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Abstract 

The continuous and aggressive downscaling of conventional CMOS devices has been 
driving the vast growth of ICs over the last few decades. As the CMOS downscaling 
approaches the fundamental limits, novel device architectures such as metallic source/drain 
Schottky barrier MOSFET (SB-MOSFET) and SB-FinFET are probably needed to further 
push the ultimate downscaling. The ultimate goal of this thesis is to integrate metallic Ni1-xPtx 
silicide (x=0∼1) source/drain into SB-MOSFET and SB-FinFET, with an emphasis on both 
material and processing issues related to the integration of Ni1-xPtx silicides towards 
competitive devices. 

First, the effects of both carbon (C) and nitrogen (N) on the formation and on the 
Schottky barrier height (SBH) of NiSi are studied. The presence of both C and N is found to 
improve the poor thermal stability of NiSi significantly. The present work also explores 
dopant segregation (DS) using B and As for the NiSi/Si contact system. The effects of C and 
N implantation into the Si substrate prior to the NiSi formation are examined, and it is found 
that the presence of C yields positive effects in helping reduce the effective SBH to 0.1-0.2 
eV for both conduction polarities. In order to unveil the mechanism of SBH tuning by DS, the 
variation of specific contact resistivity between silicide and Si substrates by DS is monitored. 
The formation of a thin interfacial dipole layer at silicide/Si interface is confirmed to be the 
reason of SBH modification. 

Second, a systematic experimental study is performed for Ni1-xPtx silicide (x=0∼1) films 
aiming at the integration into SB-MOSFET. A distinct behavior is found for the formation of 
Ni silicide films. Epitaxially aligned NiSi2-y films readily grow and exhibit extraordinary 
morphological stability up to 800 oC when the thickness of deposited Ni (tNi) <4 nm. 
Polycrystalline NiSi films form and tend to agglomerate at lower temperatures for thinner 
films for tNi≥4 nm. Such a distinct annealing behavior is absent for the formation of Pt 
silicide films with all thicknesses of deposited Pt. The addition of Pt into Ni supports the 
above observations. Surface energy is discussed as the cause responsible for the distinct 
behavior in phase formation and morphological stability. 

Finally, three different Ni-SALICIDE schemes towards a controllable NiSi-based 
metallic source/drain process without severe lateral encroachment of NiSi are carried out. All 
of them are found to be effective in controlling the lateral encroachment. Combined with DS 
technology, both n- and p-types of NiSi source/drain SB-MOSFETs with excellent 
performance are fabricated successfully. By using the reproducible sidewall transfer 
lithography (STL) technology developed at KTH, PtSi source/drain SB-FinFET is also 
realized in this thesis. With As DS, the characteristics of PtSi source/drain SB-FinFET are 
transformed from p-type to n-type. This thesis work places Ni1-xPtx (x=0∼1) silicides SB-
MOSFETs as a competitive candidate for future CMOS technology. 
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Summary of the Appended Papers 

Paper I. This paper investigates the effects of carbon on Schottky barrier heights (SBHs) of 
NiSi modified by dopant segregation. The presence of C at the interface between NiSi and Si 
is found to participate in the process of modification of effective SBHs using dopant 
segregation (DS). The author of this thesis has performed 100% of the device fabrication, 
100% of the measurement, 90% of the data analysis, and 80% of the manuscript writing. 

Paper II. This work is an extension of Paper I. The present work explores DS using B and As 
for the NiSi/Si contact system in order to tune the effective SBHs. The effects of C and N 
implantation into Si substrate prior to the NiSi formation are examined thoroughly. An 
effective SBH of 0.1-0.2 eV for both conduction polarities has been realized. The author has 
performed 100% of the device fabrication, 100% of the measurement, 90% of the data 
analysis and 40% of the manuscript writing. 

Paper III. This paper systematically explores the formation of ultrathin silicide films of 
Ni1-xPtx (x=0, 0.04, 0.08, 0.14, and 1) at 450-850 oC. Ultrathin epitaxially aligned NiSi2-y 
(y<1) films exhibit extraordinary morphological stability up to 800 oC. The role of surface 
energy is discussed as the root cause for the distinct behavior in phase formation and 
morphological stability. The author has performed 100% of the device fabrication, 100% of 
the measurement, 90% of the data analysis, and 70% of the manuscript writing. 
 
Paper IV. To some extent, this manuscript is the extension of Paper III. Instead of the 
thermodynamics investigation on the epitaxial formation of Ni1-xPtx-silicide on Si(001), this 
work focuses on the kinetics and detailed morphology of Ni1-xPtx-silicide epitaxy on Si(001). 
Upon annealing pre-deposited 2-nm thick Ni or Ni0.96Pt0.04 films on Si(001) at 500 oC, the 
grown Ni(Pt)Si2-y (y<1) films, 5.4-5.6 nm thick and 61-70 µΩ-cm in resistivity, are found to 
be expitaxially aligned. At 750 oC, the epitaxial Ni(Pt)Si2-y films become 6.1-6.2 nm thick 
with a resistivity of 42-44 µΩ-cm. The author has performed 100% of the device fabrication, 
100% of the measurement, and 50% of the data analysis. 
 
Paper V. This work focuses on different SALICIDE schemes towards a controllable NiSi-
based metallic source/drain (MSD) process without severe lateral encroachment of NiSi. 
These schemes include thickness control of Ni, Ni-Pt alloying, and two-step annealing. The 
experimental results show that all the three process schemes can give rise to an effective 
control of the lateral encroachment during Ni-silicidation. The author has performed 100% of 
the device fabrication, 100% of the measurement, 90% of the data analysis and 90% 
manuscript writing. 

Paper VI. This paper studies the fully depleted ultrathin body (UTB) and N-channel SB-
FinFETs featuring low-temperature PtSi Schottky-barrier contacts with dopant segregation. 
The author has taken part in the device fabrication. 

Paper VII. This paper provides an overview of metallic source/drain (MSD) Schottky-
barrier (SB) MOSFET technology. A preliminary guideline for designing a high-performance 
MSD SB-MOSFET is discussed and provided. The author has performed 50% of the device 
fabrication, 50% of the data analysis, and 80% of the manuscript writing. 
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Chapter 1. Introduction 

Metal-oxide-semiconductor field-effect-transistor (MOSFET), since its demonstration in 

1959, has been dominating in integrated circuits (ICs) for a few decades as the fundamental 

component of nearly all modern electronic products. As microelectronics industry’s never-

ending pursuit for low cost and high performance, the continuous downscaling of MOSFETs 

has always been the main driving force in IC industry. The smaller the MOSFETs dimensions, 

in particular the distance between source and drain (S/D), the higher performance and 

packing density and the lower cost per MOSFET. This scaling phenomenon has been closely 

following the famous Moore’s law, according to which the number of transistors placed 

inexpensively on an IC is doubled approximately every two years [1]. A good example of 

downscaling trend predicted by Moore’s law is shown in Fig. 1.1 [2], the number of MOS 

transistors integrated into the different generations of Intel’s microprocessors indeed doubled 

about every two years. Moreover, each time the feature size of MOS transistors shrinks, the 

cost performance ratio is improved for the new generation microprocessors. For example, the 

price of one MOS transistor was 1 US dollar in 1968 and it is reduced to incredibly less than 

1/10,000 of a cent nowadays [3]. The latest Intel’s microprocessor, integrated with more than 

1 billion MOS transistors using the state-of-the-art 32 nm technology, can be operated at the 

astonishing 3.2 GHz or higher clock frequency. 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1. The feature size and  number of MOS transistors integrated in Intel’s 
microprocessors vs. production year [2]. 
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It should be mentioned that the downscaling of conventional planar bulk MOSFETs did not 

meet harsh challenges in the past decades when the feature size of MOSFETs, i.e., gate 

length (Lg), was relatively large, i.e., ≥ 100 nm. The sustaining development of new 

processing tools, like lithography and anisotropic dry-etching equipment, could always 

satisfy the downscaling. However, as the MOSFETs technology enters into sub-100 nm era, 

ICs industry has to struggle with the higher and higher costs, as a result of the investment in 

advanced processing equipment required for the downscaling. Apart from the huge costs, 

there are some specific issues impeding the downscaling of the conventional planar bulk 

MOSFETs. First, due to the non-scalable permittivity of the gate oxide, the gate control over 

the channel is becoming weaker and weaker which demands the introduction of high-k 

materials. Second, short channel effects (SCEs), typically characterized by the subthreshold 

slope (SS), are inherently non-scalable. Third, as a result of the ever-decreasing S/D junction 

depths and the limitation of dopants solubility, the S/D parasitic resistance becomes 

intolerable in bulk MOSFETs as shown in Table I [4]. Taking all these challenges into 

account, therefore, it is becoming more and more difficult for conventional planar bulk 

MOSFETs to achieve the performance gain by simply downscaling the geometrical 

dimensions. In order to combat with these challenges, some solutions have been proposed. 

Among them, metallic S/D Schottky barrier MOSFET (SB-MOSFET) and SB-FinFET were 

proposed to allow the continued scaling of MOSFETs without degrading the performance, 

which also motivate this thesis work. 

The focuses of this thesis are on both the material and processing integration issues of novel 

metallic S/D SB-MOSFETs. By using a metallic S/D and a SB-FinFET structure, the goal of 

controlling the short channel effects and reducing the parasitic series S/D resistance of 

MOSFET are achieved in this thesis. According to the finds in this thesis, metallic S/D SB-

MOSFET presents a very promising devices architecture for future generations of CMOS 

technology. 

In Chapter 2, the fundamentals of conventional planar bulk MOSFETs will be reviewed. 

Then the migration of MOSFETs structures from planar to FinFets [5] or trigate-MOSFETs 

[6] or gate-all-around (GAA) FETs [7] will be presented. The operation principles of SB-

MOSFET will be discussed in the last part of this chapter.  

Chapter 3 mainly involves the investigation on material aspect of Ni1-xPtx silicides (x=0∼1). 

The necessities of the choice of the Ni1-xPtx silicides system is presented first. It is followed 
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by the study of the effects of carbon (C) and nitrogen (N) on the formation, morphological 

stability, and Schottky barrier height (SBH) modification by dopant segregation (DS) of NiSi, 

with reference to the results in Papers I and II. In order to figure out the mechanism of SBH 

tuning by DS, a systematic study of the variation of specific contact resistivity (ρc) of the 

PtSi/silicon interface induced by DS was carried out. The formation of interfacial dipole has 

been confirmed as the cause responsible for the modification of SBH. In addition, 

considering the scalability in the perspective extremely thin SOI devices, the systematic study 

of ultrathin Ni1-xPtx (x=0∼1) silicide films is also conducted, which is detailed in Paper III 

and IV. 

 

 

Since the material investigation on Ni1-xPtx silicides (x=0∼1) in Chapter 3 paves the way for 

their integration into SB-MOSFETs, Chapter 4 will be engaged in the study of devices, i.e., 

SB-MOSFETs and SB-FinFETs. Key issues facing the integration of Ni1-xPtx silicides (x=0∼1) 

into SB-MOSFETs will be summarized, and the approaches to solving the severe lateral 

encroachment of NiSi towards the channel will follow with reference to Paper V and VII. In 

Year of production 2009 2010 2011 2012 2013 2014 2015 

Technology node 

(nm) 
47 41 35 31 28 25 22 

Physical gate 

length (nm) 
29 27 24 22 20 18 17 

Contact maximum 

resistivity for bulk 

(Ω⋅cm2) 

1.6×10-7 1.38×10-7 8.0×10-8 4.0×10-8 2.0×10-8 1.0×10-8 8.0×10-9

Maximum S/D 

extension sheet 

resistance (Ω/sq) 

650 670 660 680 750 810 900 

Table I. ITRS predictions on maximum contact resistivity and S/D extension sheet 
resistance for bulk [4]. 
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addition, the compatibility of NiSi integration issues in SB-MOSFETs with standard Si 

processing is also addressed in Chapter 4. This chapter concludes with the fabrication and 

characterization of PtSi S/D SB-FinFETs with DS. The discussion on SB-FinFETs is 

facilitated by referring to the results in Paper VI and VII. 

In Chapter 5, a summary along with future perspective concludes this thesis. 
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Chapter 2. Devices Physics, Downscaling and Novel Device Architectures 

The metal–oxide–semiconductor field-effect transistor (MOSFET) is a device used for 

switching electronic signals. The basic principle of MOSFET was first proposed by Julius 

Edgar Lilienfeld in 1925. Since its realization in 1959 [1], MOSFETs has been playing an 

indispensable role in microelectronics industry. Unique characteristics of MOSFETs, such as 

extremely high layout density, low standby power dissipation and great ease of process 

control compared to bipolar counterparts, make MOSFETs the prevailing device in ICs 

industry. Moreover, the revolutionary invention of complementary MOSFET (CMOS) 

technology in 1963 [2], a milestone in the history of ICs industry, formed the basis of the vast 

majority of all high density ICs like memories and microprocessors manufactured today. The 

downscaling of MOSFETs stimulates the vast growth of ICs for the last four decades. In this 

chapter, the operation principles of MOSFETs will be first presented, followed by the 

discussion of MOSFETs downscaling. Since this thesis focuses on the fabrication and 

characterization of SB-MOSFETS, this chapter will be concluded by the discussion of the 

operation fundamentals of this unique class of MOSFETs. 

 

2.1 Fundamentals of MOSFETs 

 

2.1.1 MOSFET structure 

A long-channel n-type bulk MOSFET (n-MOSFET) fabricated at KTH is shown in Fig. 2.1. 

As seen, a MOSFET is a four-terminal device with the terminals designated as gate (G), 

source (S), drain (D), and substrate or body (B). For n-MOSFET, the substrate is usually 

lightly p-type and S/D regions are normally highly doped with n-type dopants (e.g., As, P) 

which offer low resistance and contact resistivity. Highly doped polycrystalline Si (poly-Si) 

is usually used as the gate electrode in an n-MOSFET which is insulated by a thin layer of 

gate oxide (SiO2) from the substrate. Usually, the SiO2 is formed by thermal oxidation of 

silicon acting as the energy barrier between gate electrode and the substrate. The surface 

region under SiO2 between the source and drain is called channel region, the place for current 

conducting. 
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2.1.2 I-V characteristics 

Typical transfer and output characteristics of a long-channel n-MOSFET are shown in Fig. 

2.2 (a) and (b), respectively. The equations to describe the I-V characteristics are shown as 

follows [3], [4]. 

 

 

 

 

 

 

 

 

When Vg is immediately below the threshold voltage (Vt), a small electron diffusion current 

does not drop immediately to zero as Vg approaches zero. The n-MOSFET is thus operated in 

the “subthreshold region”. Subthreshold behavior is of particular importance in low-voltage, 

low-power devices since it describes how MOSFETs are switched off. 

Fig. 2.1. A typical long channel MOSFET fabricated at KTH. 

Fig. 2.2. (a) Transfer and (b) output characteristics for an n-type MOSFET. 

Gate 
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Body 

SiO2 



Chapter 2. Device Physics, Downscaling and Novel Device Architectures 

 

9

The subthreshold current is:  

( )
2( 1)( ) (1 )

g t dsq V V qV
g mkT kT

ds eff ox
g

W kTI C m e e
L q

μ
− −

= − −                                      (2.1) 

where m is usually called body effect coefficient and it is typically 1∼1.4 which is defined as: 

/ 4 31 1 1Si A B dm ox

ox ox dm

qN C tm
C C W

ε ψ
= + ≈ + = +                                                   (2.2) 

here Cdm is the maximum depletion-layer capacitance and Wdm is the depletion width. 

The last term in (2.1) can be omitted when Vds is greater than a few kT/q. Ids is thus 

independent of Vds, 
( )

2( 1)( )
g tq V V

g mkT
ds eff ox

g

W kTI C m e
L q

μ
−

= −                                                                 (2.3) 

The off-current (Ioff), a component of the leakage current, usually represents Ids when Vg=0. 

From (2.3), it can be easily concluded that Ioff will increase by about 10 times for every 100 

mV reduction of Vt. As the MOSFET is downscaled, the roll-off of Vt enhances the undesired 

increase of Ioff. 

An important parameter of MOSFETs, subthreshold slope (SS), is defined as the following: 

( )
1

log 32.3 2.3 (1 ) 2.3(1 )ds dm ox

g ox dm

I C tmkT kTSS
V q q C W

−
⎡ ⎤∂

= ≈ = + = +⎢ ⎥
∂⎢ ⎥⎣ ⎦

          (2.4) 

A steep subthreshold slope or a small SS value is desired for “well-behaved” MOSFETs. As 

seen in (2.4), a small SS value can be realized with thin tox and large Wdm.  

When Vg > Vt, the channel region is inverted from p-type to n-type with a high density of 

electrons. As a result, a conducting path for electrons is formed between the source and drain. 

If a positive Vds is applied at the drain end relative to the source, electrons will flow from 

source to drain thus forming an electrons current. The n-MOSFET is then operated at “on-

state”. 
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When Vds is small, the n-MOSFET is operated in linear (triode) region,  

( )g
ds eff ox g t ds

g

W
I C V V V

L
μ= −                                                                   (2.5) 

When Vds continues to increase, Ids first enters the parabolic region and then saturates at Vds= 
Vdsat= (Vg-Vt)/m,  

2( )g g t
ds dssat eff ox

g

W V V
I I C

L m
μ

−
= =                                                                    (2.6) 

 

2.2 MOSFET downscaling 

 

2.2.1 Short channel effects and scaling rules 

Scaling down MOSFET dimension is a continuous trend since its inception. Smaller device 

size enables higher device density in an integrated circuit. A typical downscaled short-

channel MOSFET of Lg= 45 nm fabricated at KTH is shown in Fig. 2.3. However, the 

downscaling has been constantly challenging by short channel effects (SCEs) which are 

usually characterized by the roll-off of Vt with shrinking Lg. The physical origin of SCEs is 

the charge sharing effect (CSE) and drain-induced barrier lowering (DIBL). A schematic 

presentation of these two factors contributing to the roll-off of Vt is demonstrated in Fig. 2.4. 

An undesired consequence due to Vt roll-off is the substantial increase of subthreshold current 

together with deteriorative SS. 

 

 

 

 

 

 

 

 

 

Fig. 2.3. A typical short channel MOSFET of Lg=45 nm fabricated at KTH. 
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In order to control the SCEs for scaled devices, scaling rules were therefore proposed. The 

classic scaling rule, known as “constant-field scaling”, was proposed by Dennard et al. in 

1974 [6]. The essence of constant-field scaling is to scale the supply voltage and device 

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

constant. As a result, the circuit speed is improved by a factor of k, and the power dissipation 

per circuit is reduced by a factor of k2. Although “constant-field scaling” rule works, the 

stringent demand on the reduction of supply voltage effaces its practical application since the 

non-scalability of Vt and ICs industry is reluctant to deviate from the standardized voltage 

levels of the previous technology generations. Hence, a more general scaling rule, proposed 

by Baccarani et al. in 1984 [7], has been proposed and followed. The essence of general 

scaling rule is to keep the shape of electric field pattern unaltered by multiplying the 

horizontal and vertical electric field by the same factor, α>1. Thus the 2-D effects, such as 

SCEs, do not worsen with device downscaling. 

 

Fig. 2.4. Schematic presentation of the contribution to Vt roll-off for short-channel 

MOSFETs [5]. 
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2.2.2 Scaling issues 

Several challenges that should be considered in MOSFET design are summarized as follows: 

1. μeff: μeff, of course, should be as large as possible. Basically, μeff is inversely proportional to 

the vertical electric field (Eeff), the effective mass of carriers (m*) and the doping level in the 

channel. With the downscaling, the vertical electric field increases which results in degraded 

μeff. Strain engineering (compressive for holes and tensile for electrons) has been performed 

to improve μeff [8,9]. Replacement of the channel Si with high mobility materials such as Ge 

presents another possibility [10]. The doping level in the channel is required to be kept low 

thus improves μeff. 

2. tox and Cox: tox has been scaled down to ∼1.5 nm and Cox is increased accordingly. As a 

result, the device performance is improved. However, a very thin SiO2 results in catastrophic 

gate leakage [11, 12] which is unacceptable for the reliability consideration of devices. High 

dielectric permittivity (high-k) gate materials are therefore introduced in order to alleviate the 

stringent downscaling of tox [13, 14]. 

3. NA and Vt: Vt is in principle non-scalable parameter because of the non-scalability of the 

thermal voltage kT/q. In order to control SCEs and set Vt properly, NA (mostly in the HALO 

or pocket region) should be increased. This increase, however, leads to two consequences. 

One is the degraded μeff due to increased scattering. Another one is the significant dopant 

variation in the channel of small devices, which results in significant fluctuation of Vt [15]. 

4. ni and ψB: Band gap Eg of Si is non-scalable, so that ni is a non-scalable constant. 

Therefore, the built-in potential, ψB, is also non-scalable. So do the depletion width and SCEs 

[4]. 

5. SCEs: SCEs are one of the most important concerns with downscaling. Knowing the 

physics of SCEs, the key to controlling SCEs is to weaken the drain electric field penetration 

and regain the control of gate over channel. The replacement of oxide with high-k gate 

dielectrics [13, 14] retrieves the power of gate over channel. Other options to control SCEs 

need the introduction of novel device architecture as discussed below. 
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2.3 Introduction of novel device architectures 

Advanced device structures, i.e., multi-gate MOSFETs such as FinFETs [16] in Fig. 2.5, Ω-

FETs [17] and gate-all-around FETs [18], have also been employed to effectively control 

SCEs. The multi-gate MOSFETs have been studied extensively as the ultimate solution for 

extremely scaled devices. Instead of controlling the channel over one surface for planar 

devices, multi-gate devices control the channel from many surfaces, leading to greatly 

improved SCEs and device performance. 

  

 

 

 

 

 

 

 

 

Making devices on UTB-SOI substrates also presents a way to control SCEs [19, 20]. 

Another advantage adopting UTB-SOI substrates is the reduced extrinsic capacitance. With 

downscaling of MOSFETs, the intrinsic capacitance decreases; however, the non-scalable 

extrinsic capacitances are becoming more and more comparable to their intrinsic counterparts, 

which offsets the desired performance enhancement. With UTB-SOI substrates, the extrinsic 

parasitic capacitance is eliminated due to the excellent isolation from the bulk silicon, 

improving power consumption at matched performance. The circuit delay time, τ∼CV/I, is 

thus reduced, resulting in the improved switching speed for CMOS in digital circuits. 

However, numerous challenges are expected with the integration of UTB-SOI MOSFETs for 

the desired high performance. Considering ordinary UTB-SOI MOSFETs with highly doped 

S/D, one of the most challenging problems is the parasitic series S/D resistance due to the 
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Fig. 2.5. (a) Schematic drawing of a FinFET structure and (b) a top-view scanning electron 

microscopy (SEM) image of FinFET fabricated at KTH.
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ever-reducing top Si layer. How to reduce the parasitic resistance to a tolerable level is one of 

the pressing concerns. Normally, highly doping along with partial silicidation of the S/D 

presents one solution to reducing the otherwise huge parasitic series resistance. Combining 

with elevated S/D, the electric connection between the channel and S/D can be further 

improved [21, 22]. However, how to electrically activate the degenerately doped S/D to form 

a sharp p-n junction to the channel is challenging. Apart from the sharp p-n junction, the high 

doping level in order to achieve a low contact resistance is also important. High temperature 

is thus necessary for dopant activation, which unfortunately rules out the possibility to adopt 

high-k, metal gate and strained channel with the usual gate-first processing sequence. 

 

 

 

 

 

 

 

 

 

 

 

 

An attractive alternative is to use metallic S/D contacts [23, 24] to circumvent the high series 

resistance problem with conventional UTB-SOI MOSFETs. With this technology, the highly 

doped S/D regions are replaced with metallic S/D as shown in Fig. 2.6. Metal silicides are of 

particularly interest for the metallic S/D materials due to the established self-aligned 

silicidation process and the low resistivity. This metallic silicide S/D architecture provides an 

elegant solution to the high series resistance problem, since the contacts between connecting 

Fig. 2.6. Schematic cross-section of a metallic S/D SB-MOSFET.  

 



Chapter 2. Device Physics, Downscaling and Novel Device Architectures 

 

15

metal and metallic silicides provide very low contact resistivity (usually on the order of 10-8 

Ω⋅cm2) and the silicide provides low sheet resistance. In addition, low thermal budget of 

metal silicide S/D also facilitates the integration of high-k, metal gate and strained channel. 

In view of the process complexity and process capability in Electrum clean room lab, as well 

as the traditional background in silicides at KTH, metallic silicides (PtSi and NiSi) S/D SB-

MOSFETs and SB-FinFETs are studied in this thesis, with a purpose of controlling SCEs and 

addressing the parasitic series source/drain resistance. 

Since the phenomenon of carriers transport in SB-MOSFETs is so important, it is necessary 

to understand the operation principles of SB-MOSFETs. The forthcoming section will deal 

with it. 

 

2.4 Operation principles of SB-MOSFETs 

 

2.4.1 SB-MOSFETs structure 

 

 

 

 

Fig. 2.7. Cross-sectional TEM micrograph of a NiSi S/D SB-MOSFET of Lg= 0.3 μm. 
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A cross-sectional TEM micrograph of a NiSi S/D SB-MOSFET fabricated on UTB-SOI is 

shown in Fig. 2.7. The major innovation of this device architecture is to replace the highly 

doped S/D with a metal typically silicide, i.e., NiSi or PtSi in this thesis. This silicide S/D 

structure provides a promising solution to the parasitic resistance challenge of extremely 

scaled bulk MOSFETs because of a low specific resistivity and low contact resistivity of 

silicides. This different nature of the contacts between S/D and the channel leads to 

fundamentally different operation principles for SB-MOSFETs as compared to conventional 

MOSFETs. For a conventional MOSFET, the current is limited by the channel conductance. 

While for a SB-MOSFET, the carrier injection through the Schottky barrier (SB) at the 

source is the current-limiting factor. For a high-performance SB-MOSFET, the low Schottky 

barrier height (SBH) as low as 0.1 eV is needed in order to outperform conventional 

MOSFETs [25, 26]. Among most silicides, PtSi and rare-earth silicide such as ErSix and 

YbSix have the lowest known SBHs to holes (0.15-0.27 eV) and electrons (0.27-0.36 eV), 

respectively. PtSi has therefore been used for p-type SB-MOSFETs [27], while ErSix [27] or 

YbSix [28] for n-type SB-MOSFET. For NiSi in this thesis, due to Fermi-level pinning, the 

SBHs to both electrons and holes are large, i.e., 0.65 and 0.45 eV respectively. Therefore, the 

SBH engineering to tune the large SBHs of NiSi to low values becomes essential for the 

fabrication of high-performance NiSi S/D SB-MOSFETs. A promising and reproducible 

approach to engineer the SBH of NiSi is dopant segregation (DS) technique [29-31]. 

Regarding the details of the SBH modification by DS, it will be discussed in Chapter 3. 

2.4.2 Operation principles 

The basic operation principles of NiSi S/D SB-MOSFETs at both off- and on-state are 

schematically illustrated in Fig. 2.8. Due to the large SBHs of NiSi to both electrons and 

holes, NiSi S/D SB-MOSFETs can be operated as either n- or p-type device leading to the 

typical ambipolar behavior. Both the operations of n- and p-type devices are shown in Fig. 

2.8. For simplicity, only the discussion of p-type SB-MOSFET is presented. All factors 

contributing to off-current (Ioff) and on-current (Ion) are also illustrated in Fig. 2.8. 
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Fig. 2.8. Schematic energy band diagrams to demonstrate the operation principles of 

SB-MOSFETs. Left panel: p-type SB-MOSFET. Right panel: n-type SB-MOSFET. 
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OFF-STATE 

As with any MOSFET technology, Ioff of SB-MOSFET is typically dominated by three 

components showing in Fig. 2.8. These three components are: gate-induced drain leakage 

(IGIDL), junction leakage (Ij), and S/D thermionic emission leakage Ith. 

    Ioff=IGIDL+Ij+Ith                                                                                              (2.7) 

The first term, IGIDL, is caused by the gate induced narrowing of SB at the drain, which results 

in the electrons tunneling through the relative tall but thin SB. The amount of electrons 

tunneling causing IGIDL is very sensitive to the SBH. Therefore, the substrate materials with 

lower band gaps such as germanium would suffer from significant IGIDL. IGIDL is also very 

sensitive to the SB width, which is controlled by the potential at the drain. The thickness of 

gate oxide and Vg, which determine the electric field and potential profile at the drain, affect 

IGIDL as well. 

Ij is a component caused by the reverse-biased Schottky diode at the drain, i.e., silicide/p-type 

substrate here. This component can be reduced significantly by optimizing the doping 

concentration in the substrate or using SOI substrate [23]. 

The most significant contributor to Ioff is Ith, which results from the source-to-drain 

thermionic emission of holes. Because of the presence of SB at the source, a SB-MOSFET 

has an intrinsic advantage in controlling Ith since the SB plays a roll of a pocket or HALO 

implant, without having to add any dopant to the channel region. 

 

ON-STATE 

When both Vg and Vds are biased at negative potential, the electric field is very large thus 

“pull up” the energy band at the source. As a result, the SB at the source is thinned 

considerably, and holes can tunnel through the SB thus forming field emission current (Ife). 

At the same time, thermionic emission of holes over the SB is also possible giving rise to 

thermionic emission current (Ith). Both Ife and Ith contribute to Ion. 

                                Ion=Ith+Ife                                                                               (2.8) 

The thermionic emission current is [3]: 
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                                                          (2.9) 

where A is the device area, A* is the Richardson constant, φb is the SBH, T is the absolute 

temperature and V is the applied bias. However, due to the complexity in obtaining the 

analytical expression of Ife, it is often simulated by means of numerical means. 

At on-state, due to the high SBH of NiSi to holes, Ith is basically negligible. On the contrary, 

Ife increases rapidly when Vg and Vds increase leading to greatly thinned SB width. The drive 

current of SB-MOSFETs with large SBHs is dominated by Ife. Hence, the SB-MOSFET is 

often referred to as a field-emission device at on-state. 

The calculation of Ith is relatively simple and straightforward; however, an accurate estimate 

of Ife is very complex, and to some extent impossible, since many factors such as the 

tunneling probability and barrier shapes are tangled. Some simple analytical expressions have 

been proposed to estimate Ife [32, 33], but the accuracy needs to be evaluated. On the other 

hand, computational means are usually used to simulate Ife. Two popular techniques, Wenzel-

Kramers-Brillouin (WKB) approximation and exact Airy function, to model tunneling 

probabilities have been usually adopted to simulate Ife [34-36]. Ife simulated by these 

techniques can be several orders of magnitude different from the results predicted by 

analytical expressions, especially at high electric field strength. The simulation also shows 

that Ife is very sensitive to electric field strength and φb at the source, recommending that a 

high electric field strength and low φb are necessary to obtain high Ife. 

Since both Ith and Ife contribute to on-current, one may argue which component is the 

dominant contributor. Normally, when φb at the source terminal is large, Ith is relatively small 

since not so many electrons have enough energy to surmount the high SB. At the same time, 

Ife increases significantly with thinning the SB width by increasing gate and drain potential. 

Under such circumstances, Ife dominates the on-current. When φb is small at the source, there 

is still some debate concerning the dominant component of Ion. In most published papers, Ife 

is believed to be the dominant component [37-39]; however, in a simulation study of Vega 

[34], it suggests that, for small φb, Ife does not always play a dominant role in the total on-

current. Apparently there is still need of physics and models for understanding Ion of SB-

MOSFETs. 
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2.4.3 DIBL-like effect of SB-MOSFETs 

Fig. 2.9 shows the typical Ids-Vg characteristics for a p-type SB-MOSFET of Lg=1 μm under 

different Vds. As seen, in the electrons branch, increasing Vds leads to an increased Ioff which 

is similar to the increased Ioff due to DIBL in a conventional MOSFET. However, the origin 

of this DIBL-like effect is not a result of barrier lowering and it actually occurs for both 

short- and long-channel SB-MOSFETs. The reason of this DIBL-like effect for a p-type SB-

MOSFET can be explained using the energy band diagram shown in Fig. 2.10. 

 

 

 

 

 

 

 

 

 

 

 

At a set Vg and negative Vds, Ioff mainly arises from electron tunneling current through the SB 

at the drain. When Vg is kept unaltered while Vds becomes more negative, the SB width at the 

drain becomes thinner as shown in Fig. 2.10(b) thus more electrons can tunnel through the 

SB into the channel. As a result, Ioff increases. Hence this DIBL-like effect is not a DIBL but 

a typical behavior of SB-MOSFETs. 
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Fig. 2.9. Measured Ids-Vg transfer characteristics of a NiSi S/D SB-MOSFET with 

Lg=1 μm at different negative Vds. 
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2.4.4 SCEs of SB-MOSFETs 

For short-channel SB-MOSFETs, the potential distribution along the channel is strongly 

affected by the drain bias. This modifies the potential distribution of the entire channel as 

described as follows. The depletion region at the drain penetrates deeper into the channel 

region with increasing Vds and influences the control of the channel charge by the gate. Under 

such circumstances, short-channel SB-MOSFETs demonstrate large SS and no saturation in 

the output characteristics (cf. Chapter 4). These phenomena are termed SCEs of SB-

MOSFETs. SCEs of SB-MOSFETs are typically characterized by drain induced barrier 

thinning (DIBT) [40, 41] as shown in Fig. 2.11 for long- and short-channel SB-MOSFETs. 

For a p-type SB-MOSFET at on-state, when Vds increases, a higher electric field penetrates 

into the channel leading to a thinned SB width. This in turn results in an increased hole 

tunneling current. For long-channel SB-MOSFETs, the increase of Vds almost has no effect 

on the thinning of SB width. However, for a short device, the increase of Vds gives rise to a 

thinned or narrowed SB width at the source. DIBT is a typical SCE of short-channel SB-

MOSFETs. 

 

(a) (b) 

Fig. 2.10. Energy band of a p-type SB-MOSFET at off-state with (a) small negative Vds, and 

(b) a large negative Vds. DIBL-like behavior of SB-MOSFET is shown schematically. 
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Fig. 2.11. Energy band diagram of p-type SB-MOSFETs at on-state with different Vds 
showing that the DIBT effect for (a) long-channel device is negligible, and (b) short-
channel device is prominent. 
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Chapter 3. Implementation of Ni1-xPtx (x=0∼1) Silicides 

Owing to numerous advantages such as low specific resistivity, low contact resistance, good 

thermal stability and excellent process compatibility with standard Si technology, metal 

silicides, formed by the reaction of metals (e.g., Ti, Co, Pt, Ni or Ni/Pt, etc) with Si during 

thermal annealing, have since the invention been playing an indispensable role in CMOS 

technology as the contact and local interconnection materials in order to reduce the parasitic 

resistance of S/D and gate. Moreover, the innovative invention of self-aligned metal silicide 

(SALICIDE) process [1], paves the way for the integration of silicides into today’s electronic 

devices. SALICIDE process is also the key process for the fabrication of SB-MOSFETs in 

Chapter 4. In this chapter, some issues of the SALICIDE process and the choice of silicides 

for SB-MOSFETs discussed in Chapter 4 will be presented first. It will be then followed by 

the discussion about the effects of carbon (C) and nitrogen (N) on the formation and Schottky 

barrier height (SBH) of NiSi by dopant segregation (DS). The discussion will refer to the 

results in Paper I and II. Through a systematic study of the variation of specific contact 

resistivity (ρc), the dipole formation at the PtSi/Si interface is proved to be the cause of SBH 

tuning by DS. Besides, as the top Si layer of UTB-SOI substrates becomes thinner and 

thinner in order to improve devices performance [2, 3], so do silicide films. As a result, a 

preliminary work on ultrathin Ni1-xPtx silicides (x=0∼1) for the purpose of perspective 

devices formed on extremely thin SOI substrates (tSi∼10 nm) was carried out. Some 

interesting results leading to Paper III and IV are also shown in this chapter. It is worth noting 

that the material investigation in this chapter lays down the infrastructure of real devices, i.e., 

NiSi or PtSi S/D SB-MOSFETs, in Chapter 4.  

3.1 SALICIDE process and choice of silicides for SB-MOSFETs  

3.1.1 SALICIDE process 

SALICIDE process is one of the key processes in the fabrication of modern CMOS. The 

simultaneous formation of the same kind of metal silicides in S/D and gate regions not only 

simplifies the processing significantly, but also improves the process reliability greatly by, for 

instance, avoiding direct patterning the silicides/Poly-Si stack. In some sense, the extensive 

adoption of metal silicides in microelectronics industry benefits from no other than 

SALICIDE process. 
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A typical SALICIDE process is schematically shown in Fig. 3.1 and a simple description of 

this process is provided as what follows. After the MOSFET structure is formed and isolated 

by either STI or LOCOS, a layer of metal (e.g., Ti, Co, Pt, Ni or Ni/Pt) is deposited all over 

the whole device structure [Fig. 3.1 (a)]. Usually a one-step or two-step annealing either in 

furnace or in rapid thermal processing (RTP) chamber is performed to induce the formation 

of metal silicide in S/D and gate regions exposed to metal [Fig. 3.1 (b)]. Other parts of the 

whole structure such as spacers and isolation regions are not silicided since no Si is available 

in these regions. The un-reacted metal will be selectively removed by wet chemical solution 

leaving the final structure in Fig. 3.1 (c). For the two-step annealing SALICIDE process, a 2nd 

thermal treatment is needed at higher temperature to convert the metal-rich phase to another 

phase of better conductivity or stability. The significance or the beauty of SALICIDE process 

is the maskless feature. That is to say, without mask the silicide can be formed precisely in 

S/D and gate regions, or self-aligned. This is, actually, a great ease of both process 

complexities and cost in the fabrication of CMOS. 

Although almost all metal elements in the periodic table can react with Si and form metal 

silicides, the choices of silicides are actually very limited according to the following 

requirements of silicides which can be used in microelectronic industry [4, 5]: 

 Low resistivity (limits contact alignment issues and reduce device resistance) 

 Etch selectivity of the silicides vs. the metal (allows self-aligned process) 

 Etch resistance in reactive ion etch (RIE) environment (allows opening of via holes) 

 Acceptable diffusion barrier properties 

 Low roughness (gives a minimal junction penetration) 

 Preferably high resistance to oxidation 

 Good morphological stability (films must retain their shape through the back-end-line 

processing) 

 Minimal Si consumption (limited doped Si available) 

 Satisfactory thermal and mechanical properties with reference to Si 

 No detrimental contamination that will affect devices performance 
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Fig. 3.1. Schematic process flow of SALICIDE process showing (a) a layer of metal is 

deposited all over the device; (b) metal silicide is formed in S/D and gate regions during 

thermal annealing; (c) the final device structure after the removal of un-reacted metal. 
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Taking all these criteria into account, the choices of silicides are in fact limited to TiSi2, 

CoSi2, PtSi, and NiSi. 

 

3.1.2 Choice of silicides for SB-MOSFETs 

A summary of properties for common silicides is shown in Table I. it will be followed by the 

discussion of the evolution of silicides. 

 

Table I. A summary of properties for different silicides [6-9] 

 

Silicide 
Resistivity 

(μΩ-cm) 

Silicidation 

temperature 

(oC) 

Melting 

temperature

(oC) 

Controlling

mechanism

(oC) 

Moving 

species

Si 

consumption 

Schottky 

barrier height 

to n-Si ( eV) 

TiSi2 15-25 750-900 1500±10 nucleation Si 0.904 0.60 

Co2Si >180 ∼400 1320 diffusion Co 0.62 0.69 

CoSi >180 400-600 1460 diffusion Si 0.91 0.68 

CoSi2 15-20 600-750 1326 
nucleation

diffusion 
Co, Si 1.04 0.64 

Pt2Si ∼40 ∼400 1100 diffusion Pt 0.43 0.85 

PtSi 28-35 500-700 1229 diffusion Pt 0.67 0.88 

Ni2Si ∼24 200-300 1306 diffusion Ni 0.61 0.70 

NiSi 10-20 300-500 992 diffusion Ni 0.82 0.68 

NiSi2 ∼34 ∼750 993 nucleation Ni 1.02 0.70 
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The Ti silicide was the first one to be widely implemented in the SALICIDE technology for 

CMOS devices. Ti SALICIDE process, compared to others, is much less sensitive to 

oxidation contamination at the Si surface because it can reduce suboxide and dissolve the 

oxygen by reacting Ti with oxygen. This unique capability of Ti SALICIDE process and 

other properties of as-formed TiSi2, such as low resistivity, high thermal stability, and low 

contact resistivity to both types of Si, lead to the common implementation of TiSi2 in 

microelectronics industry as the contact metallization as well as local interconnection 

material [10,11]. For TiSi2, there are two different crystallographic structures, i.e., the high-

resistivity C49 phase (70-100 μΩ-cm) and the desired low-resistivity C54 phase. The phase 

transition from C49 to C54 is a nucleation-controlled process since the free energy change 

(driving force) is very small [12]. This leads to a low density of C54 nuclei within the C49 

background [13] and consequently incomplete C49→C54 transformation. As a result, a 

drastically increased resistance with narrow gates occurs especially for the gates below 0.2 

μm [6]. This effect is usually called “fine-line effect”. In order to combat with “fine-line 

effect” and augment the C54 nuclei density, the C49→C54 transformation temperature is 

required to increase from 750 to 900 oC. “Fine-line effect” and high temperature process 

impair the advantages and application of TiSi2 in the fabrication of state-of-the-art MOSFETs. 

Owing to its lower resistivity and silicidation temperature compared to TiSi2, CoSi2 was 

therefore introduced as a replacement of TiSi2 below 0.2 μm technology nodes. However, 

some serious concerns about using CoSi2 limit the continued use of this material in future 

devices. These concerns are: (a) the sensitivity to contamination from oxygen, both at the 

surface and in the annealing atmosphere, makes the SALICIDE more complex and unreliable; 

(b) the rise in resistance with very narrow gates (∼50 nm) [14], which arises from the void 

formation within the narrow silicide lines [15]; (c) the large Si consumption during 

silicidation, which is especially unbearable and detrimental for the fabrication of very 

shallow junctions and very thin SOI devices [16]. Besides, since nucleation dominates the 

formation of CoSi2 from CoSi [17, 18], the interface between CoSi2 and Si is inherently 

rough which may cause significant degradation in contact resistance and devices performance. 

Moreover, the difficulty in forming CoSi2 on SiGe-based substrates also limits the extensive 

use of CoSi2 [4, 6 and 19]. 

PtSi emerges to be advantageous for devices of gate length within sub-50 nm. Although PtSi 

was one of the first silicides studied for Schottky contact in CMOS technology [4], it was not 
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commonly used like TiSi2, CoSi2 as contact metallization materials. PtSi possesses a high 

SBH of ∼ 0.9 eV to electrons. The high SBH to electrons makes it unfavorable for Ohmic 

contact to n-type substrate, whereas it is pretty desirable as the Schottky barrier S/D for p-

type SB-MOSFETs since the SBH to holes is low (∼ 0.2 eV). In addition, other properties of 

PtSi such as low formation temperature, low reactivity towards SiO2 and low Si consumption 

(in Table I), make it a competitive candidate in the application of p-type SB-MOSFETs as the 

S/D material. PtSi S/D SB-MOSFETs has been demonstrated with promising devices 

performance of both polarities recently [20-22]. In this thesis, the results of PtSi S/D SB-

MOSFETs with As DS to transform devices characteristics from p-type to n-type are shown 

in Paper VI. Despite that PtSi has been successfully integrated into our devices, the Pt 

SALICIDE process is, in practice, a little complicated with respect to the two consecutive 

steps within it, i.e., a 1st silicide formation and a 2nd surface oxidation steps in order to protect 

as-formed PtSi from aggressive attacking of aqua regia [23]. Another important concern 

departing us from persisting on PtSi relates to the relatively large resistivity of it, i.e., 28-35 

μΩ-cm. 

 

 

 

 

 

 

 

 

 

 

Regarding the disadvantages existing for PtSi, it is, therefore, necessary to introduce NiSi. 

NiSi possesses numerous superior properties, such as low formation temperature (∼500 oC), 

low resistivity (10-15 μΩ-cm), and low Si consumption, which make it attractive for the 

NiSi 

Si 

Fig. 3.2. A cross-sectional TEM micrograph of the pretty smooth interface of NiSi/Si. 
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microelectronics industry [24]. Low formation temperature facilitates the integration of high-

k and metal gate materials in the state-of-the-art devices. Low resistivity is needed for high 

performance devices nowadays. The low Si consumption is really an important concern for 

devices with ultra-shallow junctions, on SOI substrates where the amount of Si is limited in 

this thesis. Moreover, since Ni silicidation is a diffusion-controlled process, the interface 

between NiSi and Si is rather smooth (Fig. 3.2), which is also, desired for high performance 

devices. All these properties of NiSi make it our natural choice in this thesis. 

 

3.2 Properties of Ni1-xPtx silicide (x=0) 

3.2.1 Effects of C and N on the formation of Ni1-xPtx silicide (x=0) 

One of the critical problems involving the use of NiSi, however, is the relatively poor 

morphological stability as a consequence of low melting point. Two phenomena are observed 

for the poor stability. One concern is the transformation of the low-resistivity NiSi to the 

high-resistivity NiSi2 at ∼750 oC in the presence of excess Si, since NiSi2 is thmodynamically 

stable with Si. Another concern is the morphological instability of NiSi films that start to 

agglomerate at 600 oC. The most commonly used method to improve it is to add additions 

like Pt, Pd, etc [25-27]. 

Recently, the incorporation of C in Si substrate prior to Ni deposition and subsequent 

silicidation has been shown to improve the morphological stability of NiSi [28]. In addition, 

the presence of C or N has been suggested to play a crucial role in controlling the interfacial 

reaction between Ni and Si [29-32]. As a result, in this thesis, we have tried to use C and N 

implantation to improve the thermal stability of NiSi. The C and N were implanted into Si 

substrates prior to the Ni metal deposition and silicidation. The effects of C and N on the 

formation of NiSi were investigated. 

Different doses of C and N were implanted into Si substrate 20 nm below the surface and 

subsequent Ni silicidation were carried out. Judging from the sheet resistance variation of 

NiSi films with different doses of C and N vs. silicidation temperature, the presence of C and 

N indeed improve the morphological stability of NiSi films. As seen in Fig. 3.3, the sheet 

resistance keeps decreasing till 750 oC for films with C and N implantation, while starts to 

 



Integration of metallic source/drain contacts in MOSFET technology 

 

34 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Reference,750 oC (b) 5×1015 cm-2 C, 750 oC 

(c) 5×1015 cm-2 N, 750 oC

Fig. 3.4. Top-view SEM images of NiSi films formed at 750 oC showing (a) void 
formation in reference with neither C nor N, (b) spectacular surface for films 
implanted with 5×1015 cm-2 C, and (c) with 5×1015 cm-2 N.
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Fig. 3.3. Variation of sheet resistance with silicidation temperature with different C 
or N implantation doses. 



Chapter 3. Implementation of Ni1-xPtx (x=0∼1) Silicides 

 

35

from 600 oC for the reference NiSi film as a result of the degradation of film integrity. In Fig. 

3.4, the spectacularly improved morphology for NiSi films with C and N implantation 

compared to the reference film is evident by HR-SEM. However, the sheet resistance of NiSi 

films with C and N implantation is increased. The reason is partly due to the distributed C 

and N atoms in the silicide films and to the segregated C and N atoms at the NiSi/Si interface, 

and partly due to the decreased silicide film thickness. According to the secondary ion mass 

spectrum (SIMS), during the silicidation, part of the C and N distribute within the silicide 

films and part of them is driven to the interface. Regarding more extensive results in this 

section, they are presented in Paper I and II. 

 

3.2.2 Effects of C and N on SBH of Ni1-xPtx silicide (x=0) by DS 

 

Knowing that the incorporation of C and N improves the morphological stability of NiSi 

significantly, it is of nature to integrate them into the fabrication of SB-MOSFETs. However, 

another problem more related to the performance of SB-MOSFETs emerges. According to 

simulations [33], the SBHs at the source terminal should be as low as possible in order to 

improve the devices performance. The intrinsic SBHs of NiSi for both electrons and holes, 

unfortunately, are large, which limit the devices performance. In order to combat large SBHs, 

many solutions such as surface passivation, dopant segregation (DS) and alloying have been 

studied to reduce them [34-38]. Among them, DS is the most reproducible and compatible 

techniques with standard Si technology to tune the large SBHs to low values [36, 37]. As a 

result, DS is also the technique used in this thesis. 

In our previous work, the SBHs tuning of NiSi was successful in the absence of C and N [36, 

37] by DS. However, how C and N interact with dopants (i.e., B and As) thus affect the 

tuning of SBHs is unknown. Hence, it is of interest to investigate the possible interactions of 

C and N with B and As used for DS aiming at modification of the SBHs of NiSi in this thesis. 

A silicide as diffusion source (SADS) scheme instead of a silicidation induced dopant 

segregation (SIDS) scheme was performed for DS due to the ease of processing. The key 

processing steps are summarized in Fig. 3.5. Cautions should be exercised for two issues 

regarding the experimental design. First, C and N cannot be implanted too deep into the 

substrate otherwise the Ni silicidation cannot reach the implanted regions. Second, the 
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deposited Ni should be thick enough to consume the implanted Si regions during the 

silicidation. 

The modification results of SBHs without the presence of C and N by DS are in good 

agreement with our previous results [36, 37]. Both C and N themselves are found to take part 

in the modification of SBHs but to different roles. The C implantation causes a substantial 

increase in SBHs for electrons (i.e., effective work function closer to the valance band) but 

the N implantation yields an observable decrease in SBHs for electrons (i.e., effective work 

function closer to the conduction band). Furthermore, with B and As DS, it is found that the 

presence of both C and N yields positive effects in helping reduce the effective SBHs to 0.1-

0.2 eV for both conduction polarities. The reasonable explanations and explicit experimental 

data on the SBHs tuning of NiSi with/without the presence of C and N can be found in Paper 

I and II. 
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Fig. 3.5. Schematic SADS process flow for the designed experiment in this thesis. 
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3.3 Mechanism of SBH tuning by DS 

Although the SBH has been modified by DS, the mechanism behind the SBH modification, 

however, is not very clear. During the course of studying the mechanism of DS on SBHs, 

either current-voltage (I-V) characteristics or capacitance-voltage (C-V) measurements have 

been used for extraction of the SBHs on Schottky diodes with the silicide as the contacting 

electrode.  However, large reverse leakage currents occur when the SBH is below 0.6 eV 

defeating the credibility and accuracy of extraction with C-V method. Low-temperature I-V 

measurements are often necessary in order to reliably access low SBHs [35]. In this thesis 

work, an alternative approach on the basis of measurements of forward current at room 

temperature is introduced.  This method relies on characterizing specific contact resistivity 

(ρc) by monitoring its variation with DS. We will show that the use of this method leads to 

confirmation of the formation of an interfacial dipole as the dominating mechanism 

responsible for the modification of effective SBH induced by DS. 

The key process steps are schematically summarized in Fig. 3.6. Cross-bridge Kelvin 

resistors (CBKR) of a range of different contact dimensions were designed for contact 

resistivity extraction [39]. SADS was chosen for DS, because of its ease of process control 

[36], [37] as compared to SIDS. Both p- and n-type Si (100) wafers were used to allow for 

studies of both conduction polarities. Device isolation was realized using LOCOS process 

with an 800-nm thick SiO2 to define the diffusion regions. High concentration doping in the 

diffusion regions was achieved by ion implantation of boron (at 50 keV) and phosphorus (at 

140 keV), both at a dose of 1×1016 cm-2, into the n- and p-type substrate, respectively, 

followed by an extensive anneal at 1000 oC for 12 hours. According to numerical simulations 

using ISE TCAD [40], a 2-μm deep, uniform junction would be formed with a surface 

concentration of 7×1019 cm-3 for both types of diffusion regions. After deposition of a 

Si3N4/SiO2 layer stack, square contact windows of various dimensions were defined. By 

stripping the Si3N4/SiO2 layer stack in the contact window, a 20-nm-thick platinum layer was 

deposited by means of electron-beam evaporation. A two-step rapid-thermal-processing (RTP) 

was employed to achieve self-aligned silicidation of the diffusion regions; first at 500 oC for 

30 s in N2 to form PtSi, and then at 600 oC for 60 s in O2 in order to form a protective SiO2 

layer for subsequent aqua regia etching [41]. Ion implantation of arsenic and born, both to a 

1×1015 cm-2 dose, into the formed 40 nm-thick PtSi film was performed at 12 and 4 keV, 

respectively. Monte Carlo simulations showed that the implanted ions should be mainly 
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confined in the PtSi film and the shallow implantation would yield a concentration at the 

PtSi/silicon interface below 1×1015 cm-3. Dopant drive-in was then carried out for 30 s 

between 500 and 700 oC. To monitor dopant deactivation in the substrate [42], [43], identical 

drive-in anneal was performed for control wafers without arsenic or boron implantation into 

the PtSi. The metal contact and leads, composed of a TiW/Al layer stack, was defined by 

deposition and subsequent dry etching. The fabrication process ended with forming gas 

annealing (FGA) at 400 oC for 30 minutes. Four-point probe measurements on the CBKR 

structures were performed using Agilent 4156A parameter analyzer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6. Schematic process flow for the fabrication of CBKR. (a) LOCOS for isolation 
followed by ion implantation of phosphorus or boron, both at 1×1016 cm-2 to form 
diffusion regions (b) Diffusion and activation of phosphorus and boron, followed by 
deposition of Si3N4/SiO2 layer stack. (c) Self-aligned formation of PtSi followed by ion 
implantation of boron or arsenic to the PtSi film on n- or p-type diffusion layer, 
respectively, both at 1×1015 cm-2. (d) Drive-in anneal for dopant segregation at the PtSi/Si 
interface. 
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The measured CBKR values are shown in Fig. 3.7, (a) for p-type diffusion region with 

arsenic DS and (b) for n-type diffusion region with boron DS. The extracted ρc data are 

summarized in Table II. Two major observations are made. First, DS leads to an increase in 

ρc for both systems with boron out-diffusion from PtSi on n-type diffusion region and arsenic 

out-diffusion from PtSi on p-type diffusion region. Second, the increase in ρc is temperature-

dependent, but it quickly becomes saturated at high drive-in annealing temperatures. 

Deactivation of substrate doping in the diffusion regions during low temperature processing, 

i.e., silicide formation and subsequent SADS for DS, can be ruled out as the cause for 

observed increase in ρc, since similar anneals as in Fig. 3.7 of reference samples without 

boron or arsenic implantation into the PtSi did not lead to conclusive changes in ρc. 

 

The observed increase in ρc in Fig. 3.7 can be anticipated due to the use of dopants of 

opposite polarity to the substrate doping in the diffusion regions. However, the saturation 

with the increase immediately rules out compensation doping of the diffusion regions near 

the PtSi/silicon interface as responsible for the increase in ρc. More out-diffusion of dopants 

of opposite polarity should occur at higher drive-in annealing temperatures leading to more 

compensation doping (or even reverting the type of doping) in the interface region. Since this 

non-saturation behavior is absent in the experiment, the formation of an interfacial dipole that 

induces an increase in effective SBH is thus concluded as the cause responsible for the 

increase in ρc. This conclusion supports our earlier discussions in [36], [37] where interaction 

Drive-in temperature (oC) Arsenic DS, p-type diffusion Boron DS, n-type diffusion 

Reference 1.2×10-7 2.3×10-6 

500 6.6×10-7 3.2×10-6 

600 7.5×10-7 3.2×10-6 

700 7.5×10-7 3.2×10-6 

Table II. Results of ρc (in Ω-cm2) extracted using the CBKRs (Fig. 3.7) after different drive-
in anneals for DS at PtSi/silicon interface. 
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of dopants with point defects and subsequent dopant diffusion are considered insignificant, 

and hence the formation of an interfacial dipole is more likely to be the cause for the 

modification of effective SBH. 

 

 

 

 

 

 

 

 

 

A couple of differences are found between the two types of doping. First, a more significant 

increase in ρc is evident for the arsenic DS on the p-type diffusion region than for the boron 

DS on the p-type diffusion region. This difference is easily understood since the SBH of PtSi 

without DS lies close to the valance band with qφbp≈0.2 eV and qφbn=0.93 eV [36], [37]. 

Hence, more room is available for reduction of qφbn than of qφbp. Second, calculations using 

the relationship 
⎥
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c
h

φε
ρ

*4
exp  as well as known physical parameters yielded the largest 

change of qφbp by 0.1 eV for the arsenic DS on the p-type diffusion region at 600-700 oC. 

Similarly, the largest change of qφbn by 0.03 eV for the boron DS on the n-type diffusion 

region was calculated. These changes in SBHs are about 8 times smaller than those extracted 

using Schottky diodes made of PtSi formed on lightly doped substrates using C-V method 

[36], [37]. This difference is attributed to the difference in the strength of electric field due to 

space charge that is determined by the doping concentration in the substrate. According to 

[44], [45], the effective SBH is determined by the electric field at the metal-semiconductor 
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Fig. 3.7. Measured data for CBKRs on (a) p- and (b) n-type diffusion regions, with 
arsenic and boron doping, respectively.   
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interface. This electric field comprises two major components, one due to interfacial dipole 

and one due to space charge. These two electric field components are in opposition as shown 

schematically in Fig. 3.8. For the lightly doped substrates (1015 cm-3) used in the Schottky 

diodes [36], [37], the maximum electric field produced by ionized dopants is around 104 

V/cm. For the heavily doped diffusion regions (7×1019 cm-3) used in the present work, the 

corresponding electric field is above 106 V/cm. If the segregated dopants at the 

silicide/silicon interface have a concentration of 1012 cm-2 which is about 0.1 at.% of a 

monolayer roughly corresponding to the bulk doping concentration of 7×1019 cm-3, the 

resulting electric field due to interfacial dipole is 105 V/cm. Therefore, the high electric field 

as a result of high doping concentration in the diffusion regions tends to shadow the effect of 

DS on the effective SBH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fermi level

(a) 

Electric field due to 
interfacial dipole 

Electric field due to
space charge 

bnφ

Metal 

(b)

bpφ Electric field due to 
space charge 

Fermi level Metal 

Electric field due to 
interfacial dipole 

Fig. 3.8. Schematic presentation of the energy band structure in the vicinity of the 

PtSi/silicon interface.   
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Heavy doping of the diffusion regions of the CBKRs has been chosen in the present work in 

order to avoid current crowding effects and recourse to complex extraction procedure [46], 

[47]. With lightly doped diffusion regions, a further risk is large uncertainties as a result of 

extracting a small quantity out of large quantities. Although use of lightly doped diffusion 

regions would allow for a direct comparison with the diode results, the analysis above clearly 

demonstrates the validity of the contact resistivity method in assessing how the Schottky 

barrier could be modified by means of DS as well as in confirming the formation of 

interfacial dipole as the responsible mechanism for the modification. 

 

3.4 Ultrathin Ni1-xPtx silicides (x=0∼1) 

 

As mentioned before, thin NiSi films often suffer from poor morphological stability and start 

to agglomerate at 600 oC as a consequence of the low melting point of NiSi at 992 oC. In 

order to combat the poor morphological stability, the addition of C and N aforementioned 

presents a potential solution. Besides, adding Pt to NiSi leading to the formation of the 

ternary monosilicide alloy Ni1-xPtxSi has been shown to be an effective solution [25-27]. The 

presence of Pt also prohibits the formation of the undesired NiSi2 as a result of a better phase 

stability of Ni1-xPtxSi than NiSi due to the mixing between Ni and Pt as well as a better 

stability of PtSi [11]. Up to date, most investigations on Ni1-xPtx (x=0∼1) silicides concern 

relatively thick films >10 nm (∼40-nm-thick NiSi films in section 3.2). For such films, a 

general trend, dictated by thermodynamics, prevails with thinner films agglomerating 

morphologically at lower temperatures. Furthermore, for CMOS devices fabricated on SOI 

substrates, the continuous dimensional down-scaling requires thinner Si layers than 5 nm in 

order to attain the predicted device/circuit performance [48]. Accordingly, the maximum 

thickness of Ni1-xPtxSi silicide films is reduced to sub-10 nm. Investigation on ultrathin 

silicide films, therefore, presents the preliminary step towards their integration in ultrathin 

SOI devices. 

In this thesis, ultrathin Ni1-xPtx (x=0∼1) silicide films formed on Si (100) substrate were 

thoroughly studied. It is found that Pt-silicide (x=1) films of all thicknesses show normal 

behavior of morphological stability, as the resulting polycrystalline PtSi films always 

agglomerates at low temperatures for thinner films. Surprisingly, the Ni-silicide films exhibit 
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two different morphological stability characteristics depending on the deposited thickness of 

Ni (tNi). For tNi≥4 nm, polycrystalline NiSi films form and agglomerate at lower temperatures 

for thinner films like PtSi films; however, for tNi<4 nm, epitaxially aligned Ni-silicide films 

readily grow and exhibit extraordinary morphological stability up to 800 oC (Fig. 3.9a). 

Adding Pt into Ni also improves the morphological stability of Ni1-xPtx silicide films.  

In Fig. 3.9, cross-sectional and top-view TEM images of the ultrathin Ni-silicide film with 

tNi=2 nm formed at 750 oC are shown. Almost perfect epitaxially aligned Ni-silicide layer is 

observed [Fig. 3.9 (a)] and no obvious grain boundaries can be observed in Fig. 3.9 (b) which 

suggests either the grain size is very big or no grain boundaries at all. 

 

  

 

 

  

 

  

 

In an effort to identify the phase and interface morphology of this ultrathin Ni-silicide film 

with tNi=2 nm, the selective area electron diffraction (SAED) data along the [013] and [011] 

zone axes are also depicted in Fig. 3.10(a) and (b), respectively. The results strongly suggest 

the epitaxially aligned Ni silicide films to have the same fcc structure as Si. Among various 

phases of Ni-silicide, NiSi2 has fcc structure which naturally leads us to believe that this 

epitaxially aligned Ni silicide is NiSi2. However, with respect to the thickness ration of as-

formed Ni silicide film [5.4 nm in Fig. 3.9(a)] to tNi (2 nm), 2.7, a problem emerges with the 

identification of NiSi2 phase. This ratio is far below the volume expansion factor 3.62 for Ni 

conversion to stoichiometric NiSi2 [5], and it further leads to NiSi1.6 by assuming this phase 

has the same lattice parameter as NiSi2. 

 

 

NiSi2-y 

Si 

5.4 nm 

Fig. 3.9. (a) Cross-sectional and (b) top-view TEM micrographs of the ultrathin Ni-
silicide film with tNi=2 nm formed at 750 oC. 
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Fig. 3.10. SAED data together with their HR-TEM images along the zone axis (a) 
[013] and (b) [011] for the epitaxially aligned Ni silicide films formed at 500 oC with 
tNi=2 nm, (c) EDS analysis of two silicide films formed at 500 oC with tNi= 2 nm (upper 
panel) and tNi= 5 nm (lower panel). 
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The EDS analysis for two silicide films, one with tNi= 5 nm and one with tNi= 2 nm is shown 

in Fig. 3.10(c). For the Ni-silicide film with tNi=5 nm, the formula of NiSi is evident by the 

atomic percentage of Ni and Si, 51% and 49% respectively. For the ultrathin Ni-silicide film 

with tNi= 2 nm, the formula is calculated to NiSi1.8 from the atom percentage of Ni and Si, 

36% and 64% respectively. Due to the discrepancy in identifying this phase using two ways, 

we designate it as NiSi2-y (0<y<1) in this thesis and Paper III. 

The extraordinary morphological stability of ultrathin NiSi2-y films with tNi< 4 nm, therefore, 

is attributed to the formation of epitaxially aligned NiSi2-y. More results about the 

characterization and theoretical explanation for the observed thickness and composition 

dependence of phase formation and morphology stability are shown in Paper III. 
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Fig. 3.11. Variation in film resistivity with silicide film thickness for five 
different Ni1-xPtx silicide films (x=0, 0.04, 0.08, 0.14 and 1). 
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Apart from those results, the thickness reduction in the deposited metal films has also led to 

strongly varied resistivity values for the silicide films, as depicted in Fig. 3.11. For thicker 

films, the resistivity of NiSi films keeps fairly unaltered, 16 μΩ-cm in good agreement with 

the reported values [49]. Alloying with Pt leads to the resistivity increase which is due to the 

alloying scattering. In addition, a drastic increase in resistivity is observed when the film 

thickness is reduced to a certain thickness for four Ni1-xPtx silicide films (x=0, 0.04, 0.08, and 

0.14). The aggressive resistivity increase for these silicide films is mainly caused by surface 

scattering effects although the phase change from the low-resistivity Ni(Pt)Si to the high-

resistivity Ni(Pt)Si2 phase may also contribute. However, for PtSi films of all thickness, no 

drastic resistivity increase occurs and the expected increase of resistivity is basically 

attributed to the surface scattering. 

In Paper III, we provide a reasonable explanation for the formation of epitaxially aligned Ni-

silicide films with tNi< 4 nm. This explanation of surface-triggered epitaxial phase formation 

is mainly based on thermodynamics. In Paper IV, extensive HR-TEM studies are correlated 

to sheet resistance data shown in Paper III in order to shed more light on the kinetics and 

morphology of the epitaxial NiSi2-y. 
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Chapter 4. SB-MOSFETs: fabrication and characterization 

Following the investigation on the material aspects of Ni1-xPtx (x=0∼1) silicides aiming at the 

integration in nanoscaled SB-MOSFETs in the preceding chapters as well as in the associated 

papers appended at the end, this chapter will focus on the integration of Ni1-xPtx (x=0∼1) S/D 

towards competitive SB-MOSFETs. First, the key issues and corresponding solutions related 

to the process integration of Ni1-xPtx (x=0∼1) S/D SB-MOSFETs formed on UTB-SOI 

substrates will be presented. It will be followed by the compatibility of NiSi integration 

issues with standard Si processing. This chapter is concluded by the fabrication and 

characterization of Ni1-xPtx silicide S/D SB-MOSFETs and SB-FinFETs, with reference to 

Papers V, VI, and VII. 

 

4.1 Key issues related to integration and solutions 

 

A successful fabrication of Ni1-xPtx (x=0∼1) silicides S/D SB-MOSFETs is, in fact, 

challenged by numerous issues at KTH. To summarize, three key issues are of vital 

importance, which are, methods for nanoscaled gate fabrication, the control of severe lateral 

encroachment of NiSi towards the channel, and high Schottky barrier heights of NiSi for both 

n and p channels. 

4.1.1 Methods for nanowire fabrication 

 The nanowire of MOSFETs can be defined by conventional optical lithography with 

advanced equipment combined with pattern reduction technique [1] or immersion lithography 

[2] as done in the industry, EBL [3,4], or sidewall transfer lithography (STL) [5-12]. STL 

technology possesses some unique features compared to other technologies in fabricating 

nanowires. For instance, the STL technology automatically yields twin-nanowires if unless 

otherwise is desired at the same time. Furthermore, the nanowire fabricated by STL 

technology shows much better uniformity in comparison with those fabricated by EBL or 

dimensional reduction by ashing. Based on these advantages of STL technology and the 

equipment limitation in our clean room lab, the STL process is employed for the fabrication 

of nanoscaled SB-MOSFETs in this thesis work. An improved STL process has been 

developed at KTH [12] which is schematically depicted in Fig. 4.1. 
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Fig. 4.1. Schematic presentation of the improved STL technology developed at KTH 
which is employed for massive fabrication of nanoscaled gates in this thesis. 

Cross-section Top-view 

 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(a) Starting layer stack with Si 
substrate, SiO2, poly-Si, 2nd TEOS 
hard mask, α-Si supporting 
sacrificial layer and 1st SiNx hard 
mask.

(b) Pattern and etch 1st SiNx hard 
mask, strip resist and etch α-Si down 
to TEOS to form sidewall support. 

(c) Remove 1st SiNx hard mask and 
deposit 55-nm-thick SiNx to define 
the gate length. 

(d) Anisotropic etch of SiNx to form 
rectangular SiNx sidewall nano-
rings supported by α-Si. 

(e) Selective wet removal of 
supporting α-Si layer leaving free-
stand SiNx nano-rings. 

(f) Define contacting leads and pads 
with an additional resist mask 
followed by oxide dry etch and 
poly-Si etch with 2nd TEOS hard 
mask. 
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This improved STL technology relies on: (1) a good thickness and step coverage control of 

the deposition of various thin films, (2) good anisotropic dry-etching to create vertical 

sidewall supports of α-Si, (3) excellent dry- and wet-etch selectivity of one material with 

respect to other materials, and (4) complete removal of the etch residuals, especially the wet 

removal of α-Si supporting layer. Regarding the processing details, they are shown in [10-12]. 

Compared to our previous STL technology using SiGe instead of α-Si as supporting layer [11, 

12], the line edge roughness (LER) of nanowires fabricated by this improved STL technology 

is improved significantly. Fig. 4.2 shows the HR-SEM micrographs of two nanowires, one 

about 60 nm in width fabricated using the previous STL process [Fig. 4.2 (a)], and another 

one about 25 nm in width fabricated by the improved STL technology [Fig. 4.2(b)]. As seen, 

the Si nanowire fabricated by the improved STL technology is rather smooth and the LER is 

smaller compared to that one fabricated by old STL process. 

 

 

 

 

 

 

 

 

Fig. 4.2. Top-view HR-SEM micrographs of (a) a nanowire fabricated by previous STL 
process using SiGe as the supporting layer, and (b) a nanowire fabricated by improved 
STL process using α-Si as the supporting layer. 

(a) Previous STL process (b) Improved STL process 
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4.1.2 Severe lateral encroachment of NiSi  

The rapid diffusion of Ni has led to the so-called “reversed fine line effect” where the 

lower resistance is found in narrow dimensions [13-16]. The extra Ni atoms above the 

spacers or on the shallow trench isolation that are within the diffusion distance can increase 

the amount of reaction close to the Si line edges, which results in the thicker silicide on the 

edges of narrow Si lines. It is apparent that this small percentage for large dimension 

structures can become significant in narrow lines. Even though the extra Ni atoms bring an 

additional benefit for narrow gate lines, it can, however, become catastrophic for nanoscaled 

MOSFETs due to the severe lateral encroachment of NiSi towards the channel, especially for 

the fully depleted devices formed on SOI structure where the available Si is limited [17]. 

Electrical shorts and significant gate leakage of devices caused by the severe lateral 

encroachment of NiSi have been frequently reported in various papers [18, 19]. Therefore, 

the effective control of the lateral encroachment of NiSi is vital for the fabrication of NiSi 

S/D SB-MOSFETs formed on UTB-SOI substrates in this thesis work. 

We have investigated many approaches in order to control the severe lateral 

encroachment of NiSi. One of those approaches is based on the control of Ni diffusion 

through the grain boundaries since the grain boundary diffusion of Ni has been reported to be 

indeed very rapid and significant [20]. The idea behind the following experiment setup is to 

control the grain boundary diffusion of Ni through strictly limiting the number of NiSi grains 

thus the density of grain boundaries in the nanowires. The width of nanowire channel is 

designed as 20 nm, since within such a narrow nanowire only one or few NiSi grains can be 

accommodated dependent on the grain size. In order to verify this idea quickly, a simplified 

process derived from STL process to fabricate test devices with nanowire channel, was 

developed as shown schematically in Fig. 4.3. Some processing details are worth noting. The 

thicknesses of TEOS supporting layer and α-Si are 40 and 20 nm, respectively. That is to say, 

the height and width of α-Si nanowire channel are 40 and 20 nm accordingly. The SiNx “fake 

gate” is 15-nm in thickness and the gate length varies from 0.3 to 50 μm. Moreover, the 

thickness of Ni for SALICIDE is 20 nm, which is sufficient to consume all Si exposed to Ni 

in the α-Si nanowire. Ni SALICIDE process is carried out at 500 oC/30 s. HR-SEM 

micrographs of a test device of “fake gate” length Lg=0.3 μm fabricated by this simplified 

STL process are shown in Fig. 4.4. 



Chapter 4. SB-MOSFETs: Fabrication and Characterization 

 

57

 

 

 

 

 

 

Fig. 4.3. Schematic presentation of a simplified STL process to fabricate test devices 
with a nanowire channel of 20 nm in width. 

 

   

 

 

(a) Starting layer stack with Si 
substrate, SiO2, SiNx and 
TEOS supporting layer. 

(b) Pattern and etch TEOS to 
form sidewall support. 

(c) 20-nm-thick α-Si 
deposition to define the width 
of nanowires. 

(d) Pattern contacting leads and 
pads and anisotropic etch to 
form rectangular α-Si nanowire 
rings supported by TEOS. 

(e) Deposit 15-nm-thick SiNx 
and pattern “fake SiNx gate” 
with an additional mask, and 
then perform Ni SALICIDE 
process. 

(a) 

(b) 

(c) 

(d) 

(e) 

Cross-section Top-view 
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By putting probes on two contacting pads in Fig. 4.4, a simple I-V characterization was 

performed for the devices of “fake gate” length Lg=0.3 μm. If the nanowire devices were 

shorted as a result of severe lateral encroachment of NiSi, the I-V characteristics should be 

linear giving rise to a finite resistance, otherwise infinite resistance for non-shorted devices. 

Unfortunately, an electrical mapping of 50 devices showed that all of them were shorted 

electrically. Hence, it can be concluded that the idea by limiting the grain boundary diffusion 

did not work; there could be other diffusion paths for Ni that led to severe lateral 

encroachment of NiSi even for nanowires of 20 nm in width. 

Apart from this failed approach, other three different Ni SALICIDE schemes were also 

employed in order to control the lateral encroachment of NiSi in this thesis work. These 

schemes were: (i) thickness control of Ni (tNi), (ii) Ni-Pt alloying, (iii) two-step annealing 

Fig. 4.4. HR-SEM micrographs of a test device with nanowire channels of 20 nm in width 
fabricated by a simplified STL process in this thesis. The “fake SiNx gate” length is 0.3 μm. 

 

Contacting pad 

Contacting pad 
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NiSi nanowire

TEOS supporting layer 

SiNx 
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with reference to Paper V. It must be pointed out that all these three schemes were conducted 

with real UTB-SOI (tSi=20 nm) devices of poly-Si gate length Lg=55 nm as shown in Fig. 4.5, 

instead of on test devices as shown in Fig. 4.4. Wafers with fabricated devices were sliced 

into a lot of pieces to test these four different Ni SALICIDE schemes which will be discussed 

briefly below.  

 

 

 

 

 

 

 

 

 

 

(i) Ni thickness control. The pieces were loaded into a sputter deposition chamber for a 

series of Ni depositions to different thicknesses tNi=3, 5, 6, 7, 10, and 15 nm calibrated using 

Rutherford backscattering spectroscopy (RBS). This was followed by annealing at 500 oC for 

10 s in a rapid thermal processing (RTP) chamber. The unreacted Ni was removed in the 

mixture of H2SO4 and H2O2 solution (Piranha) at 120 oC for 10 min. 

(ii) Two-step annealing. For this series of small pieces, a 10-nm-thick Ni film was 

sputter deposited. Immediately after the deposition, the 1st annealing was performed in situ in 

the deposition chamber without breaking the vacuum, at 100, 150, 200, 250 and 300 oC all for 

1 min.  After the un-reacted Ni was removed in Piranha, the 2nd annealing was carried out at 

500 oC for 10 s to transform the metal-rich Ni-silicide phase to NiSi. For comparison, some 

samples only underwent the 1st annealing.  

(iii) Ni1-xPtx alloys. Here, the Ni1-xPtx alloy films sputter deposited on the small pieces 

were all 10 nm, but of three different compositions with x=0.05, 0.15 and 0.3. The alloy 

Fig. 4.5. (a) top-view SEM image of a UTB-SOI SB-MOSFET with measurement pads, 
(b) the enlarged SEM image showing the gate length is 55 nm.  

Source pad (tSi=20 nm)

Poly-Si gate pad 
Poly-Si nanowire 

Drain pad (tSi=20 nm) 

(a) (b)
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thickness and composition were also calibrated using RBS. The annealing was again carried 

out in the RTP chamber at 500 oC for 10 s. The removal of un-reacted Ni-Pt alloys was 

performed by combining the Piranha solution for 10 min and then in diluted aqua regia 

(4H2O:3HNO3:1HCl) at 75 oC for 40 s. 

As seen in Fig. 4.5 (a), after the SALICIDE process, the devices could be evaluated 

electrically at the silicide level by placing three probes on source, drain and gate pads. This 

measurement provided a qualitative assessment of the silicide lateral encroachment by 

counting the number of devices that became electrical short between the source and drain 

electrodes. 

All these three Ni SALICIDE schemes can give rise to an effective control of lateral 

encroachment during Ni-silicidation. More experimental results of the first three schemes are 

shown in Paper V and VII. 
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4.1.3 SBH modification of NiSi 

 

One of the key parameters with a SB-MOSFET is the SBH of the SB S/D junction. The 

sum of electrons SBH (φbn) and holes SBH (φbp) should approximately be equal to the energy 

bandgap of Si (Eg), i.e., φbn+φbp≈Eg. At “on-state”, a low SBH for electrons/holes at the 

source terminal is required to improve carrier injection. At “off-state”, the SBH for 

holes/electrons is thus high yielding low Ioff. Theoretical studies have revealed that an 

extremely low SBH as ∼0.1 eV is required for SB-MOSFETs to outperform conventional 

MOSFETs with p-n junctions of heavily doped S/D [21, 22]. However, due to the Fermi-level 

pinning, the SBHs of most silicides are large either for electrons or for holes. As a result, both 

n-and p-type SB-MOSFETs with intrinsic Schottky S/D usually suffer from the low drive 

current and a large leakage attributed to the drain-to-substrate reverse-biased current [23]. 

Furthermore, for the ease of CMOS fabrication, the single silicide for both n- and p-type SB-

MOSFETs is highly desired. Since no single silicide can meet the low SBHs for both 

conduction polarities, complementary silicides, e.g., ErSix or YbSix for n-type SB-MOSFETs 

[24,25] and PtSi for p-type SB-MOSFETs [26,27], have been investigated in despite of the 

processing complexity. In this thesis work, NiSi was chosen for the fabrication of both n- and 

p-type SB-MOSFETs. However, as its work-function lies close to the middle of the Si 

bandgap, the NiSi/Si contact is characterized by a large SBH to both electrons and holes 

resulting in degraded drive current of the SB-MOSFETs. The SBH engineering was thus 

needed for NiSi S/D SB-MOSFETs. In chapter 3, we have adopted SADS scheme to modify 

the SBH of NiSi and both φbn and φbp have been successfully tuned to ∼0.1-0.2 eV, which 

paves the way towards the high performance NiSi S/D SB-MOSFETs in this chapter. 

 

4.2 NiSi integration with Si technology 
 

Even though the three major issues in section 4.1 have been solved for the NiSi 

integration in SB-MOSFETs, the capability of NiSi with standard Si processing is also 

essential, since NiSi films will be exposed to ion implantation (I/I) and various chemicals 

during devices fabrication at KTH. In this section, we will deal with these capability issues of 

NiSi with standard Si processing at KTH. 
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4.2.1 Ion implantation damage and recovery 

As we adopt SADS scheme to induce DS thus tuning SBHs of NiSi (in Chapter 3), B and As 

are implanted into as-formed NiSi thin films. The NiSi thin films are then severely damaged 

by ion bombardment. The degree of damage depends on ion mass as well as implantation 

dose and energy. Subsequent drive-in annealing to induce the DS at NiSi/Si interface will 

lead to a substantial structural recovery of NiSi films. The sheet resistance (Rsh) variation of 

as-formed Ni-silicide films implanted by 1×1015 cm-2 B with drive-in annealing temperature 

is illustrated in Fig. 4.6. 

 

 

 

 

 

 

 

 

 

 

 

As seen, Rsh of all Ni silicide films after I/I (as I/I) increase by a magnitude of 2-3 times as a 

result of the damage caused by B I/I. Upon drive-in annealing at 450 to 800 oC, Rsh first 

decreases due to the structural recovery of films and then increase because of the 

agglomeration at high temperature. For Ni silicide films of 11-22 nm thick, polycrystalline 

NiSi was identified in Paper III. The drive-in annealing behavior of them is quite similar to 

that for NiSi films during silicidation annealing. That is to say, Rsh starts to increase above 

500 oC drive-in annealing temperature and this occurs at lower temperature for thinner films, 

i.e., 700 and 600 oC for NiSi films of 22 and 11 nm thick respectively. For the extremely thin 
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Fig. 4.6. Variation in sheet resistance of Ni-silicide films after B I/I with drive-in 
annealing temperature. For thicker Ni-silicide films, i.e., 11-22 nm, NiSi is identified. 
For the ultrathin Ni-silicide film, i.e., 5 nm, NiSi2-y is identified [28]. 
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Ni silicide film of ~5 nm thick, surface-energy triggered formation of epitaxial NiSi2-y was 

concluded in Paper III. The drive-in annealing behavior of it is also similar to that for NiSi2-y 

film during silicidation annealing. The extraordinary morphological stability of NiSi2-y film 

with drive-in annealing temperature benefits from the formation of epitaxial NiSi2-y. In this 

thesis, we use the Ni SALICIDE scheme (i) in section 4.1, i.e., tNi=5 nm, to control the lateral 

encroachment of NiSi during the fabrication of NiSi S/D SB-MOSFETs, the resulted 

thickness of NiSi is 11 nm. Hence, the optimized drive-in annealing temperature is 550 oC 

after ion implantation according to Fig. 4.6.  

4.2.2 Etching of NiSi 

In the standard Si processing and the device fabrication flow at KTH, NiSi is usually covered 

by a layer of LTO after Ni SALICIDE process. A mask is then employed to define small 

contacting holes followed by anisotropic dry-etching to open them. NiSi is thus exposed to 

dry-etching chemicals, typically CHF3-CF4-Ar plasma at KTH. An excellent etching 

resistance of NiSi films to dry-etching plasma is important since too much NiSi thickness loss 

is undesired. The NiSi thickness loss vs. dry-etching time in the CHF3-CF4-Ar plasma is 

shown in Fig. 4.7. As shown, the etch rate is very slow indicating the excellent resistance of 

NiSi to this etch. 
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Fig. 4.7. NiSi thickness loss vs. etch time using SiO2 dry-etch recipe. 
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According to our previous experience, the CHF3-CF4-Ar plasma should, however, never see 

NiSi films otherwise the contact resistivity between Al/TiW and NiSi would increase 

significantly or at least show a large variation within a wafer. In order to circumvent this 

problem, a delicate dry-etching recipe has been developed to etch most LTO and deliberately 

leave a thin layer of LTO in the contacting holes untouched, as shown in Fig. 4.8(a). The 

remaining LTO layer is then removed in 1% HF solution. The etching time is usually 1∼2 

min to make sure that all LTO is removed in the small contacting holes. Therefore, it is 

necessary to determine the etch rate of NiSi in 1% HF solution as well. Fig. 4.8(b) depicts the 

NiSi thickness loss vs. etch time in 1% HF solution. More specifically, in this thesis, since 

NiSi films undergo I/I and subsequent drive-in annealing to modify the SBHs, the etch rate 

for them is also shown in Fig. 4.8(b). Although NiSi films with I/I recover after drive-in 

annealing, the etch rate of them is still larger than that of NiSi films without I/I. After 1 min, 

the NiSi thickness losses reach 7 and 10 nm for NiSi without and with I/I, respectively, which 

are affordable for thicker NiSi films [29] but definitely not for thinner ones. For NiSi S/D 

SB-MOSFETs formed on UTB-SOI substrates with resulting ultrathin NiSi films in this 

thesis, too much NiSi thickness loss in 1% HF is unbearable which is required to be 

minimized. 
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Fig. 4.8. (a) a schematic presentation of the contact hole structure, and (b) NiSi 
thickness loss vs. etch time in 1% HF solution. 
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4.2.3 SiNx-SiO2 double layer 

In the previous section, since the exact thickness of LTO remaining after dry-etching in small 

contacting holes is unknown, the etch time in 1% HF is uncertain. Therefore, adequate over-

etch time is needed to guarantee the clearance of LTO, which unfortunately results in too 

much NiSi thickness loss. This problem can be solved by using a SiNx/SiO2 double layer 

structure as shown in Fig. 4.9. The thickness of SiO2 and SiNx is 20 nm and 80 nm, 

respectively, both deposited by PECVD. After defining small contacting holes, SiNx layer is 

anisotropically etched through and the dry etching stops at SiO2 layer by endpoint control 

automatically.  Hence, the remaining PECVD SiO2 layer in the contacting holes is 

approximately 200 Å, which can be removed by 1% HF within a very short time, i.e., 25 s, as 

a result of the fast etching of PECVD SiO2 in 1% HF. If by any chance, there is still some 

over-etching of NiSi, the thickness loss is actually very limited within such a short time. In 

this thesis work, this double layer structure is adopted, and the contact resistivity between 

TiW/Al and NiSi, as low as 2×10-8 Ω-cm2, was achieved. 

 

 

  

 

 

 

 

 

 

 

 

 

Fig. 4.9. A schematic presentation of a SiNx/SiO2 double layer structure in order to 
minimize the NiSi thickness loss in 1% HF solution. 
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4.3 SB-MOSFETs on UTB-SOI 

After resolving numerous processing issues and problems, the final NiSi S/D SB-

MOSFETs are successfully demonstrated: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The major process steps for the process flow to fabricate NiSi S/D SB-MOSFETs on 

UTB-SOI substrates are summarized in Fig. 4.10. Lightly doped p-type SOI wafers with a 

150-nm-thick Si on top of a 400-nm-thick buried oxide (BOX) were used as the starting 

material. The surface Si was thinned down to about 20 nm by several cycles of thermal 

oxidation and subsequent SiO2 removal in dilute HF solution. After definition of isolated 

active areas in the ultrathin Si, a 3-nm-thick gate oxide was grown by means of dry oxidation 

at 750 oC. This was followed by the deposition of a 120-nm-thick in situ phosphorous doped 

poly-Si as the gate electrode material. An I-line stepper was employed to define gate lengths 

Fig. 4.10. Process flow for the fabrication of NiSi S/D SB-MOSFETs in this thesis.

Thinning SOI to 20-nm thick 

Defining nanoscaled gate of Lg=55 nm by STL process 

Formation of 15-nm-thick SiO2/Si3N4 slim spacers 

Ni SALICIDE process (500 oC) 

As I/I into as-formed NiSi for n-type devices: dose 1×1015 cm-2 

B I/I into as-formed NiSi for p-type devices: dose 1×1015 cm-2 

Drive-in annealing at 550 oC/2 min 

PECVD SiO2/SiNx deposition and contact hole 

Al/TiW metallization 

3-nm-thick gate oxide growth and 100-nm-thick IDP poly-Si deposition

Formation of MESA structure 

Forming-gas annealing 
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Lg≥0.3 μm. The improved STL technology was used to fabricate devices of Lg=55 nm [10-

12].  Slim gate spacers composed of a 5-nm-thick SiO2 and a 10-nm-thick Si3N4 were formed 

in order to make it easy for control of NiSi lateral growth. Careful control of Ni SALICIDE 

process was performed by controlling tNi=5 nm at 500 oC/10 s. Boron and As were then 

implanted into the NiSi for the p- and n-MOSFETs, respectively, both to a dose of 1x1015 cm-

2. The implantation energy was 1 keV for B and 2 keV for As. Drive-in annealing was carried 

out in the rapid thermal processing (RTP) chamber at 550 oC for 2 min resulting in B and As 

DS at the NiSi/Si interface. Control devices without dopant implantation were also processed. 

The device fabrication was completed with Al metallization followed by forming gas 

annealing at 400 oC for 30 min. The cross-sectional HR-TEM micrograph of a fabricated 

NiSi S/D SB-MOSFET is shown in Fig. 4.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.11. Cross-sectional TEM micrograph of the central part of a fabricated NiSi S/D 
SB-MOSFET with a 55 nm-gate defined by means of the improved STL technology. 
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In Paper V, a systematic investigation of different Ni SALICIDE schemes towards a 

controllable NiSi-based metallic S/D SB-MOSFETs is presented. As and B dopant 

segregation by means of SADS at drive-in annealing temperature 550 oC was found efficient 

for both polarities of devices of Lg=55 nm, as shown in Fig. 4.12. As seen from the Ids-Vg 

plots [Fig. 4.12(a) and 4.12(c)], both devices with dopant segregation show typical n- and p-

type MOSFETs behaviors compared to the ambipolar behavior of devices without dopant 

segregation. The SB-MOSFETs characteristics of both n- and p-type devices are obviously 

observed by the exponential behavior of Ids-Vds plots [Fig. 4.12(b) and 4.12(d)]. 
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Fig. 4.12.Transfer Ids-Vg characteristics for NiSi S/D SB-MOSFETs of Lg=55 nm 
with and without DS, for (a) n-type and (b) p-type devices. Their corresponding 
Ids-Vds output characteristics are shown in (b) and (d) respectively.  
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However, the device design is not optimized in this thesis due to the equipment limitation. 

This non-optimized device design not only has led to severe short channel effects, but also 

has resulted in relatively low drive current (Ion) and large subthreshold slope as showing in 

Fig. 4.12. In order to further improve the device performance, a high-k gate dielectric with 

much smaller effective oxide thickness is required. Moreover, the large source and drain 

series resistance (RSD) also lead to low Ion. In Fig. 4.13, the total resistance (RTOT) versus Lg is 

shown. A linear fitting can be made and extrapolated to Lg=0 in order to get RSD for both 

devices with As (Fig. 4.13a) and B DS. RSD of n- and p-type devices are ∼1.8 and ∼3 kΩ⋅μm 

respectively.  RSD consists of TiW/NiSi contact resistance (RC), sheet resistance of NiSi 

(RNiSi), and Schottky barrier resistance (RSB). Based on the results of RC and RNiSi obtained 

from the test structures, RSB is the dominating factor accounting for 80-90 % of RSD. The still 

large SBHs are probably the reason for the high RSB since the drive-in annealing temperature 

is rather low in this thesis. 
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In Table I, a compilation of NiSi S/D SB-MOSFETs is summarized. According to this table, 

gate-all-around or FinFET combines with DS should be introduced to control the SCEs and 

improve the devices performance. 

  

 

 

 

 

 

 

 S/D Channel Lg 
(nm) 

tox 
(nm)

Vd 
(V) 

Ion 
(μA/μm)

Ioff 
(μA/μm) Ion/Ioff 

SS 
(mV/dec) 

DIBL 
(mV/V) Ref.

N-
SBNWM

OS 
NiSi nanowire 

∼6 nm 90 9 1.2 399 5.2 x10-3 2.3x105 ∼60 13 

P-
SBNWM

OS 
NiSi nanowire 

∼6 nm 90 9 -1.2 513 5.2 x10-3 1.5x105 ∼60 10 

[30]

N-
SBMOS 

NiSi 
DS 

FinFET,
FH 

=50nm, 
FW=15 

nm 

15 1.3 1 1000 5x10-2 2x104 ∼65 - 

P-
SBMOS 

NiSi 
DS 

FinFET,
FH 

=50nm, 
FW=15 

nm 

15 1.3 -1 500 8x10-2 6.3x103 ∼80 - 

[31]

N-
SBMOS 

NiSi 
DS 

FinFET,
FH 

=40nm, 
FW=60 

nm 

49 4 1 167 8.4x10-6 2x107 94 - 

P-
SBMOS 

NiSi 
DS 

FinFET,
FH 

=40nm, 
FW=60 

nm 

49 4 -1 84 1.7x10-7 5x108 71 - 

[32]

P-
SBNWM

OS 

NiSi 
DS 

nanowire 
∼10 nm 50 6 -1 319 ∼10-4 ∼105 ∼90 - [33]

N-
SBMOS 

NiSi 
DS 

UTB-
SOI 

tsi=20 nm 
55 3 1.2 342 9.8x10-3 3.5x104 164 251 

P-
SBMOS 

NiSi 
DS 

UTB-
SOI 

tsi=20 nm 
55 3 -1.2 204 8.7x10-3 2.3x104 175 243 

this 
work

Table I. A complilation of device performance of NiSi S/D SB-MOSFETs. 
FH: Fin height; FW: Fin width; NW: Nanowire. 
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4.4 SB-FinFETs fabrication 

In this thesis, motivated by the successful demonstration of SB-MOSFETs on UTB-SOI 

substrate, the fabrication of SB-FinFET was also carried out. The process for fabricating SB-

FinFETs is rather similar to that for SB-MOSFETs on UTB-SOI substrate, except using the 

STL technology twice, i.e., the first one for the definition of the Fin and the second one for 

the definition of the gates. In addition, the NiSi S/D is replaced by PtSi S/D. The schematic 

presentation of fabricating SB-FinFET is skipped in this section. Since p-type SB-FinFET 

was successfully fabricated in [34] at KTH, this section will deal with the fabrication of n-

type SB-FinFET. As was implanted into as-formed PtSi films and then followed by 700 
oC/30 s drive-in annealing to induce DS. Control samples without As DS were also processed 

at the same time. In Fig. 4.14(a), a HR-SEM micrograph of fabricated SB-FinFET is shown 

along with an enlarged micrograph of both Fin and gate in Fig. 4.14(b). As seen, the 

fabricated device has two Fins (channel) in parallel. The cross-sectional TEM micrograph of 

the channel-Fin structure is shown in Fig. 4.14(c) and (d) along A-A’ and B-B’ directions 

respectively. From the SEM and TEM pictures, the following data regarding FinFET in this 

thesis are obtained: the gate length is about 90 nm, the dimension of Fin are 25 nm in width 

and 30 nm in height respectively. 

The As DS is found to be very effective for n-type SB-FinFET compared to the devices 

without As DS. Devices without DS show a typical p-type SB-FinFET behavior due to a 

small SBH of PtSi to holes. With As DS, the typical n-type characteristics for both SB-

FinFET and SB-MOSFET on UTB-SOI substrate are achieved. Moreover, the SB-FinFET 

shows a better control of SCE in comparison with SB-MOSFET on UTB-SOI as expected. 

Regarding to more detailed results, they are shown in Paper VI. 

In Paper VII, an overview of metallic source/drain (MSD) Schottky-barrier (SB) MOSFET 

technology is provided. This technology offers several benefits for scaling CMOS, i.e., 

extremely low S/D series resistance, sharp junctions from S/D to channel and low 

temperature processing. A successful implementation of this technology needs to overcome 

new obstacles such as Schottky barrier height (SBH) engineering and careful control of 

SALICIDE process. Device design factors such as S/D to gate underlap, Si film thickness and 

oxide thickness affect devices performance owing to their effects on the SB width. Recently, 

we have invested a lot of efforts on Pt- and Ni-silicide MSD SB-MOSFETs and achieved 

some promising results in Paper V, VI and VII. 
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Fig. 4.14. (a) and (b) Top-view micrographs of a fabricated SB-FinFET. Cross-
sectional TEM micrographs of (c) the Fin-channel underneath the gate, and (d) 
Extended Fin-channel nanowire. 
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Chapter 5. Summary, Conclusions and Future Perspective 

 

As the CMOS devices are aggressively downscaled to sub-30 nanometers technology nodes, 

new materials and device architectures are required in order to control the ever deteriorating 

short channel effects and improve devices performance. The Schottky barrier source/drain 

contact technology has been discussed as the most promising solution to reducing the 

parasitic series source/drain resistance thus boosting the device performance. The present 

thesis has a focus on examining the technological challenges towards the integration of PtSi 

and NiSi source/drain in SB-MOSFETs. For this purpose, the sidewall transfer lithography 

technology was used for routine fabrication of sub-60 nm nanowires in a controllable and 

reproducible manner. A controllable Ni SALICIDE process dedicated to the formation of 

NiSi metallic source/drain without severe lateral encroachment has been developed. The 

major results of this thesis work are summarized below: 

 An experimental study of dopant segregation at NiSi/Si interface has led to a substantial 

SBH modification. The present thesis explores dopant segregation using B and As for the 

NiSi/Si contact system. The effects of C and N implantation into Si substrate prior to the 

NiSi formation are examined, and it is found that the presence of C yields positive effects 

in helping reduce the effective SBH to 0.1-0.2 eV for both conduction polarities. The 

achieved results of low SBH for both polarities inspire the application of NiSi metallic 

source/drain into future CMOS technology. Moreover, through a systematic study of the 

variation of ρc of the silicide/silicon interface induced by DS, the formation of interfacial 

dipole as the cause responsible for the modification of SBH have been confirmed. 

 The ultrathin Ni1-xPtx (x=0∼1) silicide films have been studied for perspective ultrathin 

SOI devices. It is found that Pt-silicide films of all thicknesses show normal behavior of 

morphological stability, i.e., thinner films start to agglomerate at lower temperatures as 

the resulting polycrystalline PtSi films always agglomerate at low temperatures for 

thinner films.  Surprisingly, the Ni-silicide films exhibit two different morphological 

stability characteristics depending on the deposited thickness of Ni (tNi). For tNi≥4 nm, 

polycrystalline NiSi films form and agglomerate at lower temperatures for thinner films 

like PtSi films. However, for tNi<4 nm, epitaxially aligned Ni-silicide films readily grow 

and exhibit extraordinary morphological stability up to 800 oC. This extraordinary 
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morphological stability of ultrathin Ni1-xPtx silicide films makes dopant segregation more 

scalable for SB-MOSFETs formed on ultrathin SOI substrates. 

 A simplified STL process has been developed to fabricate nanowire device with “fake 

gates”. This nanowire device with “fake gates” is used to verify the idea of controlling 

NiSi lateral encroachment by limiting the number of NiSi grains. Three different Ni 

SALICIDE schemes to control the lateral encroachment have been examined 

systematically and it is found that all these three schemes can lead to an effective control 

of lateral encroachment during Ni SALICIDE. 

 Finally, after solving numerous processing challenges with the integration of Ni1-xPtx 

(x=0∼1) silicides in SB-MOSFETs, NiSi S/D SB-MOSFETs of Lg=55 nm formed on 

UTB-SOI substrates were successfully fabricated. Moreover, the SB-FinFETs featuring 

with PtSi S/D were also fabricated. Through DS with appropriate dopants using the 

SADS process, i.e., B for p-type SB-MOSFETs and As for n-type devices, both types of 

high-performance SB-MOSFETs and SB-FinFETs have been achieved in this thesis. 

These achievements at KTH place Ni1-xPtx (x=0∼1) silicides SB-MOSFETs and SB-

FinFET as competitive candidates for future CMOS technology 

Whatever the future CMOS solutions may look like, source/drain contact issues will continue 

to pose challenges. Looking down the road, there is still much work to do after this thesis 

work. Two interesting topics deserve further investigation. 

 The scalability of DS is needed to be investigated in order to tune the SBHs of both NiSi 

and PtSi films of few nm thicknesses. Meanwhile, since the contacting is of utmost 

importance in future CMOS, decreasing specific contact resistivity by DS is an 

interesting topic to be studied. 

 Since the study on ultrathin Ni1-xPtx silicide films shows very interesting results, the 

realization of NiSi2-y epitaxial source/drain SB-MOSFETs with DS is required to be 

investigated further on. 
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