 eV) and pure Mo as a metal-gate
material for pMOSFETs (work function 4.906 eV) on HfO; high-k gate dielectric, those were
compatible with CMOS processing. Negligible change in flat-band voltage and equivalent
oxide thickness are observed even after annealed at 950 °C, demonstrating its excellent
thermal stability. The gate oxide leakage current of CMOS device can also get suitable
improvement than Si0O,. Therefore, Mo-silicide for nMOSFET with pure Mo for pMOSFET

is the promising candidate for dual-metal CMOS process with HfO, High-k dielectric.
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Chapter 5
Conclusion

This thesis investigated the work function adjustability of fully Mo-silicide films and the
thermal stability of gate dielectric and equivalent oxide thickness of Mo-silicide MOS devices.
The molybdenum and amorphous silicon were deposited by sputtering system in Ar ambient.
Samples with metal/SiO,/Si-sub MOS structures annealed at different temperature in RTA
(rapid thermal anneal) system in N, .ambient were used to analyze the thermal stability of the
flat-band voltage and equivalenit oxide thickness: Using the same process condition, the
molybdenum and amorphous silicon were deposited.on HfO, high-k Dielectric that deposited
by MOCVD system. Investigating the work function adjustability and thermal stability of
flat-band voltage and equivalent oxide thickness of MoSi,/High-k/Si-sub structures.

The work function of the Molybdenum silicide on SiO;, dielectric decreased from 4.78
eV to 4.39 eV as anneal temperature increased to 800 ‘C 30s. And on the aspect of the
molybdenum silicidation on HfO; high-k dielectric, the work function was decrease from 4.81
eV to 4.34 eV as anneal temperature increase to 800 ‘C 30s. The work function of the
molybdenum silicide has not seen obvious fermi pinning effect. This may be due to fermi

pinning level very close to 4.34 eV. After that, using arsenic ion implantation to add arsenic to
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gate of MOS structure, to cause the work function of the gate on SiO, dielectric decrease to
4.001 eV. And the work function of the gate on HfO, high-k dielectric decrease to 4.16 eV.

To investigate the thermal stability of gate oxide and equivalent oxide thickness, the
samples were annealed by RTA system at 600 C ~ 700 C ~ 800 C and 950 °C, and found that
no matter what metal silicide on SiO, or HfO, dielectric, the deviation of the metal work
function and equivalent oxide thickness annealed among 800 ‘C and 950 °‘C can be neglect.
Suggesting the molybdenum silicide metal gate can replace the traditional n” poly-Si gate.

The work function of pure Mo on SiO, and HfO, is about 4.931 eV and 4.906 eV,
respectively. That is very close to theyvalance band. of silicon. The deviation of the metal work
function and equivalent oxide thickness annealed up t0-950 ‘C can be neglect.

Based on these results, Mo-silicide” gate for nMOS and pure Mo gate for pMOS may

chose for CMOS device fabrication.
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Near Ec Mid Gap Near Ev

Nb 3.9~4.3 Co 4.41~5.00 | Pt 5.32~5.50
Al 4.06~420 |W 4.10~5.20 | RuO2 4.90~5.20
Ta 4.12~4.60 | Ru 4.60~4.71 TiN 4.70~4.90
Zr 3.9~4.05 Au 4.52~4.77 | MoNx 533

Ti 3.95~433 | Pd 4.80~5.22 | WNx 5

TaN 3.90~4.20 | Ni 4.50~5.30 | Mo 4.60~4.90

Table 1-1 The work function of some metals reported in literatures.
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Near Ec Mid Gap Near Ev

Nb 15 Co 6.86 Pt 10.5
Al 2.65 W 5.48 Ru0O2

Ta 13 Ru 7.1 TiN >100
Zr 42 Au 2.4 MoNx >100
Ti 40 Pd 10 WNx >100
TaN 225 Ni 6.9

Table 1-2 The risistivity (uQ-cm) of some metals reported in literatures.
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Table 1-3 melting point (°C) of some metals reported in literatures.
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Near Ec Mid Gap Near Ev

Nb 2468 Co 1490 Pt 1755
Al Jee0 w 3370 RuO2 1200

Ta 2996 Ru 2250 TiN 3290

Zr 1852 Au 1063 MoN 1750

Ti 1660 Pd 1552 WNx

TaN 3090 Ni 1453 Mo [2800 |




Process step Condition

1.Isolation Fox=550 nm

2.Si02 formation 3nm, 6nm, 7nm

3.Mo and Si deposition by sputtering Vacuum pressure 2x107 torr
Thickness of Mo 10nm Process pressure 7.6x107 torr
Thickness of Si 25nm DC power 150 W

Gas Ar 24 sccm
4.Electrode pattering Area 100pm x100pm
5.Rapid Thermal Anneal 600~950°C 30s in N, ambient

Table 2-1 The process flow chart of molybdenum silicided gate capacitor with SiO;
dilectric.
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Process step Condition

1.Isolation Fox=550 nm

2.HfO, formation 5nm, 7.5nm, 10nm

3.Mo and Si deposition by sputtering Vacuum pressure 2x107 torr
Thickness of Mo 10nm Process pressure 7.6x107 torr
Thickness of Si 25nm DC power 150 W

Gas Ar 24 sccm
4.Electrode pattering Area 100pm x100pm
5.Rapid Thermal Anneal 600~950°C 30s in N, ambient

Table 2-2 The process flow chart of molybdenum silicided gate capacitor with HfO,
dilectric.
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Fig. 1-1 Boron penetration through the gate oxide cause the threshold voltage in

BF-impaaented p-channel devices to shift positive at anneal temperature above ~800 °C
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Fig. 1-2 Threshold voltage versus work function of gate electrode for both nMOSFET
and pMOSFET with different surface concentration.
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Fig. 1-3 Band diagram of silicon conduction and valence band.
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Fig. 1-4 Using a single gate material for both nMOS and pMOS devices can yield
symmetric but large threshold voltages. Achieving low and symmetric threshold voltages

will require two different mid-gap gate materials.
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Fig. 1-5 Schematic energy band diagram for a metal gate on a dielectric, showing
extrinsic states that pin the metal Fermi level. The energy level of the extrinsic states, i.e.,
pinning level, could be related to the interfacial bonding defects between the metal and
the dielectric. The conduction-band edge and the valence-band edge of the dielectric are

denoted by E. 4 and E, 4 respectively.
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Fig. 1-6 Cross sections illustrating the dual-metal gate process, after etching TiN/Ti and
before deposition of Mo and TiN (top), and after the gate etch and source-drain

implantation to show the gate stack (bottom).
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Fig. 1-7 Schematic illustration of the process flow. (a) CMOS structure after second
metal has been removed from the nMOS side. (b) CMOS structure after annealing
shows that the metals on the pMOS side have interdiffused, and second metal has

segregated to the dielectric interface.
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Fig. 1-8 XPS depth profile for Ti/Ni gate electrode after the 400 °C, 30 min

interdiffusion anneal. A large concentration of Ni is present at the SiO; interface.
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Fig. 1-9 Fully silicide heavily implanted poly-Si gate electrode.(a)traditional poly-Si
gate formation(b)B, P, As implant in poly-Si(c)metal deposition(d)silicidation by high

temperature annealing.
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Fig. 1-10 The schematic of CMOS device process flow diagram. Using molybdenum

silicided gate and pure molybdenum gate for nMOSFET and pMOSFET, respectively.
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Fig. 3-1 C-V curves for pMOS capacitors with different thickness of a-silicon layer
after 800 °C RTA.
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Fig. 3-2 Flat-band voltage as a function of the equivalent oxide thickness. A larger
flat-band voltage variation is observed between 700 ‘C and 800 ‘C RTA (work function:
4.796 eV for 700 C RTA and 4.389 eV for 800 C RTA).
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Fig. 3-3 Extracted Work function versus the RTA temperature. After 800 C RTA,

evidence of silicidation is observed by the change of work function.
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Fig. 3-4 Dependence of sheet resistance of Mo/a-Si stack layers on annealing

temperatures.
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Fig. 3-5 Variation of equivalent oxide thickness of molybdenum silicide gated MOS
capacitors with annealing temperature. Excellent thermal stability up to 950 ‘C can be
observed.
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Fig. 3-6 No degradation in gate leakage current is found after high-temperature

annealing.

-57 -



T ' T ' '
=11
6.0:10 7 = m v, to acc. ]
¢ gcc toinv.
i SiDEIMoSiIITiN Q50 *C RTA -
hysteresis = 39 9mVy -
- -11 -
O 40010 1 o accumulation’
% o
= -
- -
unl | |
I%_ L]
O 2010 - ]
InYersian
‘I
j ..,-
o
) s———— .
-7 -1 0 1 2

Gate Voltage (V)

Fig. 3-7 Hysteresis of Mo-silicide gated MOS capacitor after 950 °C rapid thermal
anneal still exhibits negligible.
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Fig. 3-8 Flat-band voltage versus the equivalent oxide thickness with As-doped and
undoped Mo-silicide gate (work function: 4.389 eV for undoped and 4.202 eV for As

1x10"° em™ dosage, 4.01 eV for As 5x10" cm™ dosage).
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Fig. 3-10 Variation of equivalent oxide thickness of molybdenum silicide gated MOS
capacitors with annealing temperature. Excellent thermal stability up to 950 ‘C can be

observed.
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Fig. 3-11 Flat-band voltage of pure Mo gated MOS capacitor versus the equivalent oxide
thickness.
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Fig. 3-12 Hysteresis of pure Mo gated MOS capacitor with 950 °C rapid thermal anneal
still exhibits negligible.
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Fig. 4-1 Extracted work function versus RTA temperature.
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Fig. 4-2 Variation of equivalent oxide thickness of molybdenum silicide gated MOS
capacitors on high-k HfO, verse annealing temperatures. Excellent thermal stability up
to 950 °C can be observed.
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Fig. 4-3 The work function of Mo-silicided gate on HfO, dielectric versus As implanted
dosage after 800 C RTA.

- 66 -



AEOT (A)

-5 L . [ [ I L . [ [ [
540 600 G50 raa Ta0 a00 840 400 8&0 1000

Temperature (*C)

Fig. 4-4 Variation of equivalent oxide thickness of molybdenum silicide gated MOS
capacitor with As 5x10" cm™ dosage on HfO, annealing at different temperatures.

Excellent thermal stability up to 950 C can be observed.
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Fig. 4-6 Oxide quality leakage current characteristic.
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