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Abstract

Two novel dual work functien metal gate.technologies are investigated and
proposed. With the down-scaling,-of-rthe-ydevice geometry for performance
improvement, inherent drawbacks of conventional polysilicon gate electrodes lead to
increasingly significant negative influence. In addition, the high-k gate dielectrics
have been introduced to replace the conventional silicon dioxide. Consequently, under
the same effective oxide thickness, the gate leakage current can be effectively reduced.
Unfortunately, polysilicon gates have been reported to be thermodynamically unstable
on many high-k materials and lead to Fermi-level pinning effect at the
polysilicon/high-k interface. Therefore, metal gates are expected to provide a turning
point in possessing a better thermal stability and a retardation of the Fermi-level
pinning effect. In addition, metal gates can possess a lower gate resistance and

enhance the device performance at higher frequency.

The basic requirements for a novel metal gate technology include providing



suitable work function values at the gate dielectric interface, the good enough thermal
stability with the underlying gate dielectrics and a compatible device integration
process. Two novel metal gate technologies are proposed in this dissertation. One is
based on the metal intermixing technique, and the other is based on the silicidation
technique. We firstly investigate the electrical and chemical characteristics of Hf-Mo
binary alloys deposited by co-sputtering technique. A continuous and almost linear
work function adjustment using HfiMo( ) is demonstrated for the first time. The
work function value of Hf-Mo binary alloy ranges from 3.93eV (®,, of pure Hf) to
4.93eV (®,, of pure Mo) and depends on the sputtering power ratio of each target. The
thermal stabilities of Hf-Mo binary alloy on SiO, are found to degrade with the
increase of Hf atomic fraction, but all of the Hf-Mo binary alloys possess thermal
stabilities at least higher than 400:C. The Hf-Mo binary alloys can be appropriate for

a gate-last SiO, CMOS process:

The practicable integration“of Hf-Mo binary alloys into the dual metal gate
process is also proposed. Hf\Mo(;.x) formed by metal intermixing of the Hf/Mo stack
is firstly evaluated, and a novel dual work function metal gate technology is then
proposed and demonstrated. A precise control over the work function of the Hf-Mo
binary alloy by adjusting the composite metal thickness ratio Tz (Tg= Tnr/ Tao) 18
demonstrated. Besides, the required thermal budget for a complete metal intermixing
is demonstrated to depend on the total metal thickness, Ty (Tar= Trr+ Tas). Therefore,
one can be allowed to get around the thermal stability issue by using an appropriate
Ty value. This technique is not only attractive but especially important for devices
with advanced transistor structures, such as FINnFET and/or UTB-MOSFET devices,
since the substrate doping modulation may not be an efficient way to adjust the

threshold voltages of devices with advanced transistor structures.
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The other novel dual metal gate technology proposed in this dissertation is based
on using the silicidation technique. The a-Si/Mo stack was fabricated and thermal
annealed to form MoSi,. The work function of MoSiy is found to be lower than that of
Mo, and the thermal stability of MoSiy is evaluated to be higher than 950°C.
Combining MoSix with the pure Mo gate, a practical integration into the dual metal
gate technology is then proposed. On the SiO, gate dielectric, the combination of
Mo-MoSi, possesses a work function shift appropriate for devices with advanced
transistor structures. Furthermore, the additional arsenic pre-implantation into the
a-Si layer prior to the silicidation annealing is demonstrated to effectively lower the
work function of MoSiy. Consequently, the application of the proposed novel dual
metal gate technology can be expanded to the conventional bulk devices. Besides, the
new structure along with the ruling'out of p-type metal silicide is also demonstrated to

eliminate the boron penetration problem encountered-with the reported FUSI method.

On high-k gate dielectric materials, the maintenance of the considerable work
function shift is also demonstrated. The extracted ®@,, value of pure Mo or MoSi, gate
on HfO,; is slightly lower than that on SiO,, but the ®,, difference between Mo and
MoSiy is almost the same regardless of the underlying gate dielectric materials. The
arsenic pre-implantation still has effect upon the modulation of ®,, of metal silicide
on HfO,, even though the modulation range is a little smaller than that on SiO,. The
influence of Fermi-level pinning effect, which has been reported to be responsible for
the high threshold voltages of FUSI gated devices with the high-k gate dielectric, is
also discussed. The Fermi-level pinning effect seems to be retarded in the proposed
Mo-MoSi, dual metal gate technology. We speculate that the improvement may be

attributed to the separation of silicon layer from the high-k gate dielectrics.
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Chapter 1

Introduction

1.1 EVOLUTION OF GATE ELECTRODE CANDIDATES

Before the mid-1970s, the doping technique was accomplished by the diffusion
process in high-temperature furnaces. After the source/drain (S/D) diffusion, the thin
gate oxide is grown and the metal gate’is deposited. If the gate mask is misaligned
with the S/D mask, the transistor will not work properly as shown in fig. 1.1.
Oversized gate electrodes are required to ‘ensure the complete gate coverage over the
S/D. The gate misalignment issue leads'to a‘great challenge especially when devices

are scaled down.

The application of ion implantation solved the gate alignment problem by using
the so-called self-aligned S/D doping process as shown in fig. 1.2. In this case, the
gate oxide is grown followed with the deposition, patterning, and etching of gate
electrodes. The ion implantation is used to form the S/D region and a high
temperature annealing process is required to repair the damage due to the implantation
process and to activate the implanted dopant. Since the required annealing
temperature is usually higher than the melting point of aluminum (Al), a different gate
electrode candidate has to be introduced. Polysilicon and silicide/polysilicon stack

(polycide) have been used as the gate materials for several device generations.

1



In the late-1980s, the need to reduce the power consumption of the integrated
circuit (IC) was one of the major driving forces for complementary MOS (CMOS)
devices development. Early CMOS based ICs used n'-polysilicon as gate electrodes
for both n-MOS and p-MOS devices as shown in fig. 1.3. To suppress the punch
through in p-MOS devices, the substrate doping concentration will need to be
increased. Along with the use of lower Fermi energy n'-polysilicon as gate electrode,
the threshold voltage of p-MOS will be too negative to be acceptable. A thin sheet of
negative charges must therefore be placed at the Si/Si0O, interface in p-MOS devices.
This can be accomplished by implanting a shallow layer of boron atoms. The boron
dose must be heavy enough to compensate the n-surface so that a thin p-region is

formed and shifts the threshold voltage of p-MOS toward more positive value.

However, this technology (# -polysilicon for both n-MOS and p-MOS) will lead
to a buried-channel p-MOS device which will exhibit enhanced susceptibility to
short-channel effects. Solutions“involving the use of gate electrodes other than
n"-polysilicon must therefore be explored. One alternative is to use n " -polysilicon and
p -polysilicon for n-MOS and p-MOS devices, respectively, as shown in fig. 1.4.
Such a so-called dual-doped poly approach, however, introduces other problems. One
drawback is the poor threshold voltage control in the p-MOS devices due to
penetration of the boron atoms into the oxide or further into the silicon substrate, as
shown in fig. 1.5, especially when a thin gate oxide is used [1]. It has also been found
that the presence of fluorine in the gate oxide worsens the boron penetration problem
[2, 3]. Such fluorine can be introduced into the gate oxide if the p-MOS S/D regions

are formed using BF, implantation which is suggested for shallow junction formation.

Another problem encountered with conventional polysilicon gates is the



so-called poly depletion effect as shown in fig. 1.6 [4]. If the polysilicon gate is not
doped heavily enough, problems will arise from the depletion of the gate itself. Gate
depletion results in an additional capacitance in series with the gate oxide capacitance,
which in turn leads to a reduced inversion-layer charge density and degradation of the
MOSFET transconductance. It is worth to note that the boron penetration and poly
depletion effect in p-MOS devices will influence each other. Heavily boron
concentration is needed for p -polysilicon to suppress the poly depletion effect in

PMOS while it potentially makes the boron penetration problem more pronounced.

It is also worth to note that the shrinkage of oxide thickness can improve the
device short channel performance, however, the increasing leakage current leads to
the noticeable standby power. Replacing the conventional silicon dioxide gate stack
with the novel high-k gate dieléctric material draws more and more attention in the
last several years. The use of the high-k-gate diclectric can possesses larger physical
oxide thickness under the same”electrical oxide ‘thickness and results in effective
leakage current reduction. Several high-k materials have been investigated as new
gate dielectric candidates such as TiO,, Ta;Os, Al,Os, ZrO,, HfO,, La,03, Y,03; and
Pr,03;. Among these candidates, HfO, not only has relatively high dielectric constant
and bandgap but also exhibits the impressive thermal stability with the silicon
substrate. The polysilicon/HfO, interface, however, will lead to the so-called
Fermi-level pinning effect which is believed to have been caused by Si-Hf interaction
and leads to high threshold voltages of MOSFET devices. Moreover, polysilicon gates
are found to be thermodynamically unstable on many high-k materials [5, 6] so that

metals are expected to provide a turning point in possessing a better thermal stability.



1.2 BASIC REQUIREMENTS FOR METAL GATES

The use of metal/high-k structure, however, will introduce several new
challenges such as the choice of metal candidates, the development of a compatible

process and the thermal stability issue between metal and high-k gate dielectric.

The work function value of the introduced metal candidate will significantly
influence threshold voltages of fabricated devices. High performance CMOS
technology generally requires two separate gate work function values for n-MOS and
p-MOS devices. Providing appropriate, wotrk function values at the gate dielectric
interface, one can achieve low and symmetric threshold voltages for n- and p-channel
devices without high dosage channel implantation-which potentially leads to the
threshold voltage non-uniformity and_the carrier mobility degradation. Metals with
midgap work function, such as W"and TiN, have been firstly adopted as gate
candidates for symmetric threshold voltage values. However, the magnitude of
resulted threshold voltages for both n- and p-channel devices would be too large to be
acceptable [7, 8]. To avoid applying heavily counter channel doping, the dual work
function metal gate technology has been proposed [9-11]. The major concept is
similar to the dual-doped polysilicon technology where different gate materials with
suitable work function values are served as gate candidates for n- and p-channel
devices. The chosen metal candidates should provide suitable work function (®,,)
values at the dielectric interface. For instance, metal gates should possess work
function values of about 4eV and 5eV to replace the conventional n'- and

p -polysilicon gates, respectively, for surface-channel bulk devices. Moreover, several



advanced devices with new transistor structures, such as FInFET and ultra-thin-body
(UTB) MOSFET, have been developed recently [12-19]. These advanced devices
have better gate-to-channel controllability. Consequently, the required gate work
function values for low and symmetric threshold voltages will be different from those
in bulk devices. Moreover, the adjustment of the substrate doping is no longer an
effective way of threshold voltage control in advanced devices. Choosing metal gate
candidates with suitable work function values becomes a more and more importance
topic. The reported simulation results show that the required gate work function for n-

and p-channel advanced devices are about 4.4~4.6eV and 4.8~5.0¢eV, respectively.

In addition, the chosen metal candidates should be able to possess good thermal
stability with the underlying gate .dielectric material. Consequently, the undesired
interaction at metal/gate dielecttic interface during the device fabrication process can
be avoided, and the process induced ®,,-and/or the equivalent oxide thickness (EOT)
variations can be suppressed. Although the recently developed gate-last (also called
replacement gate) technique can provide a new chance of using low thermal stable
materials as gate electrodes [20-26], the fabrication process will become more

complex and lead to new challenges such as dummy gate removal and metal polish.

The development of suitable process integration is also an important issue to
avoid the possible process-induced performance degradation. Several metal gate
technologies have been widely investigated in the last decade. The firstly proposed
dual work function metal gate technology exhibits a straightforward fabrication
process [9, 10]. Although the used Ti and Mo have suitable work function values for
n- and p-channel devices, respectively, the proposed integration process inherently

makes the gate dielectric material exposed to the metal etchant and leads to an



undesired reliability problem and oxide thickness non-uniformity.

To overcome this phenomenon, a novel dual work function metal gate
technology using Ni-Ti interdiffusion has been proposed [27, 28]. Although this
approach is quite material-dependent, it provides a lot of suggestions and
recommendations on the dual metal gate technologies. Furthermore, a novel metal
work function adjustment technique using nitrogen implantation has been proposed
[29-32]. This approach is good at the ease of process integration but the modulated
range of work function may not be large enough and the process stability will be a

challenge.

Recently, a so-called fully silicidation, (FUSI) method has been proposed to apply
for implement of dual work fun¢tion metal gate technology [33-38]. The front-end
process is the same with the traditional dual-doped polysilicon gates CMOS
technology while the conventional salicide-process 1s modified. A metal layer thicker
than that required for conventional “salicide" process is required to allow for full
silicidation of the existed polysilicon gates. And dopants in the polysilicon are
demonstrated to be able to modify the work function value of the formed metal

silicide (MeSi) gates.

Several metal candidates, metal nitrides and binary alloys have also been widely
investigated in the last five years. To sum up, the dual work function metal gate

technology is drawing more and more attention.

1.3 METAL WORK FUNCTION EXTRACTION TECHNIQUE



There are several methods for the metal gate work function extraction. One is
comparing the flat-band voltage shift of MOSCAP devices between the under test
metal gate electrode and that with known work function value such as ™ poly-silicon.
In this case, devices should be subjected to the similar process flow and the same
thermal budget. From the known work function of n  poly-silicon and flat-band
voltage difference between n' poly-silicon and the under test metal, the metal work
function can be estimated. But the value of the extracted metal work function in this
approach would be less precise due to the different gate electrode deposition
processes for polysilicon and metal gates. In general, metal gates are deposited using
sputtering system, and this physical vapor deposition (PVD) system will inherently

result in more oxide charges contributing to flat-band voltage difference.

Another approach bases ofn the expression. of‘the flat-band voltage in a MOS

system [29]:
VFB :(Dms _%:qus _&tox (11)

where Qr is the density of fixed charges in the oxide, € o« is the permittivity of the
dielectric material and t is the thickness of the gate dielectric. To decouple the effect
of fixed oxide charges, Capacitance-voltage measurements of MOSCAP devices with
different oxide thicknesses will be performed to generate the flat-band voltage (Vgz)
versus the effective oxide thickness (EOT) plot. The intercept of Vg5 axis corresponds
to the value of @,,,. The value of @, can be calculated according to the information of
the electron affinity of silicon substrate, silicon energy bandgap and the potential
difference between the intrinsic and doped silicon Fermi level. Work function values

obtained in this way, however, would be fair approximations after accounting for



uncertainties in flat-band voltage determination and the contributions of interface trap

state.

Notably, it has been reported that the quantum mechanical (QM) effect becomes
significant in the oxide thickness extraction as oxide thickness is reduced [39, 40].
Carrier transporting in the channel is confined by a triangular energy well.
Consequently, the charge centroid locates further from the surface than that predicted
by the classic analysis. This quantum mechanical effect will contribute additional
effective oxide thickness and then lead to a deviation in metal work function
extraction. Several capacitor-voltage simulators with the consideration of quantum
confinement effect, such as QMCV and NCSU-CV, have been proposed. In this thesis,
we use the QMCV simulator established by «UC Berkeley Device Group for the

determinations of the flat-band voltage and effective-oxide thickness.

1.4 ORGANIZATION OF THE THESIS

Two novel dual-work function metal gate technologies are proposed and
investigated in this dissertation. First, the dual metal gate technology based on the use
of Hf-Mo binary alloys is demonstrated. Second, the silicidation technique is used to

implement a dual metal gate technology with metal-metal silicide combination.

In chapter 1, an introduction to the gate candidate evolution and a brief review of
state-of-the-art metal gate technologies are discussed. Basic requirements of novel
metal candidates are also addressed. Moreover, the used work function extraction

technique in this dissertation is also mentioned.



In chapter 2, the electrical and chemical characteristics of Hf-Mo binary alloys
are investigated. The continuous and almost linear work function adjustment using
HfiMo(;.x) is demonstrated for the first time. The work function value of Hf-Mo
binary alloy deposited by co-sputtering ranges from 3.93eV (®,, of pure Hf) to
4.93eV (®,, of pure Mo) and depends on the sputtering power ratio of each target. The
thermal stabilities of Hf-Mo binary alloys on SiO, degrade with the increase of Hf
atomic fraction, but all of them possess thermal stabilities at least higher than 400°C.

The Hf-Mo binary alloys can still be suitable for the gate-last Si0, CMOS process.

In chapter 3, the integration of Hf-Mo binary alloys into dual metal gate
technology is proposed. For the ease of process integration, Hf,Mo(;) formed by
metal intermixing is evaluated, and a:hovel dual work function metal gate technology
is proposed and demonstrated. One ¢an be allowed to get around the thermal stability
issue by using an appropriate metal thickness, and possess precise controllability of
metal work function by adjusting the composite metal thickness ratio. This technique
is not only attractive but especially important for FinFET and/or UTB-MOSFET

applications.

In chapter 4, a novel dual metal gate technology based on silicidation technique
is proposed. The a-Si/Mo stack was fabricated and thermal annealed to allow for the
formation of MoSiy. Combining MoSix with the pure Mo, a practical integration of
Mo-MoSiy gate combination into dual metal gate technology is also proposed. On the
Si0, gate dielectric, Mo-MoSix combination can possess considerable work function
shift and be suitable for devices with advanced transistor structures. The thermal
stabilities of pure Mo and MoSix on SiO, are evaluated to be higher than 950°C.

Moreover, the additional arsenic pre-implantation into the amorphous silicon layer



prior to silicidation annealing is demonstrated to make the application of the proposed
novel dual metal gate technology also suitable for the conventional bulk devices. The
new structure along with the ruling out of p-type metal silicides can effectively

eliminate the boron penetration problem encountered with the FUSI method.

In chapter 5, the proposed dual metal gate technology gated by Mo and MoSiy is
demonstrated to keep providing the considerable work function shift on the high-k
gate dielectric materials. The extracted @,, value of pure Mo or MoSi, gate on HfO; is
slightly lower than that on SiO,, but the ®,, difference between Mo and MoSiy is
almost the same with that on SiO, regardless of the underlying gate dielectric
materials. The use of arsenic pre-implantation for the modulation of ®,, of metal
silicide on HfO; is also demonstrated, even though the modulation range is a little

smaller than that on Si10,.

In chapter 6, we conclude ‘our results-and summarize the main contributions in

this dissertation. Suggestions for further'studies are also discussed.
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Chapter 2

Investigation of Hf Mo ,..) Binary Alloys

2.1 BACKGROUNDS AND MOTIVATION

With the sustained scaling of CMOS technology for device performance
improvement, the conventional polysilicon/SiO; structure keeps suffering a variety of
challenges. Novel metal/high-k gate stack has been extensively investigated as a
potential solution. The introductiontof high-k gate'dielectric can effectively reduce the
tunneling leakage current due to-its.larger physical thickness under the same electrical
thickness [1, 2]. On the other hand, the inherent drawbacks of polysilicon gates such
as poly depletion effect and boron penetration which will lead to an undesired
increase of EOT [3] and degrade device performance [4] can be eliminated. In
addition, polysilicon gates have been reported to be thermodynamically unstable on
many high-k materials [5, 6] so that metals are expected to provide a turning point in
possessing better thermal stability and a lower gate resistance for the enhancement of

device performance at high frequency.

The major superiority of the traditional polysilicon gate electrode is the ability of
Fermi-level adjustment by either donor or acceptor implantation. By contrast, the
adjustment of the metal work function is not easily achievable. For bulk devices, the
required metal work functions for replacing the conventional "~ and p'- polysilicon

gates are about 4eV and SeV, respectively. On the other hand, for FinFET and/or
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ultra-thin-body (UTB) MOSFET devices, the gate-over-channel controllability is
enhanced so that the required gate work function for n-channel (p-channel) devices
have been increased (reduced) to 4.4~4.6eV (4.8~5.0eV) compared with conventional
bulk devices [7]. Since the required work function values for n- and p-channel devices
are different in both cases, the dual metal gate technology with suitably chosen metal
work function values has been proposed. However, the process integration will lead to
the unwanted gate dielectric integrity degradation [8] due to the direct removal of
metal from the dielectric surface. It is worth to note that, the adjustment of the
substrate doping is no longer an effective way of threshold voltage control in FinFET
and/or UTB-MOSFET devices so that the importance of metal gate work function

engineering will be more pronounced.

Recently, several metal work function:modulation techniques have been widely
investigated. The Ru-Ta alloy proposed.by H. Zhong et al. can possess the superior
thermal stability and a wide work function tuning range [9, 10]. However, the
modulation of work function seems not to be continuous. The work function values
with interest for advanced transistor structures (4.4-5¢V) would be unachievable.
Moreover, the Pt-Ta alloy proposed by B-Y. Tsui et al. has been demonstrated to
possess a wide and continuous work function modulation [11], but the issue of gate
dielectric integrity degradation mentioned in [8] would be problematic due to the lack
of suitable integration methods. Similarly, S. H. Bae et al. proposed that the laminated
metal gate stacks HfN/Ti/TaN and Ti/Ta can possess p- and n-MOS compatible work
function values (5.1eV and 4.35eV) [12]. However, the process integration of these
two distinct laminated metal stacks into dual metal gate CMOS process are still
problematic [8]. Otherwise, a novel work function modulation using nitrogen

implanted Mo has been proposed by P. Ranade et al. [13]. The major advantage of this
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method is the ease of process integration, while the @,, value strongly depends on the
implantation parameters and subsequent annealing conditions. A precise work

function modulation would not be easily achievable.

In this chapter, the continuous and almost linear work function adjustment using
Hf-Mo binary alloys deposited by co-sputtering is demonstrated for the first time. The
work function value of Hf-Mo binary alloy deposited by co-sputtering ranges from
3.93eV (®,, of pure Hf) to 4.93eV (®,, of pure Mo). Moreover, thermal stabilities of
Hf-Mo binary alloys on SiO, gate dielectric are also evaluated. Although the thermal
stability of HfiMo(.x) on SiO, degrades with the increase of Hf atomic fraction,

HfMoi.y can still be appropriate for the gate-last Si0, CMOS process.

2.2 EXPERIMENT

MOSCAP devices were fabricated on p-type (100) 6-in Si wafers and high
frequency (1MHz) capacitance-voltage characteristics were measured using an
Agilent 4284A precision LCR meter. After LOCOS isolation, SiO, with different
thicknesses were thermally grown at 950°C to serve as the gate dielectric. HfMo(x
(~50nm) alloys were then deposited by co-sputtering in Ar ambient. The sputtering
power of each target was varied as listed in Table 2.1 to modulate the composition of
the deposited binary alloy. The HfiMo(.y) gate electrodes were then patterned by
reactive ion etching (RIE) using Cl-based chemistry. All samples were then subjected
to 400°C annealing in N, ambient. The flat-band voltage (Vg) and effective oxide
thickness (EOT) of each capacitor were extracted from the measured C-V curve using

the quantum mechanical C-V (QMCV) simulator so that one can avoid overestimating
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the EOT as well as the metal work function value [14].

2.3 RESULTS AND DISCUSSION

The as-deposited high frequency (1IMHz) C-V characteristics of capacitors gated
by Hf-Mo binary alloys, pure Mo, and pure Hf films are shown in Fig. 2.1. The
negative flat-band voltage shift with the increase of Hf power ratio can be observed.
To eliminate the contribution of oxide fixed charges, C-V measurements of MOSCAP
devices with several oxide thicknesses were performed to generate the Vyg versus
EOT plot as shown in Fig. 2.2. All samples exhibit linear relationships from which

work function values of binary alloys can'be extracted as listed in Table 2.1.

Figure 2.3 exhibits the (110) morphelogy, for the pure Mo film. The extracted
work function value (4.93eV) of ‘the (110).oriented Mo is closely consistent with
previous reports [13]. However, the as-deposited Mo with (110) orientation is
different from the previous report [15], and this would be attributed to the different
deposition conditions. Figure 2.4 exhibits the small the hysteresis for the 50% Hf
power ratio co-sputtering sample, which is believed to suffer from the most series

sputtering damage. Accordingly, the good process quality can be demonstrated.

The C-V curves of as-deposited and post-400°C sintering pure Hf gated
capacitor are shown in Fig. 2.5. Obvious EOT variation along with the Vgp shift after
annealing illustrates the poor thermal stability of Hf on SiO; and exclude Hf from gate
candidates even in the gate last process [16]. By contrast, Hf\Mo(.x) gated capacitors

exhibit better thermal stability on SiO, as shown in Fig. 2.6. The dependence of @,,
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and EOT variation on annealing conditions for HfyMo( .« also indicates that the
thermal stability of all alloy samples can be at least higher than 400°C as shown in

Fig. 2.7.

In Fig. 2.7, the decreases of EOT at certain temperature for alloy samples, except
for the one with 25% Hf power ratio, are similar to that for the pure Hf sample. The
noticeable EOT decrease and the corresponding work function variation might be
attributed to that partial SiO, gate dielectric was transformed into high-k materials,
such as HfO, or HfSi,Oy, due to the Hf-SiO, interaction. For the 25% alloy sample,
the abnormal EOT increase along with relative small work function variation can be
observed. We speculate that the lower Hf concentration might make the effect of
Hf-Si0, interaction be masked by the extra Sizsubstrate oxidation due to the oxygen
contamination. In the case of sample gated by. pute Mo, the small amount of ®@,,
increase (18meV) and the negligible EOT variation (0.08nm) after 950°C RTA
demonstrate the superior thermal ‘stability of Mo on'SiO, gate dielectric. Although the
thermal stability seems to be degraded with the increasing of the Hf atomic fraction in
the Hf-Mo binary alloy, Hf,Mo(i.y) still can be adopted as gate material in a gate-last
Si0, CMOS process. It is worth to note that, alloy samples with Hf power ratio lower
than 50% can possess work function value suitable for advanced devices and exhibit
thermal stability up to 700°C. In comparison with other reported candidates, the
thermal stability of Hf-Mo alloy is lower than that for Ru-Ta alloy [9], but higher than

that for Pt-Ta alloy [11].

In 1974, Gelatt and Ehrenreich proposed that the work function of an ABi.y

alloy can be approximately expressed as [17] :
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@, (x)=x®, ,+(1-x)D, , +x(1- )(q)’”p/q)"f(lp_/)_l) (1.1)

In this equation, ®,, 4 and ®,, g are work function values of pure element A and B,
respectively. p4 and p; are effective density of states in Fermi level for pure element A
and B, respectively. In this equation, the first two terms represent that the work
function of the binary alloy is a linear combination of that of each pure element. On
the other hand, the last term will lead to a deviation from the linear relationship.
According to the theory of heat capacity of metal, the observable Sommerfeld factor y

of a metal is directly proportional to its density of state in Fermi level p [18].

The calculated results of eq. (1) are,shown in fig. 2.8 where several y ratios are
used and values of ®, 4 and @, p are set to be.3.93 and 4.93, respectively, for
convenience. As expected, the work function modulation will deviate from the linear
behavior with the difference in y "values“between two metals. For a non-linear
behavior, work function modulation can be‘roughly divided into the flat and sharp
regime. In the flatter regime, the alloy system would be less susceptible to the
composition and process variation, but the ®@,, modulation efficiency will be lower.
On the other hand, the alloy system will be more sensitive to the process variation but
possess higher ®@,, modulation efficiency in the sharper regime. By contrast, the linear
work function modulation can provide a compromise between the modulation
efficiency and immunity to the process variation throughout the whole modulation

range.

According to the binary alloy phase diagram of Hf-Mo system [19] shown in fig.
2.9, an abrupt work function modulation can be excluded since no specific compound
will be formed under 1000°C. Moreover, the Sommerfeld factors for Hf and Mo are
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2.16 and 2.0, respectively [18]. Therefore, a continuous and almost linear work
function modulation using the Hf\Mo() solid solution can be expected. The
calculated and experimental results of work functions of Hf\Mo(;.x) alloys are shown
in fig. 2.10. Compared with the experimental data, a good consistency with only a
mildly shift in the lower Hf power ratio regime can be observed. This deviation may
be attributed to the difference between the Hf power ratio and the Hf atomic fraction

due to a relatively lower deposition rate of Mo in this work.

The XRD spectra and AES depth profile of the co-sputtering sample are shown
in fig. 2.11 and fig. 2.12, respectively. An amorphous film with uniform composition
and abrupt interface is observed. It is worth to note that the relatively lower
composition of Mo compared to that-of Hf in the.co-sputtering sample as shown in fig.

2.12 also demonstrates our speculation about the:deviation observed in Fig. 2.10.

2.4 SUMMARY

The continuous and almost linear work function adjustment using Hf\Moyi.y) 1s
demonstrated for the first time. The work function value of Hf-Mo binary alloy
deposited by co-sputtering ranges from 3.93eV (®,, of pure Hf) to 4.93eV (®,, of pure
Mo) and depends on the sputtering power ratio of each target. The thermal stabilities
of Hf-Mo binary alloys on SiO, degrade with the increase of Hf atomic fraction, but
all Hf-Mo binary alloys still possess thermal stabilities at least higher than 400°C. The

Hf-Mo binary alloys can be used in a gate-last SiO, CMOS process.

29



REFERENCES

[1]

[2]

[3]

[4]

[3]

[6]

[7]

E. M. Vogel, K. Z. Ahmed, B. Hornung, W. K. Hensen, P. K. McLarty, G.
Lucovsky, J. R. Hauser, and J. Wortman, “Modeled tunnel currents for high
dielectric constant dielectrics,” IEEE Trans. on Electron Devices, vol.45,
pp-1350-1355, June 1998.

Q. Lu, D. Park, A. Kalnitsky, C. Chang, C. —C. Cheng, S. P. Tay, T. -J. King,
and C. Hu, “Leakage current comparison between ultra-thin Ta,Os films and
conventional gate dielectrics,” [EEE Electron Device Letters, vol.19,
pp-341-342, Sept. 1998.

K. F. Schuegraf, C. C. King, and C. Hu, “Impact of polysilicon depletion in
thin oxide MOS technology,” in Proc. Tech. Papers 1993 Int. Symp. VLSI
Technology, Systems, and Applicationss-1993,pp.86-90.

James R. Pfiester, Frank K+ Baker, Thomas C. Mele, H. H. Tseng, Philip J.
Tobin, James D. Hayden, James W. Miller, Craig D. Gunderson, and Louis C.
Parrillo, “The effects of boron penetration on p polisilicon gated PMOS
devices,” IEEE Trans. on Electron Devices, vol.37, no.§, pp.1842-1851,
August 1990.

H. F. Luan, B. Z. Wu, L. G Kang, R. Vrtis, D. Roberts, and D. L. Kwong,
“Ultra thin high quality Ta,Os gate dielectric prepared by in-situ rapid thermal
processing,” in IEDM Tech. Dig., 1998, pp.609-612.

C. H. Lee, H. F. Luan, W. P. Bai, S. J. Lee, T. S. Jeon, Y. Senzaki, D. Roberts,
and D. L. Kwong, “MOS characteristics of ultra thin rapid thermal CVD ZrO,
and Zr silicate gate dielectrics,” in IEDM Tech. Dig., 2000, pp.27-30.

Leland Chang, Stephen Tang, T. J. King, Jeffrey Bokor, and C. Hu, “Gate

30



[8]

[9]

[10]

[11]

[12]

[13]

[14]

length scaling and threshold voltage control of double-gate MOSFETs,” in
IEDM Tech. Dig., 2000, pp.719-722.

Qiang Lu, Y. C. Yeo, Pushkar Ranade, Hideki Takeuchi, T. J. King, and C. Hu,
“Dual-metal gate technology for deep-submicron CMOS transistors,” in Symp.
on VLSI Tech., 2000, pp.72-73.

Huicai Zhong, Shin-Nam Hong, You-Seok Suh, Heather Lazar, Greg Heuss,
and Veena Misra, “Properties of Ru-Ta alloys as gate electrodes for NMOS
and PMOS silicon devices,” in IEDM Tech. Dig., 2001, pp.467-480.

JaeHoon Lee, Huicai Zhong, You-Seok Suh, Greg Heuss, Jason Gurganus, Bei
Chen, and Veena Misra, “Tunable work function dual metal gate technology
for bulk and non-bulk CMOS,” in IEDM Tech. Dig., 2002, pp.359-362.
Bing-Yue Tsui and Chih-Feng Huang, “Wide range work function modulation
of binary alloys for MOSEET application, /EEE Electron Device Letters,
vol.24, pp.153-155, March 2003.

S. H. Bae, W. P. Bai, H. C."Wen,.S. Mathew, L. K. Bera, N. Balasubramanian,
N. Yamada, M. F. Li, and D. L. Kwong, “Laminated metal gate electrode with
tunable work function for advanced CMOS,” in Symp. on VLSI Tech., 2004,
pp.188-189.

Pushkar Ranade, Yang-Kyu Choi, Daewon Ha, Aditya Agarwal, Michael
Ameen, and Tsu-Jae King, “Tunable work function molybdenum gate
technology for FDSOI-CMOS,” in IEDM Tech. Dig., 2002, pp.363-366.

K. J. Yang, Y. -C. King, and C. Hu, “Quantum effect in oxide thickness
determination from capacitance measurement,” in Symp. on VLSI Tech., 1999,

pp.77-78.

31



[15]

[16]

[17]

[18]

[19]

P. Ranade, Y. C. Yeo, Q. Lu, H. Takeuchi, T-J. King, and C. Hu, “Molybdenum
metal gate MOS technology for post-SiO, gate dielectrics,” in Mat. Res. Soc.
Symp., vol.611, 2000, pp.C3.2.1-C3.2.6.

A. Yagishita, T. Saito, K. Nakajima, S. Inumiya, Y. Akasaka, Y. Ozawa, G.
Minamihaba, H. Yano, K. Hieda, K. Suguro, T. Arikado, and K. Okumura,
“High performance metal gate MOSFETs fabricated by CMP for 0.1pum
regime,” in [EDM Tech. Dig., 1998, pp.785-788.

C. D. Gelatt Jr., and H. Ehrenreich, “Charge transfer in alloys: AgAu,” Phys.
Rev. B, vol. 10, no. 2, pp.398-415, July 1974.

C. Kittel, Introduction to Solid State Physics, 7th ed. New York: Wiley, 1996,
pp-151-157.

Massalski Thaddeus B. eds Binary Alloy Phase Diagrams, Metal Park, Ohio:

American Society for Metals, 1990, pp:2088-2089.

32



Sample | Hf power (W) | Mo power (W) | Hf power ratio (%) @, (eV)
ctrl. 0 150 0 (pure Mo) 4.932
1-1 22 150 12.8 4.727
1-2 50 150 25 4.597
1-3 90 150 37.5 4.492
1-4 150 150 50 4.350
1-5 150 90 62.5 4.213
1-6 150 50 75 4.150
1-7 150 22 87.5 4.062
ctrl. 150 0 100 (pure Hf) 3.930

Table 2.1.Sample conditions and extracted ®,, of co-sputtering experiment. (alloy

samples : 400°C, 30s ; control samples : as-deposited)
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Fig. 2.1. C-V curves of as-deposited co-sputtering samples. Wide-ranging flat band

voltage shift can be observed.
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control samples : as-deposited)
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Fig. 2.4. Process quality was demonstrated, since the 50% Hf power ratio sample
suffering maximum power summation during metal deposition still exhibited

negligible hysteresis.
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Fig. 2.5. C-V curve of post-400°C annealing Hf gated capacitor shows noticeable

EOT variation and flatband voltage shift.
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Work function modulation of A B, binary alloy
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Fig. 2.8. Calculated work function value versus atomic fraction in binary alloy as a
function of y ratio. Metals with similar y (Sommerfeld factor) will lead to a linear
work function modulation which is a compromise between modulation efficiency and
immunity to process variation. (®, 4 and @, p are set to be 3.93 and 4.93eV for

convenience)
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Fig. 2.9. The phase diagram of Mo-Hf system.
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Fig. 2.10. Comparison between experimental (Table 1.) and theoretical work function
values. A slightly deviation in lower Hf power ratio regime may be attributed to
different sputtering rate between Hf and Mo. (yyr = 2.16, ym, = 2.0 are used for

calculation)
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900C
=
S 800C
e
< 700C
Py
D 600C
cC
9
i

as-deposited
A . L Y, . N, G s VSV SN ad

30 40 50 60
20 (Degree)

Fig. 2.11. XRD spectra of 50% Hf power ratio co-sputtering sample exhibited an

amorphous film structure and only the c-Si was featuring.
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Fig. 2.12. AES profile of post-annealing 50% Hf power ratio co-sputtering sample. A

uniform composition and abrupt interface can be observed.
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Chapter 3

Integratable Dual Metal Gate Technology Using

Hf Mo ,..) Binary Alloys

3.1 BACKGROUNDS AND MOTIVATION

In the previous chapter, the almost linear and continuous work function
modulation behavior of Hf-Mo binary alloys is demonstrated. In the view of process
integration, a suitable integration’technique should be introduced to avoid the process

induced gate dielectric integrity-degradation:

Here we propose a dual metal gate technelogy which employs Mo and Hfi\Moy )
as gate electrodes for p- and n-channel devices, respectively. In this case, the
HfMo(.x) electrode in the proposed dual metal gate technology is formed by metal
intermixing. Metals need not to be removed from the dielectric interface so that the
uniformity and integrity of gate dielectric can be preserved. Furthermore, a parameter
called the optimal annealing temperature, T4, 1S expected to provide a prospective
work function modulation without causing the EOT variation. The value of Ty ., will

strongly affect the application of the proposed technique.

Moreover, since the phenomenon of metal intermixing is based on solid diffusion,
we demonstrate that the optimal annealing temperature, T,,,, can be raised by

increasing the total metal thickness (Ty = Txr + Tup). Consequently, it is likely to
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overcome the thermal stability issue in conventional CMOS process by using an
appropriate metal thickness. In addition, the composition and work function of
Hf\Mo(;.x) are demonstrated to depend on the thickness combination of metal layers.
At the top surface of the gate electrode, the oxidation of Hf which will lead to an extra
Hf consumption was observed. A modified multilayer structure (TiN/Mo/Hf/Mo) was
fabricated and verified to improve the immunity to metal oxidation. In addition, a
quadratic equation relating the work function (®,,) to composite metal thickness ratio
(Tr = Thr/ Tuo) 1s also derived. Good consistency with the experimental data assures

the possibility of precise metal work function adjustment.

3.2 EXPERIMENT

Figure 3.1 shows a practicablefabrication process for the proposed dual metal
gate technology that uses Mo and "HfiMo(i, as gate electrodes. After LOCOS
isolation and the gate dielectric deposition, the first layer metal Mo and the second
layer metal Hf are deposited over the entire wafer. A non-critical lithography step is
performed and the second layer metal Hf is then selectively removed from the PMOS
side. After gate electrodes patterning and S/D implantation, the thermal annealing is
performed for dopant activation and metal intermixing at the NMOS side

simultaneously.

To demonstrate this technique, MOSCAP devices were fabricated. The process
flow is similar to that of co-sputtering experiment, except that Mo and Hf are
deposited in sequence. The Mo gate has been reported to possess high thermal
stability (> 1000°C) on SiO, gate dielectric [1]. Moreover, the work function value of
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Mo film varies with the bulk metal microstructure and consequently depends on
deposition and annealing conditions [2]. The Mo film with (110) orientation has been
reported to maintain possessing high work function value suitable for p-channel
devices up to 900°C [3]. By contrast, the poor thermal stability of pure Hf gate on
Si0, has been reported [4]. Therefore, Mo is used as the first layer metal to retard the
unwanted interaction between metal and SiO, during the subsequent thermal
treatment. The composition of binary alloy is modulated by varying the thickness of
each metal layer as listed in Table 3.1. The Hf atomic fraction in each HfMoyi.y) alloy

is approximately predicted by

x/(1-x) =938 Tyy/ 13.44 Ty (2.1)

In eq. (2.1), factors of 13.44 and 9:38-are the molar volume of Hf and Mo,
respectively. After gate electrode patterning; samples-were then subjected to different
rapid thermal annealing conditions in.Ns-ambient-to lead to metal intermixing for
alloy formation and simulate the possible thermal cycle in the conventional CMOS

process.

3.3 RESULTS AND DISCUSSION

Figure 3.2 shows the C-V characteristics of an MOSCAP gated by Hf/Mo metal
stack before and after the rapid thermal annealing. The C-V results shows that the

nearly optimal annealing temperature (T4,,) for the 50% sample is 600C. A
sufficient and prospective metal work function modulation can be achieved without

the noticeable EOT variation. By contrast, smaller flat band voltage shift for
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annealing temperature lower than 600°C may be due to the insufficient thermal
budget needed for expected Hf concentration diffusion to the dielectric interface. As
for annealing temperature higher than 600°C, a noticeable capacitance decrease which
is different with the observation in co-sputtering experiment can be observed. The
abnormal increase in EOT might be attributed to the contribution of series capacitance

due to metal oxidation and should be verified further.

In view of process integration, lower T, ., will restrict the proposed technique to
the gate-last process where high temperature annealing for S/D dopant activation will
be performed prior to the deposition of gate dielectric and gate electrode. It should be
noted that the summation of metal thickness is kept constant (500A) for each sample
as listed in Table 3.1. Since the phenomenon of metal intermixing is based on solid
diffusion, the increase of first-layer metal thickness as well as the total metal
thickness (Ty = Trr+ Tao) under the same thickness ratio can be expected to raise the
required thermal budget for prospective work funietion modulation. An investigation
about the influence of the total metal thickness, Ty, on the optimal annealing
temperature, T4, 1S shown in Fig. 3.3. Although the result for sample with total
metal thickness of 1500A is not optimized yet, a positive correlation can be observed.
When the total metal thickness is increased from 500A to 1500A, the optimal
annealing temperature for the 50% sample is raised from 600°C to 900 C
substantially. Consequently, one can possibly get around the thermal stability issue by
using an appropriate total metal thickness corresponding to the total thermal budget

subsequent to the gate electrode deposition.

According to the ITRS roadmap, however, the thickness of the gate electrode

must be reduced with the miniaturization of MOSFET devices. To use thicker metal
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thickness, an additional etch-back of the gate electrode would be required after the
finish of metal intermixing. The gate electrode thin-down process without serious
increase of the process complexity can be possible. For instance, one can employ the
interlevel dielectric (ILD) CMP for gate electrode etch-back, and only the polish-time
control is needed to achieve a prospective gate electrode thickness as shown in fig. 3.4.
Compared to the gate-last process [5], the dummy gate removal, gate electrode

re-deposition and the gate electrode CMP are not required.

The work functions of HfMo(;.x) formed by metal intermixing are listed in Table
3.1 (optimal annealing temperature: 700°C, 30s for sample 2-1 and 2-2; 600°C, 30s
for samples 2-3 and 2-4). The dependence of work function value on the thickness
combination of the two metal layers  can ‘be observed. Figure 3.5 shows the
dependence of post-annealing ‘capacitor=voltage characteristics on the Hf atomic
fraction calculated by eq. (2).:Figure 3.6 shows the dependence of extracted work
function values on the Hf atomic fraction. A parallel shift of post-annealing work
functions from the calculated values can be observed. This may be attributed to the
extra consumption of Hf (~3%) due to surface oxidation. In Fig. 3.7, the XRD result
exhibits the HfO, peak and demonstrates the speculation. With eq. (1.1) and eq. (2.1),

one can obtain the following quadratic equation:

(1.053®,, - 4.136) Tz + (2.904®,, - 12.808) Tz + 2D, - 9.86) = 0 (2.2)

Here Ty is the thickness ratio of Hf to Mo (Tz = Tur / Tap). If the extra
consumption of Hf (~3%) due to surface oxidation is taken into account, the eq. (2.2)

becomes:

(1.05D,, - 4.156) Tx® + (2.897®,, - 12.864) Tx + (1.9950,, - 9.89) = 0 (2.3)
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Figure 3.8 shows the dependence of the work function on the thickness ratio.
Also shown are the calculated results of eq. (2.2) and eq. (2.3). A strong consistency
assures the possibility of precise work function tuning since the Ty value required for
an expected @, can be precisely determined. Furthermore, to overcome the surface
oxidation of Hf, MOS capacitors with triple layer metal stack (Mo/Hf/Mo) capped by
TiN (20nm) were also fabricated and subjected to the same annealing conditions in
the two-layer experiments. The extracted work function values are labeled in fig. 3.6
and fig.3.8. In the multilayer experiments, the thickness of Mo in the two-layer
experiment is split into 10nm as first-layer metal and the remnant Mo is deposited
atop Hf. Using the multilayer structure, the immunity against surface oxidation can be
improved effectively. The extracted work functions will be recovered to the

prospective values and can be desctibed accurately.by eq. (2.2).

3.4 SUMMARY

For the ease of process integration, Hf,Mo(ix) formed by metal intermixing is
evaluated, and a novel dual work function metal gate technology is proposed and
demonstrated. One can be allowed to get around the thermal stability issue by using
an appropriate metal thickness (Tj,) and possess precise controllability of metal work
function by adjusting the composite metal thickness ratio (Tg). This technique is not
only attractive but especially important for FinFET and/or UTB-MOSFET devices

application.
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Sample Tio (A) Trr(A) Hf atomic fraction (%) @, (eV)
ctrl. 500 0 0 (pure Mo) 4.93
2-1 406 94 14 481
2-2 294 206 33 4.63
2-3 256 244 40 4.55
2-4 205 295 50 4.43

Table 3.1.Sample conditions and extracted @,, of metal intermixing experiment. (700

C, 30s for sample 2-1 and 2-2 ; 600°C, 30s for samples 2-3 and 2-4)
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Fig. 3.1. Schematics of dual metal gate technology using metal and alloy formed by
metal intermixing. Metals need not to be etched away from the dielectric surface so

the uniformity and integrity of gate dielectric can be preserved.
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Fig. 3.2. C-V curves of Hf-295A/Mo-205A/SiO, capacitor before and after thermal

annealing. The optimal annealing temperature for this sample was found to be 600°C.
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Fig. 3.5. C-V curves of post-annealing Hf/Mo/SiO, capacitors as a function of Hf

atomic fraction.
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Fig. 3.6. Comparison between experimental (Table II.) and theoretical results. A
parallel shift may be attributed to the extra Hf consumption (~3%) due to surface
oxidation. Also shown as open symbols are experimental results of multilayer
(TiN/Mo/Hf/Mo) gated devices, good agreement on theoretical results can be

achieved.
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Fig. 3.7 XRD spectra of metal intermixing sample (Hf-206A/Mo-294A/SiO,)
exhibited HfO, peak as a result of oxidation of Hf at the top surface after thermal

treatment.
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with and without taking extra Hf consumption into account.
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Chapter 4

Novel Dual Metal Gate Technology Using MoSi, Films

4.1 BACKGROUNDS AND MOTIVATION

According to the ITRS roadmap [1], the introduction of high-k gate dielectric
materials and dual metal gate electrodes, with appropriate work functions will be
required in the near future to rediice, gateleakage current [2]-[4] and eliminate boron
penetration and poly depletion effect [4],7[5]. For conventional bulk devices, the
required work functions (®,,) of n-*and p-channel-devices are about 4eV and SeV,
respectively. However, the required ‘®,, values for n- and p-channel devices with
advanced transistor structures, such as FInFET or ultra-thin-body (UTB) MOSFETSs,
are about 4.4-4.6eV and 4.8-5.0eV, respectively [6]. Since the work function of the
metals cannot easily be modulated, a straightforward dual metal gate CMOS process
has been proposed, but it degrades the integrity of the gate dielectric by exposing it to

the metal etchant [7].

To preserve the gate dielectric integrity, the first layer metal which is deposited
atop the gate dielectric should not be etched away so that the gate dielectric can be
protected without exposing to the metal etchant. In this case, the work function of the
deposited first layer metal in either NMOS side or PMOS side should be modulated to

accomplish the dual work function metal gate technology and provide low and
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symmetric threshold voltages for CMOS devices. In addition to the alloy formation
mentioned in the previous chapter, the silicidation process may also possess a
possibility of metal work function modulation. The straightforward dual work
function metal gate technology based on silicides is shown in fig. 4.1. Atop the
polysilicon gates, different metals are deposited followed with high temperature
annealing to form silicides. The work function values of formed silicides depend on
the chosen metal candidates. Unfortunately, most metal silicides are found to possess
midgap work function values so that it is difficult to possess large enough work

function difference using this approach.

A novel dual metal gate technology based on the full silicidation (FUSI) of
polysilicon gates has also been reported [8]-[10] as shown in fig. 4.2. The front end
process is the same with the traditional “dual-doped polysilicon gates CMOS
technology while the conventional salicide process is modified. The metal layer
thicker than required for conventional salicide process will be deposited to allow for
full silicidation of the polysilicon gates. In this case, dopants in the polysilicon are
believed to be responsible for providing the difference between the work functions of
n- and p-type metal-silicide (MeSi) gates [11], [12]. Both the source/drain dopant
activation annealing and the silicidation anneaing contribute to the dopant
redistribution. The major advantage of the FUSI method is the ease of process
integration. Moreover, since the source/drain dopant activation annealing will be
performed prior to silicide formation, the requirement for the thermal stability of
MeSi can be alleviated. Thermal treatment prior to silicidation process, however,
results in the incomplete elimination of boron penetration in p-channel devices [13]. A
noticeable boron penetration will take place during the high temperature annealing for

S/D activation.
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This work proposes the use of a combination of Mo-MoSiy gate electrodes for
dual metal gate technology. In view of process integration, the MoSiy gate was formed
by the full silicidation of the a-Si/Mo/gate dielectric stack to prevent the exposure of
the gate dielectric in the channel region to metal etchant. Extracted ®,, values for
MoSiyx and as-deposited pure Mo gates on SiO, are appropriate for devices with
advanced transistor structures. The small increase in ®,, and the negligible variation
in EOT after RTA at 950°C demonstrate the superior thermal stabilities of Mo and
MoSix on SiO,. To expand the application of our proposed novel dual metal gate
technology, the introduction of n-type metal silicide was also investigated. An
additional arsenic pre-implantation prior to silicidation annealing was used for n-type
metal silicide formation. Extracted ®,, values for n-type MoSiy and as-deposited pure
Mo gates on SiO; are found to be suitable for eonventional bulk devices. The use of
Mo-MoSi, gate electrodes combination effectively solves the problems encountered
in the FUSI method, and the possessed work-function combination can be suitable for
devices with advanced transistor structures and conventional bulk devices if

additional arsenic pre-implantation prior to silicide annealing was performed.

4.2 EXPERIMENT

Fig. 4.3 schematically depicts the proposed novel dual metal gate technology that
combines metal and metal silicide. The first layer metal and o-Si are deposited over
the entire wafer in sequence on the gate dielectric. A non-critical lithography step is
performed and an appropriate wet etching recipe should be investigated to remove
selectively the o-Si from the p-MOS side. Since only Mo remains in the p-MOS

region, it solely determines the work function of the p-MOS gate electrode. The
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remaining a-Si/Mo stack in the n-MOS region will be subsequently transformed into
molybdenum silicide and determine the work function of the n-MOS gate electrode.
In this process, the gate dielectric in the channel region will not be exposed to the
metal etchant so the side-effects encountered in the straightforward dual metal gate

technology [7] can be prevented.

It is worth to note that the thermal stability of the selected metal film on the gate
dielectric should be sufficiently high to ensure that no interaction occurs between
metal and the gate dielectric during the silicidation and following high temperature
processes. The (110) Mo gate has been reported to have a work function that is
appropriate for p-channel device [14], and exhibit high thermal stability (1000°C) on
the SiO, gate dielectric [15]. Accordingly, pure- Mo will be adopted as the first layer
metal in this work so that the @, value and.the thermal stability of the formed MoSiy

become the main issue.

It is also worth to note that the implementation of the proposed novel dual metal
gate technology will be more complex than the schematic illustration shown in fig.
4.3. For instance, the re-deposition of Mo in the p-MOS region is needed after the
selective removal of &-Si, to equalize the thickness of the gate electrode across the
entire wafer. Consequently, potential gate patterning and spacer formation challenges
can be prevented. For this reason, a more practical integration process is also

proposed as shown in fig. 4.4.

To evaluate the proposed concept, the electrical characteristics of Mo and MoSiy
gates were extensively investigated. MOS capacitors with Mo/SiO,/n-Si  and
a-S1/Mo/S10,/n-S1 structures were fabricated on 6-in Si wafers. After LOCOS

isolation, thermal SiO, (3nm, 6nm, 9nm) was deposited as the gate dielectric.
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According to the ITRS roadmap, the thickness of the gate electrode must be reduced
as the MOSFET devices are miniaturized. To meet this criterion, a thin (10nm) layer
of Mo was sputter-deposited on top of the gate dielectrics for all samples. Some
samples were followed by sputter-deposition of -Si (25nm). Gate electrodes were
then patterned by reactive ion etching (RIE) using Cl,-based chemistry. Following
gate electrode patterning, some of the samples with an a-Si/Mo/SiO, stack were then
subjected to arsenic implantation (1x10", 5x10"°cm™). The low implantation energy
(10KeV), corresponding to a projected implant range (R;) value of one half of the
thickness of the o-Si layer, was employed to avoid the direct implantation of dopants
into the channel region. Samples with an &-Si/Mo/SiO, stack were then subjected to
successive rapid thermal annealing (600°C, 1 min. + 700°C, 1 min. + 800°C, 1 min.)
in N, ambient for MoSi, formation. All samples were then subjected to 950°C RTA
for 30s to evaluate the thermal stabilities of-gate electrodes. The flat band voltage
(Vep) and equivalent oxide thickness (EOL)-were extracted from the measured C-V
curve using the quantum mechanical C-V_(QMCV) simulator [16]. The ®,, values of
the gate electrodes were then extrapolated from the Vpz—EOT plots by setting the

electron affinity (y) of the Si substrate to 4.05eV.

4.3 RESULTS AND DISCUSSION

Before executing the major experiment, a test run for silicidation conditions was
performed. MOS capacitors with a-Si/Mo/SiO,/n-Si structures were fabricated on
dummy wafers. The thickness of first layer Mo was kept constant as 10nm and the

thickness of capped o-Si layer was split into 15nm and 25nm. The successive rapid
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thermal annealing (RTA) was performed for silicidation of Mo layer. The result shows
that samples with 15nm &-Si layer can not lead to noticeable flat band voltage shift,
this may be attributed to insufficient silicon for full silicidation of Mo layer. On the
other hand, samples with 25nm -Si layer can exhibit negative flat band voltage shift
under the same annealing condition as shown in fig. 4.5. This noticeable negatively
flat band voltage shift may be attributed to the full silicidation of the Mo layer. Based
on the above information, the thickness combination of a-Si/Mo stack used in the
following experiment was decided. It is also worth to note that, similar experimental
result can be obtained under the constant temperature RTA at 600°C for longer than
30min in N, ambient, however, such a long annealing duration makes this silicidation

condition not attractive.

Fig. 4.6 shows the C-V characteristics. of MOSCAP devices gated by
a-Si/Mo/Si0, stack before = and | after silicidation annealing. A negative
post-silicidation flat-band voltage: shift without EOT variation can be observed. The
change in the work function of the gate electrode and the reduction of the fixed charge

can contribute to the flat-band voltage shift.

Fig. 4.7 reveals that both as-deposited Mo/SiO, and post-silicidation
a-Si/Mo/Si0, samples exhibit linear behavior in Vgz—EOT plots. The large fixed
oxide charge density in the as-deposited Mo/SiO, sample may be caused by the
damage done by sputtering and can be reduced by high-temperature annealing. The
®,, values of the as-deposited pure Mo film and the formed MoSix on SiO, are
extracted to be 4.94eV and 4.38eV, respectively, so the @, difference is 0.56eV. The

possessed @,, value combination is suitable for devices with advanced structures.

For pure Mo gated MOSCAP devices, the dependences of the EOT variation and
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the extracted work function value on annealing conditions are shown in fig. 4.8 and
fig. 4.9, respectively. Similarly, the dependences of the EOT variation and the
extracted work function value on annealing conditions for MOSCAP device with
a-Si/Mo/SiO; structure are shown in fig. 4.10 and fig. 4.11, respectively. The small
increase in @,, (Mo: 10meV; MoSiy: 20meV) along with the negligible EOT variation
(Mo: 0.08nm; MoSiy: 0.06nm) after RTA at 950°C demonstrate the excellent thermal

stabilities of Mo and MoSi, films on SiO,.

The constant voltage stressing (CVS) method was employed to generate the
10-year lifetime projections of Mo/SiO; (2.3nm) and post-silicidation a-Si/Mo/Si0,
(2.4nm) devices at room temperature for oxide integrity evaluation. Figure 4.12 and
4.13 show that pure Mo and MoSiy gates ‘have superior TDDB characteristics,
respectively, after 950°C RTA: for 30s. Figure 4.14 compares the accumulation
leakage current densities of Mo/SiO,/n-Si and post-silicidation a-Si/Mo/Si0, devices
to investigate further the possible’metal interdiffusion into the oxide or channel region
following high-temperature annealing. Both devices were annealed by 950°C RTA for
30s, and MoSi,/SiO, device exhibited slightly higher leakage current density than
Mo/Si0O, device. This increase in leakage current may be caused by the additional
thermal budget required for the formation of metal silicide. Notably, pure Mo has
been demonstrated as a p'-polysilicon-compatible gate candidate for PMOS with
negligible metal contamination and metal diffusion [17]. The comparable TDDB
characteristics and leakage current densities of pure Mo and MoSiy gated devices also
reveal that the silicidation process required for the formation of MoSiy will not

severely degrade the device performance or oxide integrity.

MoSi; has been reported to be likely the only silicide phase observed for the
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Mo:Si=1:2 stacked samples annealed at a temperature of higher than 600°C [18].
MOSCAP devices gated by the sputtering deposition of MoSi, using the MoSi, target
were also fabricated. The Vg versus EOT plots of MoSiy/SiOy/n-Si and
MoSi,/S10,/p-Si structures yielded the work function of MoSi, film that was
sputter-deposited on SiO, using the MoSi, target at 4.41eV, regardless of the dopant
of the substrate, as shown in Fig. 4.15. Moreover, the x-ray photoelectron
spectroscopy (XPS) analysis was also performed to estimate the chemical condition of
the silicided film. Figure 4.16 and 4.17 compare the Si 2p and Mo 3d spectra of
silicided films with those of pure Si and pure Mo, respectively. The binding energies
that correspond to the Si 2p spectrum of pure Si and the silicided film obtained in this
work were 99.4eV and 99.0eV, respectively. Similarly, the binding energies that
correspond to the Mo 3d spectrum of pure Mo and the silicided film were 228.2eV
and 228.0eV, respectively. Both the binding: energy that corresponds to the Si 2p
spectrum of the pure Si film and that:which-cortesponds to the Mo 3d spectrum of the
pure Mo film are strongly consistent with the reported handbook data [19].
Furthermore, a downward shift in binding energy of 0.4eV for silicided films is
observed from the Si 2p spectra. The magnitude of this shift is close to the value
previously reported for MoSi, (-0.3eV) [20]. Similarly, a downward shift in binding
energy of 0.2eV for silicided films is observed from Mo 3d spectra, and the
magnitude of the binding energy shift corresponds closely to previously reported
values (-0.2eV) [21]. Accordingly, we speculate that MoSi, is the main constituent of
the MoSiy film formed in this work and the full silicidation of the Mo layer is

responsible for the large shift in the work function after silicidation annealing.

Fig. 4.18 indicates that post-silicidation a-Si/Mo/SiO, with and without arsenic

pre-implantation exhibit linear Vg versus EOT plots. A parallel shift in Vg versus
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EOT plot is observed. Evidently, the incorporation of low-energy arsenic
pre-implantation indeed leads to the modulation of the work function, rather than the
channel dopant-induced adjustment in the threshold voltage. Figure 4.19 summarizes
the effect of the arsenic pre-implantation dosage upon the magnitude of the work
function modulation. The extracted ®,, values of MoSi, on SiO, with the
pre-implantation of 1x10"° and 5x10"° cm™ doses of arsenic are 4.19¢V and 4.07¢V,
respectively. Although the introduction of arsenic impurities has been demonstrated to
expand the difference between the ®,, of MoSiy and pure Mo, and to extend the range
of applications of the proposed approach from devices with advanced structures to
conventional bulk devices, the exact mechanism of the modulation of work function

by the pre-implantation of As is still under investigation.

The thermal stability of MoSi, with arsenic pre-implantation of 5x10" cm™

doses on SiO, are also evaluated at 950°C for 30s: The dependences of the EOT
variation and the extracted work function value onrannealing conditions are shown in
fig. 4.20 and fig. 4.21, respectively. The small decrease in ®,, (42meV) along with the
negligible EOT variation (0.02nm) after RTA at 950°C for 30s demonstrates that the
thermal stability of MoSiy on SiO; will not be degraded by the introduction of arsenic

pre-implantation.

4.4 SUMMARY

A novel dual metal gate technology gated by Mo and MoSiy was proposed. On
SiO, gate dielectric, Mo-MoSix combination can be suitable for devices with

advanced transistor structures. The thermal stabilities of pure Mo and MoSix on SiO,
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also have been evaluated to be higher than 950°C. On the other hand, an additional
arsenic pre-implantation prior to silicidation annealing can be used to expand the
application of the proposed novel dual metal gate technology to the conventional bulk
devices. The new structure along with the ruling out of p-type metal silicide can

effectively eliminate the boron penetration encountered in the FUSI method.
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Fig. 4.1. The schematic illustration of dual metal gate technology gated by the

combination of different metal silicides.
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Fig. 4.2. The schematic illustration of the reported dual metal gate technology using

FUSI method.
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Fig. 4.3. The schematic illustration of the proposed novel dual metal gate technology

gated by the combination of metal and metal silicide.
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demonstrated.
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Chapter 5

Investigation of MoSi, Based Dual Metal Gate

Technology on the High-k Gate Dielectric

5.1 BACKGROUNDS AND MOTIVATION

The introduction of high-k gate “dielectric can effectively reduce the gate
tunneling leakage current becatise of its larger. physical thickness under the same
electrical thickness [1], [2]. In addition, traditional polysilicon gates have been found
to be thermodynamically unstablé.on many high-k+gate dielectric materials [3], [4] so
that metals are expected to provide a turning point in possessing better thermal

stability.

In the case of FUSI method, dopants in the polysilicon are believed to be
responsible for providing work function difference between n- and p-type metal
silicide (MeSi) gates [5], [6]. Both the source/drain dopant activation annealing and
the silicidation anneaing contribute to the dopant redistribution. This phenomenon
also suggests us a way to expand the work function shift in our proposed novel dual
metal gate technology using Me-MeSix combination and has been demonstrated in the

previous chapter.

However, the impurity doping dose has been reported not to help modulate the
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@,, of FUSI-MeSi, such as NiSi and PtSi, on HfON high-k gate dielectric because of
the Fermi-level pinning effect [7]. Consequently, the undoped, n-type, and p-type
metal silicide (MeSi) gates on high-k gate dielectric materials tend to possess almost
the same effective work function values. The FUSI gate on high-k gate dielectric
becomes single work function metal gate candidate and its application is strictly

limited.

Based on this phenomenon, T. Nabatame et al. presented a partial silicides
technology that uses 7 -polysilicon and n-type MeSi as gate electrodes for n- and
p-channel devices, respectively, as shown in fig. 5.1. In this case, the phenomenon
that n- and p-type metal silicides on the high-k gate dielectric possess almost the same
effective work function values was applied. This, approach, however, suffers from the

poly depletion effect in n-chann¢l devices:

The Hf-Si bond has been suggested to-be responsible for the pinning effect and
the large device threshold voltages observed in polysilicon and FUSI gates with an
Hf-based gate dielectric [8]. The Hf-Si bond is likely to have been formed during the
deposition of polysilicon and may not be eliminated by subsequent annealing or
silicidation process [9]. The amount of Hf-Si bonds, which strongly depends on the
type and quality of the gate/dielectric interface, becomes the key parameter in
controlling the Fermi-level pinning effect. The suppression of the pinning effect by
replacing HfO, with Si-rich Hf-silicates [9]-[12] or Al-incorporating HfAION [13],
[14] has been proposed. Also, the use of capping layer such as SiO; [12] or AL,O; [9]
on the high-k gate dielectric has been reported to reduce effectively the Hf-Si
interaction. These improvements, however, come at the expense of a large EOT, a

reduced average dielectric constant and poor scalability. In addition to the use of the
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capping layer and the modulation of the Hf concentration in Hf-based high-k gate
dielectric, a novel retardation of the pinning effect has been proposed using
phase-controlled FUSI (PC-FUSI) gates [15], [16]. Although a negligible @,
difference between NiSi and Ni3Si can be obtained on SiO,, a small (about
0.25-0.33eV) @,, difference can be achieved on Hf-based high-k gate dielectric, and is
believed to be caused by Fermi-pinning relaxation associated with the metal-rich
silicide (Ni3Si), which reduces the number of Hf-Si bonds at the gate dielectric

interface.

In the FUSI method, conventional polysilicon gates will be directly deposited on
top of the high-k gate dielectrics and the S/D dopant activation annealing will be
performed prior to the formation of silicides: The FUSI method potentially enhances
the susceptibility to Fermi-level:pinning effect. By contrast, the proposed dual metal
gate technology uses Mo as the first layer gate electrode, which can separate the
silicon layer required for the formation of silicides from the underlying high-k gate
dielectrics. The Fermi-level pinning effect caused by Hs-Si bond formation can be
suppressed so that the modulation of work function using impurity dopant may be

preserved on high-k gate dielectrics.

In this chapter, we demonstrate that combination of Mo-MoSiy gate electrodes
can possess a considerable work function shift on high-k gate dielectrics. Moreover,
n-type MoSiy still has a lower ®@,, value than undoped MoSix on HfO,, even though
the modulation range provided by arsenic pre-implantation is smaller than that on

Si0;.
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5.2 EXPERIMENT

MOS capacitors with Mo/HfO,/n-Si and o-Si/Mo/HfO,/n-Si structures were
fabricated on 6-in Si wafers. After LOCOS isolation, MOCVD HfO, (physical
thickness: Snm, 7.5nm, and 10nm) was deposited as the gate dielectric. For all
samples, a thin (10nm) layer of Mo was sputter-deposited on top of the gate dielectric.
Some samples were followed by sputter-deposition of o-Si (25nm). Gate electrodes
were then patterned by reactive ion etching (RIE) using Cl-based chemistry.
Following gate electrode patterning, some of the samples with an o-Si/Mo/ HfO,
stack were then subjected to arsenic implantation (10KeV, 1x10"-5x10"°cm™).
Samples with an a-Si/Mo/HfO; stack were then subjected to successive rapid thermal
annealing (600°C, 1 min. + 700°C,+1 min. + 800°C, 1 min.) in N, ambient for MoSiy
formation. The flat band voltage (Vgz) and equivalent oxide thickness (EOT) were
extracted from the measured C-V. cutve-using-the quantum mechanical C-V (QMCV)
simulator [17]. The effective ®,, values.of the gate electrodes on MOCVD HfO, gate
dielectric were then extrapolated from the Vz3—EOT plots by setting the electron

affinity () of the Si substrate to 4.05eV.

5.3 RESULTS AND DISCUSSION

Fig. 5.2 shows the C-V characteristics of MOSCAP devices gated by
a-Si/Mo/HfO, stack before and after silicidation annealing. Similar C-V behavior to
the case on Si0O, gate dielectric can be observed. A negative post-silicidation flat-band

voltage shift without EOT variation can be obtained. The flat-band voltage shift can
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be contributed from the change of gate electrode work function and the reduction of

fixed charge.

Fig. 5.3 shows the C-V characteristics of MOSCAP devices gated by pure
Mo/HfO, stack after RTP at 950°C for 30s. The MOSCAP devices on MOCVD HfO,
still exhibit normal and smooth C-V characteristics. The Vg versus EOT plots were
also generated for metal work function extraction. The effective @, values of
as-deposited pure Mo film and MoSix on HfO, are extracted to be 4.89¢V and 4.34¢eV,
respectively, providing an @,, difference of 0.55eV. The possessed work function
combination can be suitable for devices with advanced transistor structures. As
expected, the proposed novel dual metal gate technology using Me-MeSig
combination exhibits the superioritysover the FUSI technology since a considerable

work function shift can be remained on high-k gate dielectrics.

The dependences of ®,, values on:gate dielectric materials are shown in fig. 5.4.
Effective @, values of pure Mo or Mo0Si, gate on HfO, are slightly lower than that on
Si0,, while the provided @,, shift seems to be regardless of the underlying gate
dielectric materials. This observation consists with the results reported by J. H. Lee et
al. [18]. The developed novel dual metal gate technology successfully overcomes the
problem encountered in the FUSI method on high-k gate dielectric materials. Our

proposed approach acts as a dual metal gate approach on high-k gate dielectrics.

Furthermore, the arsenic pre-implantation can still lower the effective ®,, value
of MoSi, on HfO, gate dielectric as shown in fig. 5.5. The effective ®,, value of
MoSix on HfO, with implantation of 5x10"° cm™ (IXIO15 cm'z) arsenic doses is
4.06eV (4.16eV), which is 0.28¢V (0.18¢V) lower than that for the sample without

arsenic pre-implantation. As mentioned above, pre-implantation of impurities does not
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help to modulate the ®,, of FUSI gates on the HfO, gate dielectric because of the
Fermi-level pinning effect [7]. By contrast, the possibility of ®,, modulation using
dopant pre-implantation is still maintained herein. With 5x10"° cm™ arsenic
pre-implantation, the impurity-induced ®,, lowering on SiO, gate dielectric is 0.31eV,
while that on HfO; is 0.28eV. The small reduction (0.03eV) in the modulation range
may be partially due to the process variation caused by dopant implantation. This
improvement may be attributed to the use of Mo as the first layer metal, which
effectively separates most Si atoms from the gate/HfO, interface prior to its
participation in silicidation as shown in fig. 5.6. The formation of Hf-Si bonds during
a-Si deposition or silicidation annealing is noticeably mitigated and the pinning effect,

believed to be caused by Hf-Si interaction, can be less pronounced.

5.4 SUMMARY

We demonstrate the proposed dual metal gate technology gated by Mo and
MoSix can provide a considerable effective work function shift on high-k gate
dielectric materials. The effective ®,, value of pure Mo or MoSi, gate on HfO, is
slightly lower than that on SiO,, but the ®,, difference between Mo and MoSiy is
almost the same regardless of the underlying gate dielectric materials. The arsenic
pre-implantation still has effect upon ®,, modulation of metal silicide on HfO,, even

though the modulation range is a little smaller than that on SiO,.
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Chapter 6

Conclusions and Suggestions for Future Work

6.1 CONTRIBUTIONS OF THIS STUDY

We would like to point out major contributions in this dissertation.

1. In chapter 2, we have extracted work function values and evaluated thermal
stabilities of sputter-depaosited Hf*Mo “binary. alloys. The almost linear and
continuous work function adjustment with’ Hf atomic fraction in the
sputter-deposited Hf-Mo binary alloy has'been demonstrated. This approach
shows a great potential in the work function engineering. The thermal stability
of Hf-Mo binary alloy on SiO, also depends on the Hf atomic fraction. The
Hf-Mo binary alloy with larger Hf atomic fraction possesses lower work

function value but poorer thermal stability.

2. In chapter 3, we have investigated the formation of Hf-Mo binary alloy using
the Hf/Mo gate stack. It has been demonstrated that the modulation of Hf atomic
fraction in Hf-Mo binary alloy can be achieved by varying the thickness ratio of
Hf to Mo. Also, the required thermal budget for prospective Hf-Mo intermixing
has been demonstrated to depend on the total metal thickness. Consequently,

depositing an Hf/Mo gate stack with an appropriate total thickness and a
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required thickness ratio, a precise gate-work-function engineering can be
achieved. Moreover, the use of the Hf/Mo gate stack for the formation of Hf-Mo
binary alloy can prevent the process integration from leading to the degradation
of gate dielectric integrity, since no metal needs to be removed from the gate

dielectric interface directly.

In chapter 4, we have investigated the formation of molybdenum silicide using
the a-Si/Mo gate stack. According to the chemical bond analysis, MoSi, is
speculated to be the main constituent of the formed MoSiy. The work function of
formed MoSiy gate is lower than that of the pure Mo gate. The pure Mo and
MoSiy gates can provide work function values appropriate for p- and n-channel
devices with advanced transistor ‘structures, respectively. Moreover, thermal
stabilities of the pure Mo and MoSt gates.on SiO; also have been evaluated to
be higher than 950°C . The pre-implantation of arsenic dosage into the a-Si layer
also has been demonstratéd to lower the swork function of formed MoSi,
effectively. Consequently, the pure Mo and MoSiy gates can provide work

function values appropriate for p- and n-channel bulk devices, respectively.

In chapter 5, we have evaluated the properties of pure Mo and MoSiy gates on
the MOCVD HfO, gate dielectric. The work function values of pure Mo and
MoSiy on HfO, are slightly lower than those on the SiO, gate dielectric, but the
work function difference between these two gates is independent of the gate
dielectric material. The Fermi-level pinning effect, which can be observed in the
reported FUSI gates, seems to be either retarded or masked in the MoSiy gate.
To further investigate the pinning effect in the MoSiy gate, the work function

modulation using the pre-implantation of arsenic dosage also has been evaluated.
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On the HfO, gate dielectric, the work function value of n-type MoSiy has been
demonstrated to be lower than that of the undoped MoSiy. The preservation of
impurity effect on the work function modulation confirms the retardation of the
pinning effect. We speculate that the use of Mo as the first-layer gate electrode
can separate the Si atoms from the underlying HfO, gate dielectric and
effectively avoid the formation of Hf-Si bonds which has been reported to be

responsible for the cause of the Fermi-level pinning effect.

6.2 SUGGESTIONS FOR FUTURE WORK

There are some more topics.which arevaluablé.for further researches.

1. In Chapter 3, the appropriate wét-etchingrecipe for selective removal of Hf from
Mo should be developed for the device-fabrication. Consequently, the proposed
dual work function metal gate approach can be further demonstrated by CMOS

transistors fabrication.

2. In Chapter 3, the demonstration of the proposed gate-electrode-thin-down
process should be investigated further to demonstrate the feasibility of the idea

that uses a thicker gate electrode for getting around the thermal stability issue.

3. In Chapter 4, the appropriate wet-etching recipe for selective removal of
amorphous Si from Mo should be developed for device fabrication.
Consequently, the proposed dual work function metal gate approach can be

further demonstrated by CMOS transistors fabrication.
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In Chapters 4 and 5, the exact mechanism of the work function modulation of
MoSix by the pre-implantation of arsenic should be investigated to make the
whole picture clearer. The SIMS profile can provide more insights about what is
really responsible for the flat band voltage shift observed in the arsenic

pre-implanted samples.
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