
 

 
 
 

 
 
 

Interaction of Ni with SiGe 
for electrical contacts 
in CMOS technology 

 
 

Doctoral Thesis 
 

By 
 

Johan Seger 
 

Stockholm, 2005 
Sweden 

 
 

Laboratory of Solid State Devices (SSD), 
Department of Microelectronics and Information Technology (IMIT), 

Royal Institute of Technology (KTH) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Interaction of Ni with SiGe for electrical contacts in CMOS technology 

by Johan Seger 

 

 

 

A dissertation submitted to the Royal Institute of Technology, Stockholm, Sweden in 

partial fulfillment of the requirements for the degree of Doctor of Philosophy (Ph. D.). 

 

© 2004 Johan Seger 

ISRN KTH/EKT/FR-2005/2-SE 

ISSN 1650-8599 

TRITA-EKT 

Forskningsrapport 2005:2 

 

This thesis is available in electronic version at: http://media.lib.kth.se 

Printed by Universitetsservice US AB, Stockholm, 2004. 

 



   
 

Seger, Johan: Interaction of Ni with SiGe for electrical contacts in CMOS technology 
ISRN KTH/EKT/FR-2005/2-SE, ISSN 1650-8599, TRITA-EKT, Forskningsrapport 2005:2 
Royal Institute of technology (KTH), Department of Microelectronics and Information 
technology (IMIT), Stockholm 2004. 

 
Abstract 
This thesis investigates the reactive formation of Ni mono-gernanosilicide, NiSi1-uGeu, for 
contact metallization of future CMOS devices where Si1-xGex can be present in the gate, 
source and drain of a MOSFET. Although the investigation has been pursued with a strong 
focus on materials aspects, issues related to process integration in MOSFETs both on 
conventional bulk Si and ultra-thin body SOI have been taken into consideration. The thesis 
work has taken a balance between experimental studies and theoretical calculations.  

The interaction between Ni films and Si1-xGex substrates, polycrystalline (poly) as in the 
gate or single-crystal (sc) as in the source/drain, leads to the formation of a ternary solid 
solution NiSi1-uGeu with the MnP structure in a wide range of temperature from 450 to 
850 oC. A linear variation of the lattice parameters of the NiSi1-uGeu with u is determined. A 
number of key observations are made: (1) the agglomeration of NiSi1-uGeu on Si1-xGex at a 
lower temperature compared to that of NiSi on Si, (2) the absence of NiSi2 up to 850 oC when 
Ge is present, and (3) a substantial Ge out-diffusion from the NiSi1-xGex and a precipitation of 
Ge-richer SiGe around the NiSi1-uGeu grains. These observations are interpreted referring to 
the ternary phase diagram for the Ni-Si-Ge system presented in this work. 

Possible factors influencing the morphological stability of NiSi1-uGeu films on Si1-xGex 
are discussed: (1) mechanical strain in the epitaxial Si1-xGex, (2) the favorable formation of 
NiSi at the expense of NiGe, (3) grain growth in poly-Si1-xGex, and (4) grain grooving in 
NiSi1-uGeu on sc-Si1-xGex. Energetically, the former two factors have been found to play a 
comparable, yet major role in the morphological instability of NiSi1-uGeu. The inter-diffusion 
of Si and Ge in NiSi1-uGeu and Si1-xGex provides the kinetic pathway for the morphological 
evolution. On Si1-xGex epitaxially grown on Si(100), a strong preferential orientation of the 
resulting NiSi1-uGeu film is found; NiSi films formed on Si show no specific film texturing. 
Furthermore, layer sequence and layer thickness of Si/SiGe or SiGe/Si are found to strongly 
affect the film texture in the resulting NiSi1-uGeu. Epitaxy of NiSi on NiSi1-uGeu, and vice 
versa, occurs across the compositional boundary, which confirms Ni as the dominant 
diffusion species during germanosilicide formation.  

The presence of Ge reduces the contact resistivity for NiSi1-uGeu on p-tyep Si1-xGex, as 
expected. For poly-Si1-xGex doped by B to 1020 cm-3, a contact resistivity of 9×10-8 Ωcm2, 5 
times lower than for the corresponding NiSi/Si contact, is obtained. On n-type Si1-xGex doped 
by As to 1020 cm-3, the opposite is true regarding the effect of Ge and a contact resistivity of 
2×10-5 Ωcm2, 20 times higher than for the corresponding NiSi/Si contact, is obtained. 

When formed in the source/drain regions of a MOSFET fabricated on ultra-thin body 
SOI, a severe lateral growth of NiSi and Ni2Si into the channel region is revealed if the initial 
Ni thickness is too thick and if the silicidation conditions are not carefully controlled. This 
leads to a Schottky contact S/D MOSFET due to the consumption of the entire source/drain. 
In order to realize a low source/drain resistance for MOSFETs on ultra-thin SOI, satisfying 
the Roadmap recommendation for the 45-nm technology node, simplified calculations have 
been performed and an elevated source/drain structure is clearly shown to be advantageous.  

 
Key Words 
MOSFET, NiSi, SiGe, phase formation, morphological stability, phase diagram, contact 
resistivity, lateral encroachment, Schottky contact MOSFETs. 
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1. Introduction 
 

The rapid development in microelectronics during the last 40 years has been realized 

through minimization and integration of the electronic devices. According to the 2003 

update of the International Technology Roadmap for Semiconductors (ITRS),1 this 

rapid pace of development will continue for at least another decade. Metal-oxide-

semiconductor field-effect-transistor (MOSFET) has been the basic building block for 

the absolute majority of today’s electronic systems. Among many technical 

parameters, the physical gate length of a MOSFET, which is one of the most critical 

indicators of the integration technology, will decrease below 10 nm by year 2016, in 

order to attain the desired technological gain and economic profit. The predicted 

development trend in downscaling of the gate length from ITRS is shown in Fig. 1 

and the trend was first predicted by Moore in the 1960s.2  

 

The driving force of the rapid downscaling has always been the same: enhanced 

device performance and functionality, improved reliability, decreased power 

dissipation, increased throughput and reduced cost. In particular, the speed of an 

electronic circuit is one of the major concerns. To enhance the speed, parasitic 

capacitance and series resistance should both be minimized to reduce the RC 

(resistance-capacitance) time delay and increase the clock frequency.3 High contact 

resistance in electronic devices already constituted one of the limitations to the down 

scaling 25 year ago. New materials have been introduced in interconnections in order 

to maintain the circuit performance. For this purpose of getting higher speed, metal 

silicides have been utilized for contact metallization and local wiring.4,5  

 

The choice of metal silicides in Si technology is straight forward, because they meet 

the basic requirements: low specific resistivity, low contact resistivity to both types of 

Si, high thermal stability, and good process compatibility with standard Si technology. 

Today, metal silicides are an important part of an electronic device.5 The self-aligned 

silicide (SALICIDE) process that leads to the formation of the same kind of metal 

silicide simultaneously in the gate and source/drain regions, has been very successful 

due to its great simplicity and reliability of processing. It has indeed resulted in 

significant advancements in the use of metal silicides in microelectronics industry. In 
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short, the SALICIDE technology has found an important position in present state-of-

the-art electronic device technology. The use of metal silicides has brought about two 

major beneficial effects for a MOSFET: as a current shunt to reduce the series 

resistance of the poly-Si gate electrode and as a contact to decrease the series and 

contact resistances in the source/drain regions. The role of silicides in electronic 

devices has evolved strongly over the last decennium. The most commonly used 

silicides have been PtSi,6-8 TiSi2,9 and CoSi2.8 However, incorporation of C54-TiSi2 

and CoSi2 in smaller devices (below 0.2 and 0.04 µm, respectively)10 becomes very 

difficult. More recently, NiSi has attracted a great deal of attention.11-15 The latest 

developments point to a converging effort to incorporate NiSi in future MOS devices.  

 

 

 

Concurrently, interest in incorporation of Si1-xGex alloys in MOSFETs has been 

growing in recent years. Si1-xGex alloys in different structural forms can be present in 

the various parts of a MOSFET, i.e. in a gate (polycrystalline, “poly”)16 or in S/D 

(single-crystal, “sc”),17 in order to further enhance device performance. Poly-Si1-xGex 

can be used for work-function adjustment in the gate electrode. Incorporation of sc-
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Figure 1. The predicted development trend in downscaling of the gate length, 
according to the 2003 Edition of ITRS. 
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Si1-xGex in the source/drain regions aims at reducing the series resistance. The 

presence of a compressively strained Si1-xGex channel can lead to an enhanced hole 

mobility and the growth of a tensile strained Si channel on a Si1-xGex virtual substrate 

to an increased carrier mobility of both polarities. In all cases, contact metallization 

using the SALICIDE technology may inevitably involve the underlying Si1-xGex in the 

silicidation reaction.18 However, in order to fully benefit from the incorporation of  

Si1-xGex alloys, it is important to be able to form reliable low-resistivity electrical 

contacts to the regions containing Si1-xGex which satisfy the requirements for the 

technology nodes included in the 2003 edition of ITRS (see Fig. 2).1  
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Figure 2. The predicted development trend in downscaling of the specific contact 
resistivity, according to the 2003 Edition of ITRS. The sharp decrease between the 
technology nodes 2010 and 2012 is due to the introduction of multi-gate devices. 
 

 

The focus in thesis is on integration of NiSi in Si/Si1-xGex MOSFETs and it is 

structured as follows. First, the implementation of metal silicides and the SALICIDE 

process are presented in Chapter 2. The migration from TiSi2 to NiSi is discussed on 

the basis of the materials properties of the silicides as well as the requirements from 

the device performance perspective. The basic properties of Ni silicides and 
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germanides will be presented. Formation issues with the consideration of 

technological limitations and constraints will be discussed with reference to the most 

frequently used SALICIDE technology. Collected properties of the binary Ni-Si and 

Ni-Ge systems will also be presented. Chapter 2 ends with an introduction to contact 

resistvity measurement.  

 

The focus of Chapter 3 is placed on the formation of ternary NiSi1-uGeu under various 

conditions. Discussions in this chapter refer constantly to the appended papers. The 

different issues encountered with the use of Ni-silicide are also discussed. Integration 

of NiSi in complementary metal-oxide-semiconductor (CMOS) technology is then 

presented. Implementation of NiSi in MOSFETs fabricated on ultra-thin silicon on 

insulator (SOI) is also discussed with some calculation examples related to contact 

performance presented. 

 

Finally, in Chapter 4 a short summery of this thesis will be presented. Future trends of 

metal silicides in CMOS technology are envisioned. Driven by the requirements for 

enhanced device performance in future CMOS technologies featuring sub-30-nm 

gate-length, the fundamental structure of such a MOSFET is expected to change, so 

are the materials used, including metal silicides. The addition of new materials puts 

great challenges on integration as well as on fundamental understanding. 
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2. Implementation of silicides  
 

Among the various metal silicides used in the SALICIDE technology, TiSi2 has been 

the most studied due to its wide usage for CMOS metallization. For gate length 0.25-

µm and below, CoSi2 began to replace TiSi2. This replacement was due to increasing 

difficulties in forming the low-resistivity C54 TiSi2 as the dimensions grew smaller. 

As the research around the formation of CoSi2 deepened, more technological issues 

were revealed and corresponding solutions presented. The Co-based SALICIDE 

technology can therefore be considered as mature by now. However, it is expected 

that NiSi will take over for future generations of CMOS technologies, see discussions 

below. 

 

2.1 The SALICIDE process  

 

The self-aligned silicide, SALICIDE, that leads to the formation of the same kind of 

metal silicide simultaneously in the gate and source/drain regions has found a very 

special position in nowadays state-of-the-art electronic device technology. The 

implementation of the SALICIDE technology has not only led to greatly simplified 

device processing, but also remarkably improved the process reliability by, for 

instance, avoiding direct patterning the silicide/poly-Si stack. It has also led to 

significant advancements in the use of metal silicides in microelectronic industry.   

 

The SALICIDE process is described as follows using NiSi as an example. When the 

gate stack of a MOSFET is defined, a Ni film is deposited on top of the substrate 

surface (Fig. 3(a)). A first heat treatment, usually rapid thermal processing (RTP), at a 

relatively low temperature, typically at 260-310 oC, leads to the formation of Ni2Si in 

the gate and source/drain areas where Si is in direct contact with the deposited Ni. No 

interaction is expected between the Ni and the surrounding oxide. After the Ni2Si 

formation a selective wet etch is used to strip off the unreacted Ni film main present 

on top of the substrate surface (Fig. 3(b)). A second heat treatment typically at 450-

500 oC leads to the formation of NiSi in the gate and source/drain areas (Fig. 3(c)). 

One of the advantages with Ni-SALICIDE is that only one heat treatment (typically 
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around 400-500 oC) is needed if it is necessary. In practice, concerns with a non-

uniform formation of NiSi, thicker on narrower Si lines than on wider ones,13 has 

motivated the use of the above-described two-step annealing process.19  

 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. SALICIDE processing using the formation of NiSi as an example. 
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The process sequence in Fig. 3 is in fact generic applicable also for the Ti-, Co-based 

SALICIDE, although the precise purpose of the two annealing steps differs. The 

temperatures used for the two steps of annealing depend on the silicide chosen. In the 

case of Ti and Co, the first annealing is typically held at 650-700 oC for C49 TiSi2 and 

400-600 oC for Co2Si or CoSi in order to avoid the formation of a silicide bridge over 

the SiO2 spacers which would otherwise cause electrical shorts between the gate and 

the source/drain electrodes. The second annealing is important for the formation of the 

low-resistivity silicide phases, C54 TiSi2 (above 850 oC) and CoSi2 (above 700 oC), 

respectively.14,20  

 

2.2 Basic requirements 

 

Reduction of the parasitic interface and series resistances in the gate and source/drain 

regions is essential for enhancement of device performance. It is also necessary that 

the SALICIDE process itself does not influence the device structure with its doping 

profiles and isolation. The basic requirements for the selection of the metal to be used 

in the silicide formation are as follows:14 

 

- High conductivity  

- Low contact resistivity to both types of heavily doped Si 

- Good chemical stability in contact with Si 

- Satisfactory thermal and mechanical properties with reference to Si 

- Satisfactory thermal stability with regard to the morphology 

- Compatibility with standard Si processing technology including cleaning and 

etching 

- No excessive thermal treatments compared to earlier process steps 

- No detrimental contamination that will affect device performance 

 

Complementary to these requirements is to identify of the key issues to deal with for 

integration of the SALICIDE process, as shown schematically in Fig. 4 referring to 

Iwai et al.13 They can be summarized as three main issues to be consider:14,15 
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1) On the gate: phase formation in small-dimension features such as narrow stripes of 

poly-Si gate and small areas of single-Si source/drain regions; thermal and 

morphological stability of the silicide/poly-Si gate electrode stack; integrity of the 

SiO2 gate dielectric beneath;  

 

2) On the source/drain: contact resistance between the silicide and source/drain and 

junction integrity of the source/drain regions; and 

 

3) Between the gate and source/drain: bridging between the gate and source/drain 

regions and integrity of the spacer. 

 

These various issues have recently been described detail.14 The discussion in Chapter 

3, will be focused on these issues as well as their potential solutions. Since Si1-xGex is 

playing an increasingly important role in to enhance the device down-scaling,21-23 

contact metallization to Si1-xGex in terms of metallurgy and morphology will also be 

discussed in Chapter 3.  
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Figure 4. Schematic of the major process-induced reliability issues related the 
SALICIDE process.   
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2.3 The migration from TiSi2 to NiSi 

 

TiSi2 has been commonly used in microelectronics industry for contact metallization 

as well as for local interconnections,24 because of its low specific resistivity, low 

contact resistivity to both types of Si, and relatively high thermal stability. Since the 

Ti-silicidation is relatively insensitive to oxygen contamination as compared to the 

formation of many other silicides, the formation of TiSi2 is especially suitable when 

using RTP where the annealing atmosphere usually is not entirely free of oxygen.  

 

As the minimum feature size of MOS devices is scaled down to 0.2 µm and below, in 

order to enhance the device performance, the formation of TiSi2 via the SALICIDE 

process becomes problematic.14,15,25,26 TiSi2 is known to occur in two different 

crystallographic structures, C49 and C54.27,28 The C54 TiSi2 is the stable phase found 

in the Ti-Si binary diagram. It is also the phase desired for electronic devices, not only 

due to it being more stable, but also due to the 4-fold lower resistivity; whereas the 

resistivity of C49 TiSi2 is 60-80 µΩcm, that of C54 TiSi2 is only 15-20 µΩcm.27 

When the device dimensions are scaled down, the exposed Si areas decreases and the 

C49 to C54 phase transition becomes more difficult. The origin for this difficult 

transition is suggested to be the low density of C54 nuclei within the C49 matrix,25,29 

since the C49-C54 phase transition is a nucleation limited process.30 

 

In narrow Si lines, problems related to the C49-C54 phase transition occur. If the line 

width is much smaller than the average distance between two C54 nuclei, the 

formation of C54 TiSi2 is dominated by a one-dimensional (1-D) growth. This 1-D 

growth can result in incomplete C49-C54 transformation thus increased line resistance 

and resistance spread over a chip. Downscaling of the device dimensions also results 

in decrease in temperature at which the TiSi2 starts to agglomerate, as the thickness of 

the TiSi2 is reduced.26 One solution to this problem, for the growth of C54 TiSi2 in 

narrow lines, could be pre-amorphouzation of Si using ion implantation.31-33 But a 

different approach using refractory metal, Nb, Mo, Ta and W to enhance formation of 

C54 TiSi2 has been established.25,29,34,35 We have recently studied in details the 

influence of an Nb interposed layer on the contact properties.36,37 The contact 

resistivity for both types of doping in the poly-Si substrates at various doping levels 
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with and without an interposed layer of Nb is shown in Fig. 5. The values of ρc are 

consistently lower for the contacts with the metal system Ti/Nb, as compared to those 

with Ti. This difference is especially pronounced for the contacts on p-type Si (Fig. 

5(b)). In the presence of a thin Nb layer between Ti and poly-Si, C40 (Ti,Nb)Si2 was 

consistently found in all contacts,37 confirming that the formation did not depend on 

the contact size at least down to 0.5 µm2 (see Fig. 6(a)). For Ti on poly-Si, C54 TiSi2 

grains were found in some of the 5×5 µm2 contact windows, while only C49 existed 

in the 0.7×0.7 µm2 windows (see Fig. 6(b)).  
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Figure 5. Log-linear plot of ρc vs. 1/sqrt(dose) for contacts on (a) n-type and (b) p-
type substrates (from Ref. 36). 



 Johan Seger 11 

 

 

Although tremendous progress has been made with the formation of the low-

resistivity C54 TiSi2 in narrow Si lines, it is advantageous to use CoSi2 when the line 

widths are scaled below 0.2 µm.38 The formation of CoSi2, a phase with a comparably 

low resistivity with C54 TiSi2, is almost free from such adverse fine-line effect. 

Recent results have, however, shown a sharp increase in sheet resistance when Co-

silicide is formed in Si lines below 40 nm width.10 Alloying Co with Ni, which leads 

to favorable effects on the formation of CoSi2 at lower temperatures,39,40 does not 

seem to solve the problem with the sharp line-resistance increase. The most serious 

concern with the Co-SALICIDE for future contact applications related to the high 

formation temperature, oxygen contamination, Si consumption during silicidation, 

void formation, and interface roughness.39-41 However, in order to fulfill the ITRS1 

scaling requirements, NiSi is expected take over for CMOS technologies with 70-nm 

gate-length and below. Therefore, the rest of this thesis will be focused on NiSi. 

 

(a) 

 

 

(b) 

 

 
Figure 6. TEM micrographs of a cross section of:(a) a Ti/Nb/Si specimen C40 
(Ti,Nb)Si2 in a 5 µm contact (top) and of specimen 9 with C40 (Ti,Nb)Si2 in a 0.7 µm 
contact (bottom). The insets show the respective C40 diffraction patterns, and (b) a 
Ti/Si specimen with C54 TiSi2 in a 5 µm contact (top) and with C49 TiSi2 in a 0.7 µm 
contact (bottom).  The insets show the respective C54 (upper) and C49 (lower) 
diffraction patterns, and (From Ref. 37). 
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2.4 Properties of Ni silicides and germanides 
 

Studies on the solid-state interaction between Ni and Si1-xGex have been relatively 

few, but an increased interest is being observed.42-60 To study the solid-state 

interactions between Ni and Si1-xGex, Ni-Si-Ge ternary phase diagrams are important 

and will be presented later in Section 3.2. A comparison is first made between the 

respective binary phase diagrams for Ni-Si and Ni-Ge (Fig. 7). Even if there are 

certain similarities, overall the melting points for the germanides are lower than those 

for the corresponding silicides. The largest difference between the Ni-Si and Ni-Ge 

systems is the presence of NiSi2 and absence of NiGe2 under normal conditions.62 

This difference is extremely important for our understanding of the ternary system. 

The available thermochemical data63-66 indicate that the germanides are less stable 

than their corresponding silicides with the same atomic composition but by replacing 

Ge with Si, as the heats of formation (enthalpy) or Gibbs’ free energies are lower (less 

negative) for the germanides. The physical properties of the Ni silicides and 

germanides are summarized in Table I. There are two major aspects to consider, one 

related to thermodynamics and the other to kinetics that are important for the phase 

formation of the silicides and germanides. First, the relatively low melting points of 

the germanide phases indicate a relatively high reactive diffusion in them, as 

compared to the similar diffusion in the corresponding silicide phases.67,68 

Consequently the formation of germanides tends to occur at lower temperatures than 

the formation of the silicides, as will be shown below. Second, the relatively large 

(absolute) Gibbs’ energies for the silicide phases indicate their relatively high phase 

stability, as compared to the phase stability of the corresponding germanides. As a 

result, a germanide can be converted into a silicide by Si replacing Ge in the 

compound lattice if Si is available, which has indeed been observed experimentally in 

Papers I, II, IV and V. This will be further discussed in Section 3.2. 
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(a) 

 
 

(b) 

 
Figure 7. Phase diagram of: (a) the Ni-Si system and (b) the Ni-Ge system (from Ref. 
61). 
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2.5 Classical nucleation theory 

 

The classical nucleation theory can be used for analysis of the phase formation in 

silicides.30 In nucleating a new silicide phase by solid-state interaction at the interface 

between two nearby phases, that can be metal, silicide or Si, the Gibbs free energy 

gain due to the creation of a nucleus of the new phase is the driving force for the 

nucleation process. This process is, however, necessarily accompanied with the 

formation of the surface of the nucleus, which requires certain work to do and thus 

constitutes a hindrance force to the nucleation process. The surface of the nucleus is in 

fact present in the form of inter-phase boundaries to the two phases. Whether or not 

the nucleus will survive and grow depends on a dynamic balance of these two forces. 

This can be expressed by the following energy equation describing the total free 

energy change, ∆G, for the nucleation: 

 

 σ∆+∆=∆ 23 brgarG v  (1) 

 

where, ar3 and br2 are, respectively, the volume and surface area of the nucleus with r 

being a typical dimension (e.g. radius) and a and b two geometrical constants 

determined by the detailed shape of the nucleus. ∆gv and ∆σ represent, respectively, 

the Gibbs free energy per unit volume of the new phase and the surface energy change 

per unit area associated with the creation of the nucleus. 

 

For the formation of a stable compound phase, ∆gv is always a negative quantity. ∆σ, 

on the other hand, is generally a positive one. Their contributions to ∆G are different 

through their respective dependencies on r. In Fig. 8, a schematic diagram is shown 

for the evolution of these two terms on the right-hand side of Eq. (1) as well as their 

sum, ∆G with r. A maximum in ∆G, denoted as ∆G*, is found, which corresponds to 

letting the first derivative of Eq. (1) with respective to r equal to zero. Physically, ∆G* 

represents the energy barrier height to overcome in order for the nucleus to grow 

spontaneously. This behavior is seen as ∆G decreases monotonically once r is greater 

than the corresponding critical dimension of the nucleus, r*. These two critical 

quantities are given by: 
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Figure 8. Energy curves for the nucleation of new phase. 
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growth behaviors are termed diffusion controlled. This is the case for Ni2Si and NiSi 

since the nucleation of these two phases from their respective precursor phases Ni+Si 

and Ni2Si+Si is known to be driven by large values of ∆gv.30 Consequently, the 

growth of both Ni2Si and NiSi occurs at rather low temperatures between 250-500 oC 

with a small activation energy of about 1.2-1.5 eV72-75 for the diffusion of Ni through 

the silicide films. Hence, as an example even in narrow Si lines down to 40-nm width 

an annealing at 400-500 oC for typically 30 seconds could complete the NiSi 

formation.10,76 The fact that Ni is more mobile than Si during the formation of Ni-

silicides67,77-80 even leads to a decrease in sheet resistance for narrow lines.13,39,75,81 

These properties with Ni-silicides also have important bearings for our understanding 

in the lateral growth of the Ni-silicides in the S/D regions towards the channel of a 

MOSFET fabricated on ultra-thin SOI (see Paper VI and Section 3.6). 

 

On the other hand, for nucleation processes whose ∆gv values are small and thus 

giving rise to large ∆G*, nucleation becomes difficult and rate-limiting. This is so 

since very low densities of nucleation sites are found with large ∆G*. This is the case 

for the formation of NiSi2 from NiSi.30 The difficulties with the NiSi2 nucleation, as a 

result of a very low density of nuclei due to the small ∆g, could also lead to the fine-

line effect discussed earlier for the phase transformation in TiSi2. Now, this fine-line 

effect should work for the phase stability of NiSi as it should push the formation of 

NiSi2 to higher temperatures in narrower lines or smaller-dimension openings, 

precisely as in the case of the nucleation of C54 TiSi2. Such a positive effect has 

indeed been observed experimentally recently,82 though mechanical stress was 

discussed as the possible cause for the improved phase stability of the NiSi formed in 

narrow lines of 0.25-µm width. On poly-Si, agglomeration of NiSi films and layer-

inversion (between NiSi and poly-Si) usually already take place at 550-600 oC, a 

temperature considerably lower than that for the formation of NiSi2 above 700 oC.83-85  

Hence, such a possible benefit due to the fine-line effect can be difficult to make use 

of unless the agglomeration issues are resolved.  
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2.6 Fundamentals of contact resistivity measurement 

 

In MOSFETs, all contacts contribute with a contact resistivity that is a crucial 

parameter to consider when designing a device. For a metal-semiconductor contact, 

the primary origin of contact resistivity is the presence of a Schottky barrier between 

the semiconductor and the metal as well as the presence of a depletion region in the 

semiconductor.86 There have been many different structures and methods proposed 

and used for contact resistivity measurement. The cross bridge kelvin (CBK)87 and 

transmission line method (TLM)87,88 are the two most common methods due to their 

ability to measure low contact resistivity values as well as their geometrical and 

electrical similarities to practical contacts in MOS devices (i.e. lateral contacts). 

 

2.6.1 CBK structure  

 

The schematic picture of a CBK structure used for contact resistance measurement is 

shown in Fig. 9(a). Ideally, the CBK structure allows for direct measurement of ρc 

without having the influence of the underlying semiconductor or the contacting metal. 

Assumptions are made that the contact be uniform and that the voltage drop in the 

semiconductor be negligible. To facilitate the measurement, a known current can be 

driven between terminals 3 and 2 (see Fig. 9(a)), from the diffusion level (heavily 

doped poly-Si in this work) to the metal level, while the voltage difference is 

monitored using terminals 1 and 4. A high impedance voltmeter is used to measure 

V14 to prevent the current from flowing between 1 and 4. Hence, the potentials at 1 

and 4 are equal to those in the diffusion and the metal layers directly under and above 

the contact, respectively. V14 is therefore due to the voltage drop across the metal-

semiconductor contact interface: 
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I
V

cR =  (4) 

 

Thus, the specific contact resistivity is determined by: 
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 cARcρ =  (5) 

 

with a known contact area, A. 

 

 

 

2.6.2 Two-dimensional (2-D) simulation for CBK structure  

 

It has been shown87 that the simple way of contact resistivity extraction according to 

Eq. (5) overestimates the value of ρc because of the parasitic resistance due to a 2-D 

current flow around the contact window (current crowding effects).87,88 The cause for 

this effect is the presence of a overlap δ in Fig. 9(a) necessary for the fabrication of 

the Kelvin structure, in combination with a non-negligible resistance in the 
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Figure 9. Two test structures for extraction of specific contact resistivity: (a) CBK, 
and (b) TLM. 
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semiconductor. Two-dimensional simulations can be used to compensate for the 

current crowding effects in order to get a more accurate value of ρc. In the 2-D model 

assumptions are made that the test structures are composed of planar contacts with 

shallow junctions. For test structures in which these conditions, i.e. shallow junctions 

and planar contacts, do not hold, a 3-D model must be used instead.89 

 

2.6.3 TLM structure  

 

A TLM structure is shown schematically in Fig. 9(b). The front contact resistance Rf 

is determined by the ratio of the voltage drop across the interface at the edge of the 

contact where the current density is the greatest to the total current I through the 

contact. To determine Rf, a known current is driven between two adjacent contacts 

(e.g. 1 and 2 in Fig. 9(b)) whiles the voltage difference is measured between the same 

contacts. The total resistance consists of two Rf and an additional term. This additional 

term represents a series resistance coming from the diffusion layer, e.g. heavily doped 

poly-Si. To eliminate this term, an additional measurement can be preformed in the 

same way, as described above, but between two other contacts (e.g. 2 and 3) with a 

different inter-contact distance from the first measurement. This means that at least 

three contacts with two different spacings between two adjacent contacts are needed 

to extract Rf. In practice, more contacts lined up as in Fig. 9(b) with different distances 

are used, to minimize errors and to improve accuracy.88  

 

Additionally, an important parameter is LT. LT is known88,90 as the transfer length. It is 

defined as the distance along the contact where the voltage has dropped to 1/e of its 

maximum value due to the current transferring from the semiconductor to the metal or 

from the metal to the semiconductor. LT is intimately related to ρc through,88 

 

 
SH

c
T R

ρ
L =  (6) 

 

where, RSH is the sheet resistance of underlying diffusion layer. Therefore, ρc can be 

calculated from Rf in two cases. Referring to Fig. 9(b), for LC ≤ 0.5 LT,  
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 cWfRcLcρ =  (7) 

 

and for LC ≥ 1.5 LT, 

 

 CWfRTLcρ =  (8) 

 

The fundamentals for the TLM structures described above are rather general. Several 

assumptions were in fact implicitly made: (1) the contacts are planar and 

geometrically aligned at the same level as the Si surface, (2) current crowding effects 

as described by Loh et al. [Ref. 87] are negligible, and (3) the contact formation does 

not affect the diffusion layer so that the sheet resistance of the diffusion layer directly 

under the contacts is identical to that under the SiO2. Through smart design and 

engineering to make the contact width equal to the width of the diffusion layer, lateral 

current crowding around the contacts can be eliminated. For test structures in which 

these conditions do not hold, a 3-D model must be used instead. 
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3. Self aligned NiSi in CMOS technology 
 

As discussed in Chapter 2, NiSi is a promising candidate for contact metallization of 

CMOS devices in 70-nm technology node and beyond. In Section 3.1, the key issues 

with NiSi will be outlined and the fundamental origins identified. The influence of Ge 

on the properties of NiSi will be presented in Section 3.2. In this section, the material 

properties of the Ni-SiGe system such as its formation and morphological stability are 

discussed and compared to the Ni-Si system. Discussions in this section refer to 

appended Papers I – III. In Section 3.3, the effect of mechanical strain on the 

morphological stability of NiSi1-uGeu will be discussed with reference to the results in 

Papers IV and V. The compatibility of Ni-SALICIDE with Si processing is discussed 

in Section 3.4. Electrical results for contacts between NiSi1-uGeu films and Si1-xGex 

substrates will be presented in Section 3.5. In Section 3.6, integration of NiSi into 

MOSFETs fabricated on SOI substrates with an ultra-thin surface Si layer is presented 

referring to Paper VI. This section will cover the integration issues and address some 

approaches that can be considered in order to overcome the large source/drain series 

on ultra-thin SOI.  

 

3.1 Key issues with NiSi 

 

The major advantages with NiSi are the low resistivity (10-15 µΩcm), the low 

formation temperature, and well-behaving growth kinetics (diffusion controlled). The 

low Si consumption during silicidation in combination with the high efficiency in 

using Si for its formation, makes NiSi particularly attractive for devices with ultra-

shallow junctions or on SOI substrates.15 In addition, the formation of NiSi in narrow 

lines is quite straightforward and no resistance increase for in narrow lines is 

observed.13  The main problem with NiSi for contact metallization and local 

interconnection is however its poor thermal stability, which is a direct consequence of 

its low melting temperature (990 oC) and the existence of NiSi2. Two aspects are 

related to this issue:  

 

1) The low-resistivity NiSi phase (metastable) tends to transform to the high-resistivity 

NiSi2 above 700 oC.80,91 In the presence of excess Si, which is often the case in Si 



24 Interaction of Ni with SiGe for electrical contacts in CMOS technology 

 

technology, NiSi2 is the stable phase. The formation of NiSi2 from NiSi in contact 

with Si is a nucleation-controlled process with a very small driving force.30 Hence, it 

does not occur below 750 oC.  It should be noted that these results apply first to 

blanket films, and the formation of NiSi2 could occur at much lower temperatures in 

small-dimension contact holes92 due to the stress build-up around the contacts.  

 

2) The morphological instability of NiSi thin films is also a serious problem. After 

several hours’ annealing, initially continuous NiSi thin films on poly-Si films break up 

into discrete NiSi grains or islands, i.e. agglomerate, at 550-600 oC.85 On single-crystal 

Si substrates, the temperature at which agglomeration of NiSi occurs seems to 

decrease with reduced film thickness; no considerable agglomeration is observed 

below 750 oC for a 40 nm thick NiSi film on Si (100) (Paper III), whereas appreciable 

agglomeration is evident at 675 oC for 20 nm thick NiSi.10  In these latter cases, the 

annealing time is typically below 1 minute.  

 

The recent advancements and the introduction of low-temperature backend processing, 

the relatively poor stability of NiSi may become less problematic. As an example, to 

enhance the thermal stability of NiSi Ni can be alloyed with Pt. Two reasons are 

behind the enhanced resistance to the formation of NiSi2: (1) PtSi2 does not form 

because it is not a stable phase, and (2) PtSi and NiSi, sharing identical 

crystallographic structures and similar lattice parameters, have a large mutual 

solubility.93 With the consideration of these observations, an approximate phase 

diagram for the Ni-Pt-Si ternary system concerning the most relevant part involving 

NiSi and PtSi could be calculated.15 

 

3.2 Effect of Ge 

 

The interaction between Ni and Si1-xGex as well as various attempts to improve the 

structural and electrical properties are discussed below.  

 

The incorporation of Si1-xGex in the gate or S/D of a MOSFET has made the study of 

phase and morphology stabilities in NiSi1-uGeu, on both poly- and sc-Si1-xGex, 

particularly interesting. Generally, u can be equal to x. In Fig. 10, these two regions 
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where Si1-xGex can be present are shown: poly-Si1-xGex for gate work-function 

adjustment (Fig. 10(a)) and sc-Si1-xGex for reduction of source/drain resistance (Fig. 

10(b)).  
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Figure 10. The three regions in a modern MOSFET where SiGe can be present: (a) as 
a replacement of poly-Si in the gate, (b) as a low-resistivity S/D extension. In (c), the 
SiGe is used as elevated S/D to effectively reduce the S/D resistance (see Section 3.6). 
 

 

The focus of Papers I and II was thus on the interaction between Ni and poly-Si1-xGex. 

The most important findings in these papers are highlightened below. Sheet resistance 

measurement, an inexpensive technique, was used repeatedly for monitoring the solid-

state interaction, as the silicides, and presumably the germanides as well, have 

distinctly different specific resistivity values.69 
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The variation of sheet resistance with the annealing temperature is reproduced in Fig. 

11 for Ni reacting with Si, Si0.71Ge0.29 and Si0.42Ge0.58 between 400 and 650 oC. For Ni 

on Si0.71Ge0.29 and Si0.42Ge0.58, the gradual increase in resistance at 550 and 600 oC 

along with the the XRD results in Paper I, which will be summarized later in Fig. 13, 

suggests out-diffusion of Ge from the NiSi1-uGeu grains leading to the formation of 

Ge-richer Si1-zGez (z>x) islands surrounding the NiSi1-uGeu grains. The sharp increase 

in resistance beyond 600 oC is attributed to agglomeration (or island formation) of the 

NiSi1-uGeu films. Apparently, agglomeration occurs at decreased temperatures when 

more Ge is present in the films. 

 

The interaction of Ni with Si1-xGex is expected to form a ternary solid solution 

between the NiSi-NiGe, because they have the same ‘Pnma’, orthorhombic 

crystallographic structure, see Table I. In Paper I, the formation of the ternary solid 

solution NiSi1-xGex of the MnP structure was confirmed and the lattice parameters a, 

b, c were found to vary linearly with x following Vegard’s law. The facts that NiGe2 

does not seem to exist under ordinary conditions62,71 and that the ternary solution  

NiSi1-xGex is shown to form, provide a theoretical background in Paper II for the 

explanation of the observed difficulty in nucleating the NiSi2. Although the Ge 

content in NiSi1-uGeu was observed to rapidly decrease above 600 oC, the 

crystallographic structure remained unchanged and no NiSi2 (or Ni(Si,Ge)2) was 

found in the Si1-xGex samples even after annealing at 850 oC. Without Ge, the NiSi 

completely disappeared at 750 oC, which indicated the NiSi2 formation at the expense 

of NiSi.  

 

In order to confirm that NiSi2 or Ni(SiGe)2 did not form below 850 oC and to study 

the Ge out-diffusion in detail, a number of more elaborated physical analysis methods 

such as cross-sectional transmission electron microscopy (XTEM), convergent beam 

electron diffraction (CBED) and energy dispersive spectroscopy (EDS) were 

employed in Paper II. A theoretical understanding of the effect of Ge was also a focus 

in Paper II, with theoretically calculated phase diagrams although with a number of 

approximations and simplifications (see more later). In the case of Ni on poly-Si, 

XRD and sheet resistance measurements indicated that only the NiSi phase existed in 

the temperature interval 500 – 700 °C and that NiSi2 most likely formed at 750 °C. A 

definite phase determination was only possible with the help of CBED and EDS, due 
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to the overlap between the XRD peaks for NiSi2 and Si. The XTEM micrograph in 

Fig. 12 shows a totally agglomerated silicide film with discrete NiSi2 grains spread 

through out the poly-Si at 750 oC. This confirms our earlier observations in Paper I 

that NiSi2 was present above 750 °C. 
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Figure 11. Variation of sheet resistance with RTP temperature for Ni on Si, 
Si0.71Ge0.29 and Si0.42Ge0.58 (Paper I).  
 

 

For Ni on poly Si1-xGex, NiSi1-uGeu agglomeration was observed to start already at 

600 °C. This was followed by more drastic changes in the morphology of the 

germanosilicide as the temperature was increased, as revealed by XTEM in Paper II. 

Above 600 oC, the NiSi1-uGeu broke up as a continuous film and formed discrete 

grains. The NiSi1-uGeu grains attained a spherical shape and gradually move down into 

the film as the temperature was increased to 850 °C.  

 

A comparison between the XRD and EDS data for the atomic composition of  

NiSi1-uGeu as well as Si1-xGex and Ge-rich Si1-zGez for the annealed Ni/poly-

Si0.42Ge0.58 samples is reproduced in Fig. 13. As seen in Fig. 12, these two different 

techniques give comparable results. The composition u of NiSi1-uGeu phase remains 

unchanged at 500 – 600 °C, but significant changes take place at 600 – 850 °C. Thus, 
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u changes from the initial 0.58 all the way down to 0.06 at the highest temperature. 

Simultaneously, EDS analysis revealed that the Si1-xGex film showed a gradient in x 

with values up to 0.75 at the surface of the film and down to the initial 0.58 towards 

the bottom. Large values of x were also seen in the immediate vicinity of the 

germanosilicide grains. In contrast to the case for Ni on poly-Si, no phase of the 

Ni(Si,Ge)2 type was observed in the Ni /poly-Si1-xGex system. 

 

 
 

Figure 12. XTEM micrograph showing a totally agglomerated silicide film with 
discrete NiSi2 grains spread through out the poly-Si film at 750 oC. The insert show 
the CBED pattern for the formed NiSi2 (Paper II).  
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Figure 13. Comparison between XRD and EDS data for the atomic composition of 
NiSi1-uGeu as well as Si1-xGex and Ge-richer Si1-zGez for the annealed Ni/poly-
Si0.42Ge0.58 samples (Paper II).  
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In order to understand these interesting results, calculations of approximate phase 

diagrams were preformed in Paper II. With the help of these diagrams, it was possible 

to follow and explain the development of phase composition and morphology with 

temperature. Thus, with the driving force being generated by the difference in the 

heats of formation for NiSi and NiGe, as well as by the gain in free energy when the 

smaller Si1-xGex grains were eliminated and larger ones grew, the Ni/Si1-xGex system 

simply developed from one extreme in the Ge concentration to another as dictated by 

the equilibria in the phase diagrams. With the help of the observed non-existence of a 

phase of the Ni(SiGe)2 type, it was possible to show that a pseudo phase diagram 

without this phase was more adequate and practical. The required experimental 

thermochemical data for the different phases involved were obtained from Ref. 66. 

Bearing in mind the uncertainties with the available thermochemical data, such a 

phase diagram is shown in Fig. 14 for the area bounded by the compounds NiSi, 

NiGe, Ge and Si at 750 oC. When a line is drawn connecting two phases (as seen in 

Fig. 14), usally referred to as a “tie-line”, the phases can co-exist in equilibrium. Lack 

of such a tie-line between two phases is an indication of potential chemical interaction 

between them. The phase diagrams in Paper II were constructed following the basic 

assumptions outlined in Ref. 94.   
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Figure 14. Pseudo phase diagram for the lower part of the Ni-Si-Ge ternary system at 
750 oC, in the absence of NiSi2 (Paper II).  
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Since sc-Si1-xGex can be present in the source/drain areas in MOSFETs (see Figs. 

10(b) and 10(c)) in order to achieve low resistivity shallow junctions,17 the solid-state 

interaction between Ni and sc-Si1-xGex is also important to study. In Paper III the 

morphological stability of NiSi1-uGeu ternary alloy films formed by reacting Ni with a 

single-crystal, heavily B-doped, compressively strained Si0.8Ge0.2 was studied. In 

Paper III, the NiSi0.8Ge0.2 film formed on epitaxial Si0.8Ge0.2 displayed a remarkable 

morphological stability comparable to NiSi formed on Si(100). A noticeable increase 

in sheet resistance at 750 oC or above was observed, similarly to the observations of 

NiSi formed on Si(100). On Si, this resistance increase at 750 oC was most likely 

caused by agglomeration of the NiSi film since no NiSi2 formation could be detected 

according to XRD analysis in Paper III. At 800 and 850 oC, the NiSi peaks 

disappeared and NiSi2 was formed as shown in Paper III. The presence of Ge in NiSi 

forming the ternary solution NiSi0.8Ge0.2 was observed to hinder the formation of 

NiSi2 even at 850 oC in agreement with the results in Papers I and II.  

 

The NiSi0.8Ge0.2 film was also found to be strongly textured. In Paper III, the resulting 

NiSi0.8Ge0.2 layer had a strong preferential orientation according to the results from 

XRD. A strong diffraction peak was observed at d=1.64 Å and was assigned to 

NiSi(020). Similarly, when an Ni-Pt alloy was used to stabilize the NiSi, the resultant 

Ni(Pt)Si film was found to be strongly oriented and the only observed peak was 

assigned to NiSi(020). However, the NiSi1-xGex(020) and NiSi1-xGex(013) planes have 

overlapping peaks, i.e. for x=0.23, for which the d-values, using the lattice parameters 

obtained in Paper I. are 1.643 Å and 1.648 Å, respectively. Our latest pole-figure 

analysis shows95 that the strong peak corresponds to the (013) reflection rather than 

(020) as mistakenly suggested in Paper III.  

 

This remarkable morphological stability of NiSi0.8Ge0.2 that was observed in Paper III, 

was also suggested to possibly be caused by the tendency of an epitaxial alignment 

between the NiSi0.8Ge0.2 film and the Si0.8Ge0.2 layer. The mechanism(s) behind the 

stability could however be much more complex than the simple geometrical relation 

postulated in Paper III. A mechanical strain could play a crucial role. A more 

systematic study is thus required to confirm the mechanism. Such an attempt is found 

in Paper IV and Section 3.3 below.  
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3.3 Effect of mechanical strain 

 

In order to study the effect of mechanical strain on the morphological stability of 

NiSi1-uGeu ternary alloy films, the interaction between Ni films and sc-Si1-xGex was 

examined in Paper IV. Partial XRD diffractograms with d-values in the interval of 1.6 

to 2.2 Å are shown in Fig. 15 for the interaction of Ni with Si1-xGex films of various 

compositions x at 500 oC. Different x in epitaxially grown Si1-xGex on Si(100) yields a 

different amount of compressive strain. As can be seen, several peaks are presented at 

500 oC for NiSi formed on Si(100), indicating a certain degree of polycrystallinity. On 

Si1-xGex substrates, the formed NiSi1-uGeu (labeled as NiSi for simplicity) shows a 

strong preferential orientation with a predominantly strong peak at 1.64 Å. This is an 

indication of a strong fiber texture in the NiSi1-uGeu in accordance with Paper III, and 

this particular peak is known95 to result from the (013)-direction. Apparently, the d-

value of this peak increases with increasing Ge in NiSi1-uGeu, as expected. We further 

found95 that the observed fiber texturing in the NiSi1-uGeu increased with increasing 

Ge in the range 6 to 30 at.%. Moreover, the strong preferential orientation was 

retained even when an originally continuous NiSi1-uGeu film broke into isolated grains 

because of agglomeration above 700 oC.  

 

 
Figure 15. XRD diffractograms showing the formation of NiSi1-xGex at 500 ˚C on 
compressively-strained Si1-xGex for x=0, 0.06, 0.11, 0.23, and 0.3. 
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In Paper IV, detailed morphological variations of the NiSi1-uGeu/Si interface were 

investigated using STEM in combination with EDS. It was shown, that the NiSi layer 

was continuous and remained inside the Si layer at 500 oC. Above 750 oC, the NiSi 

film was no longer continuous but consisted of discrete NiSi grains. It was further 

shown that the NiSi film broke into discrete beads which were in direct contact with 

the underlying Si0.77Ge0.23 at 800 oC. In this case, a few percent of Ge was also found 

in the NiSi grains according to EDS analysis. The remarkable phase stability NiSi was 

then easily explained with reference to the phase diagram in Fig. 14. Dictated by 

thermodynamics, a certain amount of Ge could be dissolved in NiSi. It would also 

increase the phase stability of NiSi against the formation of NiSi2 since Ni(Si,Ge)2 did 

not seem to exist with an appreciable amount of Ge, in accordance with the results in 

Papers I – III.   

 

It was clearly shown that the Ge out-diffusion already occurred at 550 oC in the 

strained Si0.77Ge0.23 case, while on the relaxed Si0.77Ge0.23 it started at 600-650 oC. 

This showed a strong correlation between the strain in underlying substrate and the Ge 

out-diffusion. During the formation of ternary alloy NiSi1-uGeu, Ni is the dominant 

diffusion species as shown in Ref. 42 as well as in Paper V. Thus, the Ge out-

diffusion indicated a significant atomic movement of the least mobile species Si and 

Ge in NiSi1-uGeu. This observation is consistent with a fast Si diffusion in NiSi96 

where Ni also constitutes the dominant diffusion species.74 The inter-diffusion of Ge 

and Si in Si-Ge alloys is extremely slow, but it is considerably greater than the self-

diffusion of Si.97,98 The fact that Si1-xGex has a lower melting point than that of Si and 

thus a higher diffusion coefficient should be unfavorable to the morphology stability 

of a NiSi1-uGeu film on poly-Si1-xGex. Under otherwise identical conditions, a  

NiSi1-uGeu on poly-Si1-xGex should be expected to be more easily to agglomerate than 

a NiSi1-uGeu on sc-Si1-xGex. In other words, the former should agglomerate at a lower 

temperature than the latter. Clearly, this was not the case experimentally as shown in 

Paper IV. At a comparable Ge content, the onset of the NiSi1-uGeu agglomeration on 

Si0.7Ge0.3 occurred at 550 oC after rapid thermal processing for 30 seconds, 

independently of the crystallinity of the underlying Si1-xGex layers. This behavior is 

distinctly different from NiSi on Si substrates.  
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The mechanisms behind agglomeration of NiSi thin films are different for sc- and 

poly-Si substrates.84,85 On sc-Si, in situations where agglomeration takes place 

without a formation of NiSi2, it is primarily driven by a reduction of the surface, 

interface and grain boundary energies in the NiSi film. The agglomeration takes place 

via grain grooving and grain growth in such a way as to eliminate high-energy 

surfaces and to decrease the density of grain boundaries.99 On poly-Si substrates, on 

the other hand, agglomeration is principally driven by a minimization of the grain-

boundary energy via grain growth in the poly-Si itself.84,85,100 Although it is the same 

mechanisms behind the agglomeration of NiSi1-uGeu on Si1-xGex, two additional 

driving forces are introduced with energies related to (a) the mechanical strain in the 

underlying Si1-xGex and (2) the more favorable formation of NiSi at the expense of 

NiGe as well as the entropy of mixing in Ni1-uGeu. In Paper IV, the energy density for 

these two additional forces was found to be comparably large, according to some 

simplified calculations. They were further found to be 1-7 times that associated with 

the surface/interface and grain boundary in a NiSi/NiSi1-uGeu film or with the grain 

boundary in a poly-Si/Si1-xGex film. Therefore, these additional driving forces were 

concluded to play a major role in the morphological instability of the NiSi1-uGeu films. 

For the epitaxial Si1-xGex grown on Si, the presence of Ge simultaneously gives rise to 

the two effects of different origin: thermodynamic and mechanical. For the  

poly-Si1-xGex, only the thermodynamic effect is operative.  

 

The negative effect of the mechanical strain present in the underlying Si1-xGex layer 

on the film morphology of NiSi1-uGeu can be explained as follows. The strain energy 

in the underlying Si1-xGex substrate can be released through diffusion of Si and Ge 

which however is extremely slow inside Si1-xGex.97,98 The NiSi1-uGeu nearby can act 

as a medium wherein the otherwise slow Si and Ge diffusion occurs already at 550 oC. 

In short, the fast inter-diffusion of Si and Ge provides a kinetic pathway for the 

morphological change of the NiSi1-uGeu/Si1-xGex system.  

 

Using the approximate phase diagrams for the ternary system Ni-Si-Ge as a guidance, 

a likely bi-layer structure with a sacrificial Si layer to improve the morphological 

stability of NiSi1-uGeu/Si1-xGex was proposed in Paper IV. Clearly, this bi-layer 

structure only concerned the second additional force discussed above. Preliminary 

results with Ni deposited on tensile-strained pure Si layers grown on relaxed 
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Si0.89Ge0.11 and Si0.77Ge0.23 virtual substrates were shown. Such a structure could be 

found in strained-Si channel devices for electron mobility enhancement.23,101 A 

striking observation was found: the NiSi remained stable and no NiSi2 or Ni(Si,Ge)2 

appeared even at 850 oC. This was distinctly different from the case of Si, presented in 

Paper III, for which all the NiSi peaks disappeared and only NiSi2 was found above 

700 oC.   

 

As seen in Figs. 16(a) and (b), Si and Si1-xGex can be present at the same time in 

various combinations of layer sequence and thickness. However, since the Si cap on 

the strained Si1-xGex channel (Fig. 16(a)) and the strained Si channel grown on a  

Si1-xGex virtual substrate (Fig. 16(b)) are both below 10 nm in thickness, the 

silicidation front will inevitably reach the underlying Si1-xGex. Hence, the 

consideration of the Ni-Si1-xGex interaction is of importance in these two device 

structures as well. As discussed earlier, a tensile-strained Si layer, epitaxially grown 

on a relaxed single-crystal ‘virtual’ Si1-xGex substrate in order to enhance the mobility 

of both electrons and holes, has become a hot topic.101 With conventional processing 

technology, contact metallization in the S/D regions using SALICIDE will inevitably 

involve an interaction between the deposited Ni layer and the Si1-xGex substrate 

beneath the thin Si layer. The influence of the layer sequence on the development of 

interface morphology and fiber texture in NiSi1-uGeu films was therefore studied in 

Paper V. Two sets of samples with Si and Si0.75Ge0.25 simultaneously present but in 

different combinations of layer sequence and layer thickness (see Fig. 17) were used. 

The interaction of Ni films with epitaxially grown Si-capped and not capped 

Si0.75Ge0.25 layers on Si(100) led to the formation of NiSi1-uGeu films as a bi-layer 

NiSi on NiSi0.75Ge0.25 with a rather clear compositional boundary. In the absence of a 

Si cap, NiSi0.75Ge0.25 was formed on NiSi. Epitaxy of NiSi on NiSi0.75Ge0.25, and vice 

versa, occurred across the compositional boundary. These observations also 

confirmed Ni as the dominant diffusion species during the formation of NiSi1-uGeu. 

Furthermore, the crystallographic orientation of the NiSi1-uGeu films was strongly 

affected by the initial layer thicknesses and the layer sequence. Without a Si cap, the 

NiSi1-uGeu films showed an increased fiber texture with increasing Si0.75Ge0.25 

thickness. In the presence of a Si cap, on the other hand, the texture collapsed into a 

random orientation already for thin caps. Rapid diffusion of Ge at 500 oC resulted in 

the presence of some Ge at the NiSi/Si interface for a NiSi0.75Ge0.25/NiSi/Si structure. 
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This diffusion was accompanied by an increased roughness at the NiSi/Si interface, as 

compared to the quite flat NiSi/Si interface in the absence of Ge. For thin Si caps, 

severe interface roughening with thick NiSi0.75Ge0.25 grains protruding deeply into the 

remaining Si0.75Ge0.25 was observed. How these effects and observations would 

impact device applications awaits experimental confirmation.  
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Figure 16. Two regions in a MOSFET where Si and SiGe can be present 
simultaneously in various combinations of layer sequence and thickness: (a) an 
epitaxially grown, strained SiGe channel buried under a thin Si cap, and (b) a sc-
SiGe virtual substrate for the growth of a strained Si channel atop. 
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Figure 17. Two sets of samples with Si and Si0.75Ge0.25 present at the same time in 
various combinations of layer sequence and thickness: (a) various epitaxial Si layers 
grown on strained Si0.75Ge0.25, and (b) various epitaxial Si0.75Ge0.25 layers grown on 
Si substrate. 
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3.4 Compatibility with Si processing 

 

The compatibility of NiSi with standard Si processing is essential since the silicide 

surface will be exposed will to various chemicals (e.g. wafers cleaning, various etches 

etc.) during device fabrication. Another important issue is the conservatism in Si 

industry and refusal to invest in and develop new processes.  

 

3.4.1 Deposition 

 

The metal film can be deposited using different techniques. The sputter deposition 

from a solid metal target is the most commonly used technique in industry. Another 

physical vapor deposition (PVD) technique is electron-beam evaporation. However, 

the evaporation technique has been mainly used for fundamental research of the 

metal-Si interaction, and rarely used in production. The main reasons are low 

throughput and poor step coverage of an evaporated metal film. Unfortunately, no Ni 

target was available in our sputtering system. For that reason, electron-beam 

evaporation has been used for Ni deposition throughout this study.  

 

3.4.2 Formation  

 

The silicide formation occurs during a heat treatment step as already discussed when 

presenting the SALICIDE process in Section 2.1. It is very important to control the 

temperature during annealing since it is the major factor determining silicide phase 

formed. A too high temperature could also lead to agglomeration of a silicide film or 

bridging between the S/D and the gate. Today, silicidation is usually carried out in a 

single-wafer, RTP chamber. However, it is crucial with a low oxygen background in 

the chamber in order to ensure that the metal film does not oxidize during silicide 

formation. In practice, it is easier to achieve low oxygen concentrations in an RTP-

chamber than in a conventional diffusion furnace. Additionally, it is much more 

flexible with an RTP-chamber to switch the annealing atmosphere, e.g. using N2 or Ar 

to control silicide formation and minimize the oxygen concentration. 
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3.4.3 Etching and cleaning 

 

A selective etch to remove the unreacted Ni after the silicide formation after the first 

annealing (Fig. 3) in the SALICIDE process is crucial to the device performance. 

Usually, a standard solution H2SO4:H2O2
76 with a 4:1 volume ratio is used. Other 

chemicals can also be considered.5 

 

In a MOS process, the silicide can also be in contact with various chemicals usually 

used for surface cleaning. As an example, diluted HF solutions are frequently used. 

The etch rate of NiSi in diluted HF (1 vol. % in H2O) was then studied and the results 

are shown in Fig. 18. Clearly, NiSi displays a good resistance to the HF etching, since 

the sheet resistance of the NiSi film increases slowly with prolonging etch time. The 

surface cleaning in diluted HF (1 vol. % in H2O) is usually performed for 1- 2 

minutes. The silicide film can also be exposed to plasma dry etching. This can be the 

case when the contact windows are open in the protection SiO2 isolation after 

silicidation. When opening the contact windows, an over-etch (approximately 1 

minute) is usually necessary in order to make sure that all SiO2 is removed in the 

contact openings. The NiSi thickness loss vs. etch time in a CHF3-O2 plasma in shown 

in Fig. 19. Once again, NiSi shows an excellent resistance to this etch. In practice, a 

second etch step (around 1-2 minutes) is commonly used in order to remove polymers 

and oxides formed on the NiSi surface. This etch usually consists of an NF3 plasma 

and it is actually extremely selective to the NiSi as seen in Fig. 20. 
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Figure 18. NiSi thickness loss vs. etch time in diluted HF (1 vol. % in H2O). 
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Figure 19. NiSi thickness loss vs. etch time in CHF3-O2 plasma. 
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Figure 20. NiSi thickness loss vs. etch time in NF3 plasma. 

 

 

3.4.4 Influence of impurities on the NiSi formation 
 

Impurities usually have a negative effect on the silicide formation. Unless ultra-high 

vacuum systems with in situ surface cleaning are used, oxygen contamination is a 

fact. The oxygen contamination hinders the NiSi formation by oxidizing the surface. 

The native oxide, formed on the Si surface, has big effect on the NiSi, since SiO2 is 

lowly reactive with Ni and the presence of native oxide on the Si surface can lead to 

failure of the silicide formation. The SiO2 has to be removed by an HF dip 

immediately before Ni deposition.  



 Johan Seger 39 

3.5 Electrical contacts of NiSi1-xGex to Si1-xGex and TiW 

 

As discussed earlier, Ge can be incorporated in the three electrodes of a MOSFET to 

further enhance device performance. Thus, a study of the electrical contact between 

NiSi1-uGeu and Si1-xGex is of scientific and technological importance. Reduction of 

contact resistivity over time in CMOS devices should follow an exponential trend 

according to ITRS1 (see Fig. 2), in order to obtain the expected device performance 

enhancement. Recently, low-resistivity NiSi0.82Ge0.18 contacts to heavily B doped 

Si0.82Ge0.18 have been reported.50,102 The contact resistivity was on the order of 10-7 

Ω·cm2. As poly-Si1-xGex can be used for work-function adjustment in the gate 

electrode, the formation of a low resistivity contact to poly-Si1-xGex is also essential. 

 

To study the contact integrity of NiSi1-xGex, to poly-Si1-xGex, CBKR were fabricated 

using three photolithography steps for contact resistivity measurement and extraction. 

The process is briefly described as follows. It began with the growth of a 100-nm 

thick SiO2 on p-type Si substrate, followed by deposition of poly-Si or Si0.7Ge0.3 films 

with a nominal thickness of 500 - 600 nm in a CVD chamber. Dopants were 

introduced in the films by ion implantation with either As (n-type) or BF2 (p-type) to 

5×1015 cm-2 in order to yield a bulk concentration of 1×1020 cm-3. Dopant activation 

was made in N2 at 1000 °C for 45 minutes. After definition of the Si or Si0.7Ge0.3 

resistors, a fresh 200-nm thick SiO2 was then deposited wherein square contact 

windows of side-length ranging from 0.5 to 5 µm were opened using dry etching. A 

nominally 20-nm thick Ni film was subsequently deposited, followed by self-aligned 

formation of NiSi1-uGeu at 500 oC for 30 s in the contact windows. Metallization was 

made using an Al/TiW bi-layer configuration, followed by a forming gas annealing at 

400 oC.   

 

The log-log plot of Rc vs. A for (a) NiSi formed on p+ poly-Si and (b) NiSi0.7Ge0.3 on 

p+ poly-Si0.7Ge0.3 is presented in Fig. 21. The actual contact area could deviate from 

the nominal contact area defined on the lithography mask due to process induced 

variations.36,102 Therefore, the actual contact areas, A in Fig. 21 were taken from Ref. 

102, since the process used here was identical to that in the given reference. In Fig. 

21, both ρc and RSH are obtained using a 2-D simulation to fit the experimental results. 
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The extracted value of ρc for the NiSi-Si contact was 5×10-7 Ω·cm2 and that for the 

NiSi0.7Ge0.3-Si0.7Ge0.3 contact 9×10-8 Ω·cm2. The transfer length, defined in Eq. (6), 

was around 0.6 µm and 0.3 µm for the former and latter cases, respectively. The 

extracted value of RSH for the p+ Si was 150 Ω/sq. and that for the p+ Si0.7Ge0.3 100 

Ω/sq. These values were in good agreement with the RSH values obtained from direct 

resistance measurement using the four-point probe method on resistor structures 

fabricated on the same wafers (RSH of p+ Si 137 Ω/sq. and of p+ Si0.7Ge0.3 90 Ω/sq.). 

The good agreement between the extracted and measured values indicates that our  

2-D extraction can be used to estimate ρc. It also clearly indicates a 50 % lower sheet 

resistance in p+ Si0.7Ge0.3 than in p+ Si.  

 

In Fig. 22, the log-log plot of Rc vs. A for (a) NiSi formed on n+ poly-Si and (b) 

NiSi0.7Ge0.3 on n+ poly-Si0.7Ge0.3 is depicted. The extracted value of ρc for the NiSi-Si 

contact was 1×10-6 Ω·cm2 and that for the NiSi0.7Ge0.3-Si0.7Ge0.3 contact 2×10-5 Ω·cm2. 

Comparing Figs. 21 and 22, it is clearly seen, that the n-type dopant behaved in an 

opposite manner to the p-type dopant, in terms of their influence on RSH. On the  

n-type substrates, RSH was higher for Si0.7Ge0.3 than for Si, opposite to the RSH on the 

p-type substrates. The ρc values for the NiSi formed on poly-Si are comparable to 

previous results with TiSi2.36 This is the case for both n-type and p-type poly-Si.  

 

The contact property of NiSi1-xGex, to sc-Si1-xGex and poly-Si1-xGex, and to TiW-

metallization was found to be strongly dependent on the surface cleaning prior to TiW 

sputter-deposition. The ρc extracted was around 5.0×10-9 Ωcm2 for the contact 

between NiSi1-xGex and TiW if a short contact window etch using NF3-plasma (as 

discussed in Section 3.4.3) to clean the NiSi1-xGex surface was applied immediately 

before TiW deposition. Without this etch, a value of ρc two orders of magnitude 

higher than that shown above was found.  

 

The higher values of ρc on n+ poly-Si compared with those on p+ poly-Si could be 

related to less activation and/or grain boundary segregation of As compared to  

B,103-106 although similar dopant concentrations were used. On p+ substrates, the lower 

ρc obtained on p-Si0.7Ge0.3 than on Si is attributed mainly to a higher valence band 

energy of Si0.7Ge0.3 than that of Si;16 a similar observation of a lower ρc has been 
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found for TiW contact to p-type Si1-xGex than for TiW to p-type Si.107 But Ge seems 

to have a negative effect on the ρc for n-type substrates. A lower solid solubility of As 

in Si1-xGex than in Si could be an explanation, supported by the sheet resistance results 

given above. Furthermore, the solid solubility of B is much higher than that of As in 

Si1-xGex.105,106,108 This could explain the lower ρc value on the p+ poly-Si0.7Ge0.3 than 

on the n+ poly-Si0.7Ge0.3. Additionally, lateral encroachment of NiSi under the 

surrounding SiO2 could also affect the contact resistivity extraction.102 Using a 2-D 

model, instead of a 3-D model taking into account the complex interface morphology, 

could lead to an underestimation of the contact resistivity by 35 %.102  
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Figure 21.  Log-log plot of contact resistance, RC, vs. contact area, A, for: (a) NiSi 
formed on  p+ poly-Si and (b) NiSi0.7Ge0.3 formed on p+ poly-Si0.7Ge0.3.  
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Figure 22.  log-log plot of contact resistance, RC, vs. contact area, A, for: (a) NiSi 
formed on n+ poly-Si and (b) NiSi0.7Ge0.3 formed on n+ poly-Si0.7Ge0.3.  
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3.6 NiSi integration in novel CMOS devices 
 

When the conventional planar MOSFET fabricated on bulk Si substrates is scaled 

down, the short-channel effect (SCE) becomes more severe and it is difficult to 

control the transistor. To overcome the SCE, several new device structures have been 

studied.109 Especially, fully depleted devices, made on silicon-on-insulator, SOI 

substrates have been demonstrated.110 The thickness of the surface Si layer should not 

exceed approximately 40 % of the gate length in order to effectively control the SCE.1   

 

3.6.1 NiSi integration in ultra thin body SOI-MOSFETs  

 

Integration of NiSi in ultra-thin body SOI-MOSFETs is important in order to reduce 

the high S/D resistance related to the very thin Si layers. However, an important issue 

with the fully silicided S/D could be related to the adhesion and thermal stability of 

NiSi formed directly on the buried oxide. In Paper VI, different issues related to the 

integration of NiSi in ultra-thin body SOI-MOSFETs were studied. 

 

Lateral growth of Ni-silicide towards the channel region of a MOSFET fabricated on 

ultra-thin SOI was characterized using SOI wafers with a 20-nm thick surface Si 

layer. With a 10-nm thick Ni film for silicide formation, p-channel MOSFETs 

displaying ordinary device characteristics with silicided p+ source/drain regions were 

demonstrated. The silicide formed was rather homogeneous and remained stable on 

the buried oxide. Its front lay precisely at the Si3N4/SiO2 spacer. No lateral growth of 

NiSix under gate isolation spacers was found according to TEM. When the Ni film 

was 20-nm thick, Schottky contact source/drain MOSFETs showing typical ambipolar 

characteristics were obtained. A severe lateral encroachment of NiSix amounting to 

680 nm is clearly evident in Fig. 23(a). An increased gate leakage was also observed 

in the device with the severe lateral encroachment. However, no detectable void 

formation at the silicide front towards the Si channel was found (Fig. 23(b)).  

 

As discussed in Section 3.5, an integration of Si1-xGex in the S/D regions in order to 

reduce cρ  could be an interesting solution for future generations of fully-depleted 

SOI-MOSFETs as well. In addition, a Si1-xGex S/D engineering in order to modify the 
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NiSi1-uGeu film texture for certain device applications could be of interest. As seen in 

Paper V, only about 10 nm SiGe is needed to change the texture from randomly 

orientated to strongly textured, when reacting with a 20 nm thick Ni. An important 

step with regard to how the NiSi integration should proceed can be examined using 

some simplified calculations of the S/D series resistance illustrated below.  

 

 
Figure 23. XTEM micrograph showing an aggressive lateral growth of NiSi and 
Ni2Si into the channel region for the MOSFET with 20 nm Ni.  Where the EDS 
analyses were taken (results summarized in Table II) is also marked.  (b) HRTEM 
micrograph showing a void free interface between the NiSi and the Si channel under 
the gate stack (Paper VI).   



44 Interaction of Ni with SiGe for electrical contacts in CMOS technology 

 

 

Table II – Atomic compositions determined by means of EDS on the points marked in 
Fig. 23(a) for a MOS device of 20 nm surface Si with its S/D reacted with a 20 nm 
thick Ni. The relative error for the EDS measurements can be up to 15 %. 

Position Si (at.%) Ni (at.%) 

A 51 49 
B 63* 37* 

C 98 2 
D 100 0 

*Possible overlap between Si or SiO2 and NiSi grains. 
 

 

3.6.2 NiSi integration in elevated S/D structures 
 

When the MOS devices are scaled down with narrow gates and correspondingly 

shallow junctions, it becomes increasingly difficult to maintain a low RSH and 

simultaneously a low junction leakage. Two approaches can be considered in order to 

overcome the large S/D series resistance. An attractive approach to lower the high 

S/D resistances is to integrate elevated Si1-xGex S/D structures.111 The advantages with 

an elevated S/D are the compatibility with shallow junctions and low leakage currents 

achievable. The second approach can be the use of silicides with adequate work-

functions to replace the ordinary p-n junctions thus forming Schottky contact S/D.112  

 

In what follows, the focus will be placed on MOSFETs fabricated on ultra-thin SOI. 

To confirm the advantage of using the former approach (elevated S/D structures), 

simplified calculations of the parasitic resistance, RP for fully silicided S/D (Fig. 

24(a)) and elevated S/D structure (Fig. 24(b)) are preformed using data from ITRS for 

three high performance (HP) technology nodes (hp90, hp65 and hp45). These values 

can be found in Table III. The total resistance, RI, from the source to the drain can be 

broken down to several parts as the following: 

 

CCHEXTSDI
DS

DS RRRRR
I
V

+++==  (9) 

 

Here, RSD is the S/D resistance, REXT the extension resistance, RCH the channel 

resistance, and RC the contact resistance between NiSi and Si. Since RCH is an intrinsic 
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component identical in both cases, it will not be given further considerations in the 

following calculations. 

 

 

 

Table III – Physical and electrical values from the 2003 edition of ITRS.1  
Year of Production 2004 2007 2010 
Technology Node hp90 hp65 hp45 
Gate length, GL i (nm)  37 25 18 
Si thickness, Sit ii (nm),  11-19 8-13 5-9 
Sheet resistance, SR (extension) (Ω/sq.) 663 884 1875 
Sheet resistivity, Sρ (extension) (Ω-cm) 1.4×10-3 1.2×10-3 1.4×10-3 
Extension length, LEXT

iii (nm) 20.4 13.8 10.8 
Specific contact resistivity, cρ (Ω-cm2) 1.62×10-7 1.05×10-7 6.08×10-8 

PR  (Ω-µm)iv 180 162 135 

Silt  (nm)  20 17 13 

SilR  (Ω/sq.)  7.9 9.6 12.3 
iPhysical gate length (high performance).  
iiFinal Si thickness after processing (fully depleted). 
iiiSpacer thickness for elevated contact is equal to LEXT. 
ivMaximum allowable parasitic series source plus drain resistance for a MOSFET of 1 
µm width. 
 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 

Figure 24. Two different approaches for contacting the S/D regions in a fully depleted 
ultra-thin body SOI-MOSFET: (a) fully silicided S/D, and (b) elevated S/D. The 
vertical dashed lines indicate where the S/D extensions end (aligned to the gate 
edges).  
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The remaining parasitic series resistance, RP, can be described as follows: 
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where, Rsil represents the silicide sheet resistance, LSD the length of source or drain 

region, WSD the width of source or drain region, LEXT the extension length, WEXT the 

extension width, SR  the sheet resistance in extension, ρC the specific contact 

resistivity, LT the transfer length defined by Eq. (6), and WC the contact width. The 

factor 2 in front of all three terms comes from the symmetric contributions from both 

source and drain. Using the values of SilR  in Table III, it will be shown that the NiSi 

sheet resistance on the order of 1 Ω-µm is negligible for all three technology nodes 

(LSD<0.2 µm). In the case of fully silicided S/D structures (Fig. 24(a)), CR  has a 

different form from that in Eq. (10). With the contact area A as the product of Sit  and 

CW , CR  is simply given by: 

 

CSi

Ca
C Wt

R
×

=
ρ

 (11) 

 

The calculated results are presented at the bottom of Table IV for fully silicided S/D 

( a
PR ) and elevated S/D ( b

PR ). They are also shown in Fig. 25 where the ITRS 

recommendation for maximum RP is also included for comparison. 

 

It is clearly seen in Fig. 25, that using the elevated S/D structure can meet the ITRS 

recommendation. In contrast, a fully silicided S/D leads to much too high resistance 

values. The reason is the very small contact area between the silicide and the Si at the 

foot of the gate isolation spacers (Fig. 24(a)), which results in the very large values of 

CR . In this case, the contribution from CR  dominates the total parasitic resistance.  
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Table IV – Estimated resistance values for: (a) fully silicided S/D (denoted with 
superscript a) and (b) elevated S/D (denoted with superscript b).  
Year of Production 2004 2007 2010 
Technology Node hp90 hp65 hp45 
Silicide thickness, Silt i (nm)  13.2-22.8 9.6-15.6 6-10.8 
Silicide sheet resistance, SilR ii (Ω/sq.) 7.0-12.1 10.3-16.7 14.8-26.7 
Sheet resistance, Si

SD
R iii (S/D) (Ω/sq.) 300 300 300 

Transfer length TL iv (µm) 0.23 0.19 0.14 

EXTR  (Ω-µm) 13 12 20 
a
CR  (Ω-µm)v 853-1473 808-1313 676-1216 
b
CR  (Ω-µm) 70 56 43 
a
PR  (Ω-µm) 1732-2972 1640-2650 1392-2472 
b
PR  (Ω-µm)vi  166 136 126 

iFully silicided S/D (tSil/tSi=1.2). 
iiSheet resistivity: 16 µΩ-cm (NiSi). 
iiiConstant sheet resistance in S/D region is assumed. 
ivLT is given by Eq. (6) in Section 2.6. 
vWith contact area given by A= CSi Wt ×  
viThe sheet resistance, Si

SD
R is used to extract LT . This leads to only one value of b

PR  
(not a range). 
 

102
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104

2004 2007 2010

ITRS2003

Fully silicided S/D (a)

Elevated S/D (b)

R
P (Ω

-µ
m

)

Year  
Figure 25.  The total parasitic resistance RP for: (a) fully silicided S/D (open 
squares) and (b) elevated S/D structure (open triangles). The solid line represents 
the ITRS2003 recommendation for the total parasitic resistance in S/D. 
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Finally, for n-type Si, the solid solubility of P and As is high exceeding 1021 cm-3. 

Such extraordinarily high values of solubility provide a materials guarantee for 

meeting the ITRS requirements on the cρ  and Si
SD

R  for future generations of CMOS 

technology as shown in Tables III and IV. However, the solid solubility of B in Si is 

relatively low.113 In order to achieve the specified values of cρ  and Si
SD

R , super-

saturation doping17 of Si1-xGex with B is an attractive solution.  
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4. Summary and future trends 
 

This thesis examines the challenges to integrate NiSi in Si/Si1-xGex MOSFETs. An 

overview has been given to highlight in particular our own work on the interaction 

between Ni films and Si1-xGex as well as on the influence of Ge on the phase and 

morphological stability of NiSi1-uGeu. The phase stability of NiSi1-uGeu is generally 

enhanced with an appreciably increased temperature for the nucleation of NiSi2. 

However, the morphological stability is worsened as compared to NiSi on Si, on 

single-crystal as well as on polycrystalline substrates. Distinctly different from NiSi 

on Si, the agglomeration of NiSi1-uGeu films is significantly less dependent on the 

crystallinity of the Si1-xGex. The mechanical strain in the underlying Si1-xGex is found 

to play a major role in the morphological instability of NiSi1-uGeu. The energy 

difference due to the favorable formation of NiSi at the expense of NiGe is identified 

as another a major cause to the agglomeration of NiSi1-uGeu on Si1-xGex. Kinetically, 

the morphological evolution takes place through an inter-diffusion of Si and Ge in 

NiSi1-uGeu and Si1-xGex. Furthermore, the effects of Ge and the layer sequence in the 

Si/Si1-xGex film system on the film texture of the resultant NiSi1-uGeu have been 

studied. Epitaxy of NiSi on NiSi0.75Ge0.25 across the compositional boundary is 

observed.  The crystallographic orientation of the NiSi1-uGeu films is strongly affected 

by the initial layer thicknesses and the layer sequence.  

 

The influence of Ge on the specific contact resistivity for ohmic contacts of NiSi1-

uGeu to poly-Si1-xGex and to TiW have been investigated. For p-type contacts with the 

poly-Si1-xGex doped with B to 1020 cm-3, the NiSi0.7Ge0.3/Si0.7Ge0.3 contacts with a 

contact resistivity of 9×10-8 Ωcm2 is 5 times lower than for the corresponding NiSi/Si 

contacts. For n-type contacts with the poly-Si1-xGex doped with As to 1020 cm-3, the 

presence of Ge shows a negative effect and the contact resistivity becomes 2×10-5 

Ωcm2 that is 20 times that for the corresponding NiSi/Si contacts. Dopant activation is 

suggested to be the cause for the observed differences. 

 

Issues related to integration of NiSi in ultra thin body SOI-MOSFETs have been 

studied. A severe lateral growth of Ni-silicide towards the channel region is observed. 

This lateral growth as a result of a too thick Ni film used, consumes the entire S/D 
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extension giving rise to Schottky contact S/D MOSFETs. By controlling the Ni 

thickness to match the thickness of the surface Si, a uniform and well-confined NiSi is 

found in the S/D. However, the resultant S/D series resistance can be too large to 

tolerate. A liable solution is to use elevated S/D, which, according to simplified 

calculations presented in the thesis, can lead to a reduction of the S/D resistance by at 

least 10 times thus meeting the ITRS recommendation down to the 45-nm technology 

node. Using SiGe for S/D engineering may result in modification of the NiSi1-uGeu 

film in terms of its texture, which could be useful for certain applications. 

 

For smaller MOS devices beyond the 90-nm technology node, the FinFet concept114 

can be a contending candidate to replace today’s traditional planar device structure. 

The FinFet structure features an ultra-thin body with a double-gate for effective 

control of SCE, thereby extending the scalability of device dimensions beyond the 20-

nm.114,115 Since the processing is entirely identical to that for a planar device structure, 

the FinFet structure is particularly interesting. In a FinFet, not only the gate but also 

the two Fins leading the channel to the large source/drain pads will be made of narrow 

wires substantially below 50 nm width. Contact metallization of FinFets using NiSi 

clearly presents the most promising solution due to the very low formation 

temperature and the well-behaved growth of NiSi.30,91,96 

 

Several recent efforts have been placed on developing Si-nanowires as the building 

block for future generations of MOSFETs that could replace today’s conventional Si-

MOSFETs in hybrid electronics or lead to individual nanosystems.116,117 Owing to its 

unique formation advantages, low temperature and independent of feature size, NiSi is 

an ideal choice for low resistivity contacts to such Si nanowires. Conceptually, 

therefore, Si nanowires once formed can be converted into NiSi nanowires with an 

atomically sharp NiSi-Si interface, as shown in Ref. 116. Recently, our group at 

KTH118 has developed a robust technology for fabrication of Ni2Si and NiSi 

nanowires about 25-nm in diameter and up to 400 µm long. Such wires have been 

shown to be able support a high current density on the order of 108 A/cm2. Therefore, 

Ni-silicide appears to be a promising candidate for future generations of CMOS 

technologies as well as for nanoelectronics with “unconventional” device structures. 
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