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ABSTRACT: Metal silicides have pl ayed an indi spensable ro le in the rapid developments of microelectronics 
since PtSi was first used to improve the rect ifying characteri stics of diodes in early I 960s. This work first provides 
a brief historical overview of the many different silicides, and, corresponding ly, the different processing method­
ologies used in the past. With regard to the present use ofsilicides in CMOS technologies, a convergence becomes 
clear with the self-a li gned technology using only a limited number of si licides, namely, TiSi 2, CoSi 2, and Ni Si. A 
section on fundamental aspects is included to cover thermodynamics and kinetics, which are essential for 
understanding the silicide formation processes. The advantages and disadvantages of TiSi2, CoSi 2, and Ni Si are 
analyzed wi th the development trend of CMOS technologies as a measure. Spe'cifically, the reactive diffusion and 
phase fonnation of these si licides in the three temiinals of a metal-oxide-semiconductor device, that is, gate, source, and 
drain , are scrutinized . The review ends with an ex tended di scussion about future trends of metal silicides in micro/ 
nanoelectronics, with reference to the potential material aspects and device structures outlined in the International 
Technology Roadmap for Semiconductors. 

I. INTRODUCTION 

The rapid advancement in microelectronics 
during the last 40 years has been realized through 
miniaturization and integration of the electronic 
devices. Advances in miniaturization and very­
large-scale integration (VLSI) allow for computer 
intelligence to be built into products that are 
smaller, integrate in.ore complex functions, con­
sume less power, and cost less. According to the 
2002 update of the International Technology 
Roadmap for Semiconductors (ITRS), 1 this rapid 
pace of development will continue well into the 
next decade. It is known that metal-oxide-semi­
conductor field-effect-transistor (MOSFET) is the 
basic building block for the absolute majority of 
today 's electronic systems. Therefore, the focus 
is placed on the use of metal silicides for MOS 
devices in the present article. A cross section of 
two modem MOSFETs placed side-by-side is 
shown schematically in Figure 1, with a metal 
silicide layer present in the three electrode termi-

2 

nals, gate, source, and drain for both transistors. 
The silicide layer is usually fonned simultaneously 
in all six electrode areas. The two transistors are 
of opposite polarity, one n-channel MOSFET 
(nMOSFET) built directly on the p-type substrate 
and one p-channel MOSFET (pMOSFET) built 
inside the n-well , that is, in tum first fonned on 
the same p-type substrate as shown. Constructed 
simultaneously on the same substrate, the two 
transistors are usually connected in series between 
the power supply tenninals in an electronic cir­
cuit to minimize standby power dissipation, that 
is, the complementary MOS (CMOS) technol­
ogy. Among many technical parameters, the gate 
length of a MOSFET, which is one of the most 
critical indicators of the integration technology, 
will decrease below 10 run by year 2016, in order 
to attain the desired technological gain and eco­
nomical profit. The predicted development trend 
in downscaling of the gate length from ITRS is 
shown in Figure 2 along with the past success in 
keeping up with the trend first predicted by Moore 
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FIGURE 1. Cross section of modern CMOS transistors with an n-channel MOSFET (nMOSFET) and a p-channel 
MOSFET (pMOSFET). 
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in the l 960s. 2 As can be seen, the development 
pace has, in fact, experienced acceleration during 
the latest decennium, reflected as a downward 
bending of the curves in Figure 2. This experience 
has also encouraged scientists and engineers to 
take even more aggressive and daring approaches 
in order to speed up the developments. 

In the large vocabulary of solid-state elec­
tronic devices,3 metals often constitute one of the 
key components rather than merely act as external 
electrical contacting. Examples of such devices 
are numerous, here just to mention a few fre­
quently encountered ones such as MOSFETs, 
Schottky diodes, metal-insulator-semiconductor 
switches (MISS), and metal-base transistors 
(MBT). As the electrical contact between metal 
and semiconductor is directly relevant to the 
present review, how the electrical contact resis­
tivity should be scaled according to ITRS in order 
to deliver MOSFETs with the desired performance 
is shown in Figure 3. The demand on low-resis-
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t1v1ty contacts has clearly been lessened when 
comparing the specifications in the two editions 
of ITRS in 1999 and 2002. Depicted in Figure 4 
is the ITRS prediction for how the junction depth 
(a), silicide thickness (b) , and sheet resistance (c) 
in the source/drain regions of a MOSFET should 
scale. The requirements for a decreasing source/ 
drain series resistance and contact resistivity in 
smailer MOSFETs are well treated by Ng and 
Lynch,4 and interested readers are-also directed to 
two more recent articles. 5•6 

The main driver for the continuous advance­
inent in VLSI has been the search for electronic 
circuits of higher perfonnance and lower 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. 7 For this purpose of reaching higher 
speed, metal silicides have been utilized for con-
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1 o-8 ~~~~~~~~~~~~~ 
2000 2005 2010 2015 

Year 

FIGURE 3. Maximum contact resistivity as predicted in ITRS 1999 and 2002 update. Note that the requirements 
have been relaxed in the 2002 update . 
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tact metallization and local wiring.5•6 The choice 
of metal siiicides in Si technology is quite natural, 
because they meet the basic requirements : low 
specific resistivity, low contact resistivity to both 
types of Si, high thermal stability, good 
processibility, and excellent process compatibi l­
ity with standard Si technology. Today, metal 
si licides are an inseparable part of an electronic 
device. 5 

The use of metal silicides in electronic de­
vices can be traced back by almost four decennia 
when Pt,8 Cu,8 Mo,8 and W9 silicides were used 
for manufacturing planar Schottky diodes with 
enhanced rectifying characteristics. The thennal 
stability of the Schottky diodes was also greatly 
improved when using a metal silicide as metal 
contact, when compared with Al contact. 10 PtSi 11 

or Pd2Si 12 were also used as contact layer between 
Al and Si to reduce the contact resistance, partly 
by preventing Al doping of n-type Si and partly 
by ensuring a good surface coverage of contacts 
by the metal electrode. Such efforts aiming at 
improving the contact reliability have been nicely 
summarized in Ref. 13, as schematically shown 
in Figure 5. Later, metal silicides found important 

6 

applications as current shunt to reduce the series 
resistance uf local metallization usually made of 
heavily doped polycrystalline Si (poly-Si). 14-15 To 
practically fabricate the current shunt, a metal 
silicide layer is deposited on top of a poly-Si 
substrate. Patterning of the silicide/poly-Si stack 
with the assistance of photolithography is used to 
define various desired features. This process is 
now often tenned as POLYCIDE. 16 Such a struc­
ture of silicide/poly-Si has an important position 
as the gate electrode of a MOSFET. The silicides 
used in the POLYCIDE technology are usually of 
the high thennal stability type, first with MoSi2

17 

and then with WSi2. 16•18 Two other refractory metal 
si licides, TaSi2

19•20 and TiSi2,20 were also consid­
ered. 

Because the POLYCIDE technique only ad­
dresses the high-resistance problem in the gate 
electrode, a limitation with the POL YCIDE con­
cept is therefore the high series resistance retain­
ing in the source/drain regions. Referring to Fig­
ure 6, reproduced from Ng and Lynch,4 the series 
resistance in the source/drain regions is composed 
of a contact resistance between metal and Si in the 
contact window of width 1, Rc

0
, a diffusion resis-



Al 
SiO 

FIGURE 5. On top, a misaligned aluminum metallization .causes an increase in contact resistance. This is not so 
in the case illustrated at the bottom, where a sufficiently thick PtSi contact reduces the formation of aluminum spik.es 
and provides a constant contact resistance. (Taken from Ref. 13. With permission.) 
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FIGURE 6. Resistance components for the series resistance from the source/drain region to the channel. (Taken 
from Ref. 4. With permission.) 

7 



tance in the heavily doped region of length S 
below the isolation between the contact window 
and the gate egde, Rs,,, a spreading resistance at 
the junction edge, Rsp, and an accumulation resis­
tance toward the channel , Rae- Without a metal 
silicide in the source/drain regions, the value of 
Rco can be high, as described above. 13 More seri­
ously, the presence of the parasitic resistance Rs,, 
can become a limiting problem for high-speed 
operations of the device. Compa1ing the structure 
in Figure 6 to that in Figure I, one sees immedi­
ately that Rs,, can be shunted by the silicide layer 
in the source/drain regions included in Figure I. 
Hence, a solution was proposed to use a second 
silicide in the source/drain regions. 21 In such a 
double silicide process, the first silicide used for 
the POLYCIDE in the gate is of high-temperature 
stable type, for example, TiSi2 , while the second 
silicide used for the source/drain should be fonned 
at relatively low temperatures (e.g., PtSi). As the 
second silicide layer can be made very close to 
the channel by engineering on the thickness of the 
two sidewall spacers of the poly-Si gate (Figure I), 
the source/drain series resistance can be reduced 
greatly. 

The POL YCIDE structure needs to be pat­
terned to form the gate electrode. Patterning the 
silicide films to narrow lines of 500 run width or 
below is, however, not trivial. When the gate 
length is shrnnk following the scaling rule, so are 
the other physical dimensions, including the thick­
ness of the gate oxide Si 0 2, in order to attain the 
desired device perfonnance.22 To make device 

Silicide 

Poly-Si 

processing contro llable, the thickness of a 
POL YCIDE gate electrode, in pa11icular, also 
needs to be reduced so as to make patterning of 
the POL YCIDE by dry etching able to fully stop 
at the underlying Si 0 2. This consideration results 
in a decreased height of the gate electrode. Be­
cause the chemistry for dry etching of metal sili­
cides is generally different from that for poly-Si, 
dry etching in reactive plasma of such a 
POL YCIDE gate stack on top of the delicate SiO2 

of I 00 A thickness or below can cause severe 
reliability problems. The reduction of the 
POL YCIDE thickness also leads to an increase in 
resistance of the gate electrode, which can be­
come too hi gh to he tolerable. A further problem 
may arise when a patterned POLYCIDE gate struc­
ture is thennally oxidized for the improvement of 
device reliability. Successful oxidation of a large 
number of silicides formed on Si substrates (single 
crystal or polycrystalline) has been demonstrated 
with blanket, one-dimensional planar structures.23- 25 

The growth of a protective surface layer of SiO2 

over those silicide/Si structure, due to a sustained 
Si supply from the Si substrate, makes the oxida­
tion process liable; details about the underlying 
physics for oxidation of the silicide/Si structure 
are available in the literature.25- 28 However, for a 
patterned POLYCIDE gate structure, the side walls 
are also exposed to the oxidizing atmosphere (02 

or H2O) (see a schematic structure in Figure 7). 
Now, the two-dimensional oxidation of the sili­
cide around the upper comers requires a larger Si 
supply than for the one-dimensional blanket struc-

Oxide 

FIGURE 7. A Schematic patterned POLYCIDE structure under oxidation. 
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ture in order to grow the protective SiO2. The 
rapid oxidation at the silicide/Si interface can, 
however, cut off this needed supply of Si. As a 
result, the metal in the silicide is also oxidized 
leading to the "pest phenomenon" that is known 
for intennetallic compounds used as structural 
parts at high temperatures·. Indeed, severe reli­
ability problems with the formation of porous 
SiO2 or mixed metal-Si oxides over the patterned 
POL YCIDE structure have been reported in the 
literature. 29 It is expected that the problem with 
oxidation of a POL YCIDE gate structure becomes 
even more serious for smaller gate lengths if no 
measure is taken. 30,31 Thus, a more robust process 
technology has emerged:32- 34 self-aligned silicide, 
SALICIDE, that forms the same kind of metal 
silicide simultaneously in the gate and source/ 
drain regions . 

Metal Deposition 

C49 TiSi2 

First Anneal 

C54 TiSi2 

A general SALICIDE process is summarized 
graphically in Figure 8, using the fonnation of 
TiSi2 as an example for illustration. The two 
disilicides of Ti, C49 and C54 TiSi2, are structur­
ally and electrically different. Their physical prop­
erties are given later when the Ti-SALICIDE pro­
cess is analyzed in great detail in Section IV . It 
begins with a metal layer deposited over the en­
tire surface of a wafer substrate where various 
structures are already-defined and different mate­
rials, including Si and SiO2, are present. After a 
controlled heat treatment, that is, annealing, the 
deposited metal only reacts with Si in the areas 
where Si is in direct contact with the metal. The 
metal does not react, or reacts very slowly, with 
the surrounding dielectric materials such as SiO2. 

Selective removal of the unreacted metal on top 
of SiO2 can be realized using wet chemicals. It is 

FIGURE 8. A schematic SALICIDE process exemplified with the TiSi2 formation. 
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the selective reaction that fonns the basis of the 
SALICIDE technology. As a matter of fact, selec­
tive reaction of metal with Si in comparison with 
SiO2 was known long7 before the widespread use 
of the SALICIDE technology in the industry after 
the first demonstration by Shibata et al. 32 in 
MOSFETs. The SALICIDE process has been very 
successful owing to its great simplicity of pro­
cessing. The main players in this field have been 
PtSi,8-32,35 TiSi2,

33 and CoSi2.35 More recently, NiSi 
has attracted a great deal of attention. 36•37 The 
latest developments point to a converging effort 
to incorporate NiSi in future MOS devices. The 
process sequence depicted in Pigure 8 is most 
suitable for Ti- and Co-based SALTCTDF. The 
first annealing at a relatively low temperature is 
necessary to avoid fonnation of a silicide bridge 
over the SiO2 spacers. Such a silicide bridge causes 
electrical shorts between the electrodes, gate and 
source/drain. The silicide formation over the SiO2 
spacers is a result of the predominant Si diffusion 
during the high-resistivity C49- TiSi2 and CoSi 
fonnation .38 The second annealing at a higher 
temperature is important for the fonnation of the 
low-resistivity silicide phase, C54- TiSi2 in one 
case and CoSi2 in the other. For the Pt- and Ni­
based SALICIDE, the scheme in Figure 8 is con­
siderably simplified with the second high-tem­
perature annealing completely omitted, because 
both PtSi and NiSi grow via metal diffusion at 
low temperatures. These issues are explored in 
more detail later, along with other topics with the 
SALICIDE processing. The implementation of 
the SALICIDE technology has not only led to 
greatly simplified device processing, but has also 
remarkably improved the process reliability by, 
for instance, avoiding direct patterning the sili­
cide/poly-Si stack. It has indeed resulted in sig­
nificant advancements in the use of metal sili­
cides in microelectronic industry. In short, the 
SALICIDE technology has found a very special 
position in present state-of-the-art electronic de­
vice 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 

10 

devices has evolved strongly over the last decen­
nium. Nonetheless, the time evolution of various 
metal silicides used in Si technology briefly re­
viewed above is summarized graphically in Fig­
ure 9, a reproduction from a recent publication of 
Iwai et al.39 As a part of the down-scaling scheme, 
the device isolation technology has evolved from 
local oxidation of Si (LOCOS) to shallow trench 
isolation (STI) (see Figure 10). One concern with 
such isolations is mechanical stress developed 
during local40 or trench isolation,4 1 and a more 
general analysis of implications of mechanical 
stress in Si technology is given by Hu.42 There are 
at least two additional reviews on the mechanical 
stresses in thin films used for microelectronics. 43·44 

As the silicide fonnation is generally accompa­
nied with volume expansion,45 it can also lead to 
build-up of mechanical stresses in the system. A 
combined effect of isolation and silicidation on 
device perfonnance has recently received a very 
thorough treatment46 and therefore is not discussed 
in this context. For the mechanical and thennal 
properties of various metal silicides, the readers 
are directed to a comprehensive summary by 
Ostling and Zaring.47 

Metal silicides in microelectronics have been 
the subject of many reviews in recent years.48-53 

The reviews by Osburn,48 by Gambino and 
Colgan,6 and by Maex49 all cover a broad scope of · 
metal silicides in MOS technologies. Other re­
views are more dedicated to specific topics such 
as technological issues with silicide films fonned 
on poly-Si substrates for the gate electrode,50 elec­
trical and optical properties of silicides52 and crys­
tallographic relations between silicides and Si sub­
strates. 53 Recently, an international school on 
silicides in Erice, Sicily, June 1999, gathered lead­
ing experts to deliver more than 20 lectures on 
silicides that resulted in a unique volume54 com­
prising extensive reviews and articles that entail 
balanced treatments of fundamental aspects and 
practical applications of various metal silicides. 
The intensive research on metal silicides over the 
years has also resulted in a comprehensive hand­
book,55 updating an earlier work38 by Nicolet and 
Lau, that recently has become available. The hand­
book provides a wide range of physical , chemi­
cal , electrical, optical , thermal, and mechanical 
properties of various metal silicides. In order to 
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cope with the rapid progress in microelectronics, the 
present review is intended to provide the readers 
with the latest developments of metal silicides in the 
MOS applications. Specifically, TiSi2, CoSi2, and 
NiSi are the focuses of the following discussions. 

This review is structured as follows. First, a 
brief overview of the fundamental aspects di­
rectly relevant to the silicide fonnation is pre­
sented Section II. It presents the basic thennody­
namic properties for some selected binary and 
ternary systems. It covers a short description of 
the classic nucleation theory that includes both 
thennodynamic and kinetic terms for growth of 
nuclei . The section t:nJ:; with a discussion of 
differences between bulk and thin-film systems. 
These fundamental concepts are of important use 
for later analyses of the silicide fonnation in dif­
ferent metal-Si systems. The more technology­
related aspects are treated in Section III, where 
different techniques used for metal/metal silicide 
deposition/fonnation are discussed, with the con­
sideration of technological limitations and con­
straints. The discussion is then focused on the 
most frequently used SALICIDE technology with 
rapid thermal processing (RTP). The commonly 
employed physical analysis and electrical charac­
terization methods for quantifying the silicide for­
mation are presented briefly. Test circuits or struc­
tures for electrical evaluation of the SALICIDE 
processing are introduced as suggestions for po­
tential users to consider. The focus of Section IV 
is placed on the most frequently used/studied si­
licides of today. The gradual migration from TiSi2 

to CoSi2 and NiSi is discussed on the basis of the 
materials properties of the silicides as well as the 
circuit/system requirements from the device per­
formance perspective. The different issues en­
countered with the use of a specific silicide are 
discussed within the framework of the fundamen­
tals covered in Section II. Finally, in Section V 
future trends of metal silicides in MOS technolo­
gies are discussed. Driven by the requirements for 
enhanced device perfonnance in future MOSFETs 
of sub-30-nm gate-length, the fundamental struc­
ture of such a MOSFET is expected to change, so 
are the materials used, including metal silicides. 
The inclusion of new materials puts great chal­
lenges on integration as well as on fundamenta l 
understanding. 
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II. FUNDAMENTALS 

The focus of this review is placed on solid­
state interactions between thin films of Ti , Co, or 
Ni and (bulk) Si substrates. The approach taken 
here, however, proceeds from general thennody­
namics and kinetics for bulk materials . The dif­
ferences in phase fonnation between thin-film 
and bulk cases are discussed once the fundamen­
tal basics are briefly overviewed. 

Phase formation during SALICIDE process­
ing is a thennally activated process occuITing at 
elevated temperatures. The fonnation and growth 
of silicide phases therefore should follow the well­
established laws ofthennodymimics and kinetics . 
To begin with, the phases fonned should in gen­
eral be those found in the coITesponding phase 
diagrams. The discussions below are meant to 
provide some general guidelines for phase fonna­
tion and growth with silicides as the emphasis. 
For more complete treatments see two extensive 
reviews56•57 and several invited lectures58- 65 by 
d' Heurle and co-workers. 

Our attempt here is to go through those points 
important for the remainder of the review, rather 
than repeating what can be found in the literature 
references. Several recent books are available for 
a more general reading about thermodynamics 
and kinetics of solid-state interactions and inter­
metallic compounds.66- 68 

A. Phase Diagram 

In this section, only binary and ternary phase 
diagrams are -presented for some typical systems. 
In reality, the systems in question can be much 
more complex simultaneously involving more than 
three species. For instance, during metal ( species 1) 
interaction with a doped Si substrate (species 2 
and 3), oxygen (species 4) originating from native 
oxide or entering the system from annealing at­
mosphere also participates in the reaction. Fur­
thennore, the heat treatments for silicide fonna­
tion are often deliberately conducted in a reactive 
atmosphere containing N2 (species 5). It is antici­
pated that many key properties for such complex 
systems can be derived on the basis of our under­
standing of the binary and ternary systems. 



For the binary systems there exists established, 
reliable sources69 to use for their phase diagrams. 
There is also a large compilation of ternmy phase 
diagrams,70 but it is not yet complete. A difficulty in 
constructing phase diagrams for ternary or higher 
systems is the insufficient source of reliable thenno­
chemical data for the involved, or potentially in­
volved, intennetallic compounds, binary or ternary. 
Hence, it has often become necessary to carefully 
evaluate the thennochemical data first when exam­
ining the relative phase stability and constructing 
phase diagrams.1 1- 73 A handy exmnple is the uncer­
tainties in the enthalpy values for the silicides of 
titaniwn.74-76 For thennochemical data, there are 
additional sources besides the often-referred thick 
volumes in Refs. 74 to 76. One of such that is 
especially important for intennetallic compounds, 
including metal silicides, is by Deboer et al.77 

1. Binary Systems 

The silicide phases that may fonn during solid­
state interactions between Ti, Co, or Ni thin films 

and Si substrates can be found in Figures 11 
through 13 that show, respectively, the phase dia­
grams for the Ti-Si, Co-Si, and Ni-Si binary sys­
tems. 69 Stable phases are presented with their 
composition domains (i. e., with finite solubility 
of metal or Si) varying with temperature at stan­
dard atmospheric pressure. In the Ti-Si system, 
the solid solubility of Si in Ti amounts to a few 
atomic percents above 87O°C. At the tempera­
tures typiclly used for silicide fonnation below 
8OO°C, the solubility value is lower than 1 at. %. 
The solubility of Ti in Si is negligible. While 
Ti3Si, Ti5Si4 , TiSi, and TiSi2 have a negligibly 
small composition domain, that is, the so-called 
" line compound", the atomic composition in Ti5Si3 
can vary up to 3 at. %. Certain similarities .can be 
found between the Co-Si and Ni-Si systems in 
tenns of the atomic composition (stoichiometly) 
of the equilibrium phases fanned, although there 
are more phases in the Ni-Si system. When the 
crystallographic structures 78·79 are compared in 
Table I, Co2Si and Ni2Si as well as CoSi2 and 
NiSi2 share not only the same crystallographic 
structures but also very close lattice dimensions. 

Welghl Percent Silicon 
0 10 20 30 40 60 60 70 60 90 100 

2200 

2000 

L 
1600 

1670°C 
0 
0 1600 15?0°C 
Q.) 

1480°C I-, 

r;;J 
14!4°C +' 

IQ 1400 .... 
1330°c 1330°C Q.) 

0. m"' s {,BTi) ll?OOC -"' 
Q.) 1200 ... 

i;... 

1000 "i, 
. 

ro"' '"~ in 

aes0c ~ ~ i'.: ~ (Si) 

600 

{aTi) 
600 

0 LO 20 :,a 40 50 60 70 80 90 100 

Ti Atomic Percent Silicon Si 

FIGURE 11. Binary phase diagram for Ti-Si. (Taken from Ref. 69. With permission.) 

13 



14 

Weight Percent Silicon 
0 10 20 30 40 50 80 ?O 80 90 100 

1eoo 

1,9s 11c 1480-C L 
1400 

u1~•c 
t:328'C 

12~9"C 

1200 (aCo) I ,.~ 
L121'C !ti 

~ 
10 

\ 'U 
\ :~ 
' V 1000 h \ 

;:s \ ... .. ., ·, 

""' ' V \ 
t=>, 800 
E ' ' V ' , , 

e-, ' 'I ,, 
'I 

/>' : '' 
800 '' (Si ,,;/ / ' '' '' I '' ,, ' I '' ,, 

' I¾ : '' ,, . 
'' .!;' 

422"C ,:-- ,' 8-41'-! Ul---..: "' 400 l:CO~I 0 '' 
0 

l:l : 0 ,, u 
'' ' , , 

' , , 
' I ' 

' , , 
' , , 

200 ' 
0 10 20 30 40 60 60 70 80 90 100 

Co Atomic Percent Silicon Si 

FIGURE 12. Binary phase diagram for Co-Si. (Taken from Ref. 69. With permission .) 

1400 

1300 

u 
0 1200 
V 
1-, 

;::l .... 
«l UOD 
1-, 
V 
0. s 
V 1000 

E-< 

900 

l!OD 

0 

(Ni) 

Weight Percent Silicon 
ao so 40 60 60 70 BO 9010 

1414•c 

L 

(Si) 

ee3•c 

7004,-==-rrl==~~-.,.,.Jn-rrr/-~.-r,A.-1-T==-r-n-~~=~~-===~~~===~,+-
o 10 20 

Ni 
30 40 60 60 ?O 80 

Atomic Percent Silicon 
90 100 

Si 

FIGURE 13. Binary phase diagram for Ni-Si . (Taken from Ref. 69 . With permission .) 



TABLE 1 
Some Physical Properties of Ti, Co, Ni Silicides47•69•78•79 

Metal Silicide phase Crystal Tm (K) Lattice constant (A) 
structure A b C 

Ti Ti3Si Tetra11:onal 1440 I 0.196 - 5.097 

TisSi3 Hexagonal 2400 7.429 - 5.139 

Ti~Si4 Tetragonal 2190 6.702 - 12.174 

TiSi Orthorhombic 1840 3.618 6.492 4.973 
C49 TiSiial Base-centered ? 3.562 13.531 3.550 

orthorhombic 

C54 TiSi2 Face-centered 1750 8.2687 8.5534 4.7983 
orthorhombic 

Co Co3Si Hexai:,onaJ 1480 4.976 - 4.069 

Co2Si Orthorhombic 1600 4.918 3.738 7.109 

CoSi Cubic 1700 4.4443 - -
CoSi2 Cubic 1600 5.365 - -

Ni Ni3Si Cubic 1440 3.504 - -
Ni2Si Orthorhombic 1580 5.00 3.73 7.04 

NiSi Cubic ? 4.446 - -
NiSi Orthorhombic 1265 5.18 3.34 5.62 
NiSi2 Cubic 1298 5.406 - -

Si Si Cubic 1683 5.4306 - -

a) Dimensions for TiSi1.9CUo 1, according to Ref. 80. 

Also included in Table 1 are the corresponding 
parameters for Si for reference. Similar to Ti-Si, 
the solid solubility of Ni and Co in Si is negli­
gible. The solubility of Si in the metals can, on the 
other hand, amount to more than 10 at. %. As one 
only finds the thennodynamically stable phases, 
that is, those with the lowest free energies at a 
specific atomic composition, in phase diagrams, 
the TiSi2 in Figure 11 refers to the disilicide phase 
with the face-centered orthorhombic C54 crystal­
lographic structure. The metastable, base-centered 
orthorhombic80-82 C49 TiSi2 is not shown here but 
is discussed in detail in Section IV. Similarly, the 
NiSi in Figure 13 refers to the phase with the 
orthorhombic structure. 

2. Ternary Systems 

When a third element is present, intentionally 
such as doping in Si (i. e., with B, P, or As) or 

unintentionally such as oxygen contaminates, one 
has to consider the related ternary phase diagrams 
in order to understand the phase fonnation. While 
such attempts for the fonner cases have been 
pursued by Maex and Probst et a/.83- 86 for a num­
ber of silicides, good examples for the latter cases 
can be found in the work of Beyers et al. 87•88 for 
refractory metal silicides. The readers are also 
referred to Refs. 70, 89, and 90 for a more com­
plete compilation of such ternary phase diagrams. 

Ternary phase diagrams are often presented 
at constant pressure and temperature. They are 
shown as equilateral triangles, with each of the 
three corners presenting one pure element 
(i. e., 100 at.%). Moving away from a comer for 
a specific element corresponds to a linear reduc­
tion of the atomic concentration of that particular 
element and simultaneously linear increases in 
atomic concentrations of the other two elements. 
Shown in Figures 14 and 15 are s~ch ternary phase 
diagrams for Ti-Si-As and Ti-Si-B, and Co-Si-As 
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FIGURE 14. Ternary phase diagrams for (a) Ti-Si-As and (b) Ti-Si-B . (Taken from Ref. 83. With permission .) 
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FIGURE 15. Ternary phase diagrams for (a) Co-Si-As and {b) Co-Si-B. (Taken from Ref. 83. With permission.) 
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and Co-S i-B , respectively.49•83 Similar phase dia­
grams for Ni are not found , but it is anticipated 
that they would assemble Co more than Ti , be­
cause of a closer chemical behavior of Ni to Co. 

Phase diagrams can show the possibilities of 
dopant-metal phase fonnation in the presence of 
Si, as well as the probable consequences for the 
silicide/Si contacts in question. When a line is 
drawn connecting two phases, sometime called a 
" tie-line", the phases can co-exist in equilibrium. 
The lack of a tie-line between two phases is an 
indication of potential chemical interaction be­
tween them. Specifically for the Ti case, both 
TiAs2 (Figure 14a) and TiB2 (Figure 14b) are 
thermodynamically stable in contact with Si, in­
dicating the possibility of fonnation ofTiAs2 and 
TiB2 precipitates. during interaction between Ti 
and heavily doped Si with As or B. Such phase 
fonnation can be detrimental because they con­
sume the dopants and Ti. Consequently, it modi­
fies the interfacial properties of the silicide/Si as 
well as influences the si licide fonnation. The -
potential fonnation of CoAs in the presence of Si 
is also found (Figure 15a), while the fonnation of 
CoB is unlikely (Figure 15b ). 

In Figures 16 through 18, ternary phase dia­
grams are shown for Ti-Si-O,87,88 Co-Si-O,49 and 

0 

Ni-Si-O, respectively. It should be noted that the 
diagram in Figure 18 for the Ni-Si-O system is an 
approximation with dashed lines representing the 
likely tie-lines . It was constructed based on the 
thennochemical data in Refs. 74 to 77 as well as 
on the great similarities in chemical behaviors 
between Co and Ni. It is clear in Figure 16 that Ti 
can readily react with SiO2 forming Ti-oxides and 
silicides, which has been repeatedly confinned 
experimentally91 - 95 and presents a technological 
challenge for the Ti-based SALICIDE process, as 
discussed later. The si licides are, however, stable 
with SiO2. With Co, the situation is more com­
plex. While the si licides are also stable with SiO2, 

there is a possibility that Co can interact with 
SiO2, fonning a ternary compound Co2SiO4, cf. 
Figure 17. Such a reaction may also introduce 
reliability problems when using Co-based 
SALICIDE process. 

Dictated by Gibbs' phase rule, the phase dia­
grams in Figures 14 to 18 are each sectioned into 
many triangles in various shapes. Each triangle 
represents a phase domain consisting of the three 
stable phases present at the three comers. The 
amounts of the phases can be determined using · 
the lever-rule that can be found in physical chem­
istry textbooks. 
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Ti Si 

FIGURE 16. Ternary phase diagram for Ti-Si-O (T=?00-1000 C), redrawn according to Ref. 87. 
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FIGURE 17. Ternary phase diagram for Co-Si-O, redrawn according to Ref. 49. 
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B. Nucleation of a New Phase 

The classic nucleation theory provides a pow­
erful means in analyzing the phase fonnation in 
silicides. 57 In nucleating a new silicide phase by 
solid-state interaction at the interface between 
two adjacent parent 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 pro­
cess 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. These 
changes are schematically shown in the two 
subdiagrams of Figure 19, before (left) and after 
(right) the nucleation of"MSi" (phase 3) between 
"M" (phase 1) and "Si" (phase 2). As seen, the 
surface of the nucleus is present in the fonn of 
inter-phase boundaries to the two parent phases. 
Whether the nucleus survives and grows depends 
on a dynamic balance of these two forces. Math­
ematically, what is being said can be expressed by 
the following energy equation describing the total 
free energy change, L1G, for the nucleation: 

t:iG = ar3 t:ig, , + br2 !:ic, (1) 

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

1 2 

M Si 
(a) 

typical dimension (e.g., radius) and a and b two 
geometrical constants detennined by the detailed 
shape of the nucleus. L1g,. and ,1c, represent, re­
spectively, 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. /:ic,=c,31 +c,32 -c,12 , with CY12, c,31 and 

CYi, denoting, referring to Figure 19, the surface 
e~~rgies at interfaces between parent phases 1 
and 2, the newly fonned phase 3 and parent phase 
I, and the newly fonned phase 3 and parent phase 
2, respectively. The difference in surface areas 
corresponding to CY12, c,3 1, and c,32 is neglected for 
simplicity. 

For the fonnation of a stable compound phase, 
L1g,, is always a negative quantity. ,1c,, on the other 
hand, is generally a positive one. Their contribu­
tions to ,1G are different through their respective 
dependencies on r. In Figure 20, a schematic dia­
gram is shown for the evolution of these two tenns 
on the right-hand side ofEq. I as well as their sum, 
L1G with r. A maximum in L1G, denoted as L1G*, is 
found, which corresponds to letting the first de­
rivative ofEq. I with respective tor equal to zero. 
Physically, L1G* represents the energy barrier height 
to overcome in order for the nucleus to grow spon­
taneously. This behavior is seen as L1G decreases 
monotonically once r is greater than the corre­
sponding critical dimension of the nucleus, r*. 
These two critical quantities are given by: 

S31 S 32 

MSi 
3 

1 2 

M Si 
(b) 

FIGURE 19. A new phase MSi, 3, forms between parent phases M, 1, and Si, 2, with the various interface en_ergies 
indicated. 

19 



w 
(!) 
z 
<l 
I 
u 
>­
(!) 
a:: 
w z 
w 
I 

w 
w 
a:: 
u. 

SURFAC E 
ba-,2 

I 
/ 

/ 
/ 

I 
/ 

I 
/ 

I 

FIGURE 20. Energy curves for the nucleation of a new phase. (Taken from Ref. 57. With permission.) 

and 

4 b3 t.cr3 

t.G*=----? 
27 a 2 t.g~ 

r*= _ 2b t.cr 
3a t.g., 

(2) 

(3) 

A point to make here57 is that surface ener­
gies, er, do not vary significantly from one sub­
stance to the other for solid materials; they ap­
proach zero for epitaxial interfaces and amount to 
maximum values of 2000 ergs per centimeter 
square ( ergs/cm2).96,97 Llg., in the denominators of 
Eqs. 2 and 3 is the algebra sum of enthalpy change, 
Llh.,, and entropy change, Lls,,, for the nucleation, 

(4) 
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Since the entropy values for most solids are com­
parable, Llg., for the nucleation of the first silicide 
phase from metal and Si can sometimes be ap­
proximated by the enthalpy change as: 

(4a) 

However, for cases where Lih" itself is small, the 
entropy tenn can become dominantly important 
and therefore not negligible.98 

The rate of growth, GR, for the nucleus will 
follow an Arrhenius behavior proportional to L1G* 
and absolute temperature T in the fonn of: 

GR oc exp(- t.G*J x exp(-__2.__J (5) 
R8 T R8 T 

where R8 is the Boltzmann constant. The first 
exponential tenn on the right-hand side related to 
thennodynamic quantities derived above only 



represents the probability of nucleation or the 
density of nuclei. Atomic diffusion is essential for 
growth. Hence, the second exponential tenn rep­
resents a kinetic tenn with Q as the activation 
energy for diffusion. 57 

From Eq. 5, for nucleation processes whose 
.1g .. values are small and thus giving rise to large 
.1G*, nucleation becomes difficult and rate-limit­
ing. This is so because very low densities of 
nucleation sites are found with large .1G*, al­
though the diffusion could be significant with 
small values of Q. Since .d<Y is more or less tem­
perature-independent and .1g., is largely a linear 
function of temperature, .1G* then becomes in­
versely proportional to T2. Hence, for processes 
whose nucleation presents the rate- limiting step, 
their growth rate becomes strongly temperature 

sensitive,57 that is, GR oc exp(- 1/ T3
) . In practice, a 

critical temperature is found below which nothing 
seems to happen: However, above this critical 
temperature, the growth of a new phase becomes 
extremely rapid. An important consequence of 
the nucleation-controlled growth is the fonnation 
of a rough interface between the layer of new 
phase and the layers (substrates) of its parent 
phases due to a low starting density of nuclei . 

If, on the other hand, .1G* is small due to a 
considerably large .1g., for the phase fonnation, 
nucleation does not possess impose constraints on 
the growth and the density of nuclei becomes 
large. For such cases, the resulting interface is 
often smooth. The thickening, that is, growth of 
the layer of the new phase, will then be limited by 
atomic transportation of the reacting species across 
the growing layer. Such growth behaviors are 
termed diffusion controlled. Note that the diffu­
sion across the growing layer in this case is char­
acterized mostly with a different activation en­
ergy from Qin Eq. 5. 

C. Formation of the First Phase - The 
Ordered Cu3Au Rule 

The different silicide phases shown in a phase 
diagram cannot simultaneously nucleate and grow. 
The selection and growth of a particular phase are 
mainly governed by kinetics, not by thennody­
namics. This important finding is attributed to 

d' Heurle, who has condensed it as the ordered 
Cu3Au rule, see the extensive analyses in Refs. 
56, 60 to 64. The ordered Cu3Au rule applies with 
great success and satisfactory accuracy not only 
for metal silicides, but also for other intem1etallic 
compounds. In short, the ordered Cu3Au rule states 
that the first phase fanned should be that rich in 
the most mobile species, for example, Cu3Au when 
Cu is more mobile than Au. Similarly, if Au 
would be more mobile than Cu, the first phase to 
form should be CuAu3. Again a good example is 
found in the Ni-Si binary system:56•57 Ni2Si, not 
NiSi2, fonns first as a result of a higher mobility 
of Ni than Si during the fonnation of all Ni­
silicides .99-103 

Once a new phase nucleates and grows, the 
interfaces ( cf. Figure 19) and therefore the ener­
getics are altered for the next new phase. This 
change in interface conditions leads to changes 
not only in .1<Y but also in Llg.,. The latter change 
can be understood by referring to Figure 21 where 
the free energy variations, per atom, is shown for 
a system with A and B as the two parent phases 
and A2B, AB, and AB2 as the intermediate com­
pound phases to nucleate and grow.57 For the sake 
of simplicity, A and B are considered as two pure 
elements, and the solubility limits of A in B and 
B in A are assumed to be zero. In this system, it 
is assumed that A is the dominant diffusion spe­
cies and it follows from the above discussions 
that A2B will be the first phase to nucleate and 
grow. The driving force (energy) for the fonna­
tion of A2B is proportional to the vertical bar 
marked "XI " in Figure 21. Now, the next phase 
to nucleate would be AB at the interface between 
A2B and B, with a driving force proportional to 
"X2" much smaller than "X3" that is related to 
the driving force for direct nucleation of AB from 
A and B. 

D. Growth and Stability - Multiple 
Phase Growth; Thin-Film vs. Bulk 

It is important to note that not all the phases 
listed in the phase diagrams will appear during 
solid-state interactions between metal thin fi lms 
and Si substrates (thick). This situation is very 
different from that found in reactions between 
two " infinitely" thick (bulk) materials of metal 
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FIGURE 21. Free energy vs . atomic composition for A, A2B, AB, AB2, and B. 

and Si. In these latter cases with infinitely thick 
diffusion couples, the listed phases in phase dia­
grams may all form, although not always appear­
ing simultaneously. One such example is found in 
the Ni-Si diffusion couples studied by Giilpen et 
al., 104 who has shown co-existence of several Ni­
silicide phases. In thin-film cases with films typi­
cally l 000 A thick or below that are directly 
relevant to today' s electronic device applications, 
only a few phases can appear. Further, they ap­
pear in sequence and simultaneous growth of two 
or more phases common in bulk cases is hardly 
seen. 

That multiple phases cannot grow simulta­
neously in thin-film cases is again related to ki­
netics and not to thennodynamics. A mathemati­
cal treatment by Gosele and Tu105 reveals that 
once the first phase fonns and grows, the second 
phase will not appear until the first phase grows 
to a critical thickness typically on the order of 
several micrometers, exceeding the thickness of 
thin films that we are dealing with. This math­
ematical model was experimentally confinned 
with reactive diffusion studies of the Al-Pd diffu­
sion couple. 106 In this particular system, Al3Pd 
was found to appear and grow simultaneously 
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with Al3Pd2 at 386°C after the Al3Pd2 layer reached 
its critical thickness of 5 to 6 pm. A slightly later 
analysis by Johnson and Martin 107 further points 
to the possibility of one of two simultaneously 
growing phases disappearing if the atomic trans­
port necessary for the growth of that particular 
phase is too small. The different aspects "influenc­
ing the phase fonnation and growth, including 
stress and crystallographic orientation, can be 
found in Refs. 57 , 107, and 108. Similar math­
ematical analysis has also been applied to simul­
taneous growth of more than two phases. 109, 11 0 

A brief mathematical treatment is given for 
the growth of two layers to clarify what are sum­
marized above for the simultaneous growth of 
multiple layers.11° For growth of more than two 
layers, the principles remain the same, although 
one has to consider more interfaces and conse­
quently more terms in the corresponding growth 
equations. For this purpose, a simple sketch is 
shown in Figure 22 for the growth of two interme­
diate layers A2B (1) and AB (2) between A and B 
via the diffusion of A. At the interface A2B/ AB, 
the diffusion of one atom of A through layer 1 of 
A2B leads to the fonnation of one molecule of 
A2B according to the reaction: 



◄ 

A AB B 

FIGURE 22. Schematic simultaneous growth of A2B and AB · between A and B. (Taken from Ref. 110. With 
permission.) 

(RI) 

with a change in free energy per moving A atom 
of og,. According to the Nemst-Einstein equa­
tion, 56 the flux of A atoms through layer I , J 1 is 
given by: 

J = C X !.l_ X bgl 
I I k T L 

B I 

(6) 

where D, is the diffusion coefficient of A through • 
A2B and L, the thickness of layer I (Figure 22). 
The first tenn c I is the concentration of A atoms 
in A2B, 2N/3, with N, being the total number of 
atoms in A2B per unit volume. In Eq. 6, the force 
term, 8g/L1, is the usual gradient of chemical 
potential dµldx integrated between the two ex­
treme limits of the growing phase I. If D, is 
constant, that is, not a function of µ ( or of the 
concentration), it is equal to the tracer diffusion 
coefficient. Otherwise, it represents some aver­
age from one interface to the other. The diffusion 
of one atom of A through layer 2 leads to the 
formation of one molecule of AB at the interface 
A2B/ AB (through the destruction of one molecule 
of A2B) and to the fonnation of a second mol­
ecule of AB at the interface AB/B. The overall 
process corresponds to the fonnation of AB from 
the reaction of A2B with B according to: 

(R2) 

with a free energy change, again per moving A 
atom, of 8g2• The flux , J2 now is given by: 

Here, D2' L2, and N2 assume their corresponding 
meanings as their respective counterparts D ,, L1, 

and N,. The factor of 1/2 is obtained with obvious 
reason. Initially, the rates of growth are most 
likely not limited by diffusion of A through the 
two growing layers (D, and D2) but by some form 
of interface reactions defined by some rate con­
stants, which as a first-order approximation, are 
validated by experimental observations. 111 With 
the rate constants denoted as K, and Ki, propor­
tionality between the rate oflayer growth and flux 
it gives rise to the following relations: 

(8) 

and 

(9) -

as a result of competition in growth of the two 
layers due to Reactions (RI) and (R2). Here, the 
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two intennediate parameters, O'. and /3, are defined 
as: 

and 

a = D X ogl 
I k T 

8 

/3 = D x og2 
2 k T 8 

(11) 

In Eqs . 8 and 9, two new quantities Q 1 and Q 2 are 
introduced. They represent, respectively, the 
molecular volumes for A 1B and AB equal to 3/N, 
and 2/N2• 

If A2B and AB are the only two phases that 
grow between infinitely thick A and B, Eqs. 8 and 
9 define the conditions of L, and L2 for which dL/dt 
and dL/ dt would be zero or even negative, which 
can be schematically shown in Figure 23. 110 With 
an arbitrary sample defined by point P, dL / dt 
being negative and dL/ dt positive, the two phases 
would follow the trajectory described by the curved 
line with arrows; A2B would first decrease in 
thickness until the curved line crosses the straight 
line numbered "2", while AB would continue to 
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grow. Under certain conditions in a sample with 
arbitrary layer thicknesses as indicated by the 
cross-hatched area about part "R", some phases 
may disappear. One important implication ofEqs. 
8 and 9 is the necessary sequential growth of the 
phases. This point can be highlighted by setting 
L2=0 and dL/ dt=O and then evaluating the value 
of L,, which gives: 

(12) 

Here, L,c denotes a critical thickness of layer 1 
below which phase 2 cannot grow. If K1 is suffi­
ciently large, L tc becomes 

(12a) 

A distinct difference between thin-film and 
"bulk" cases can now be made. For "bulk" cases, 
the amounts of A and B are infinite. Therefore, 
one could see the simultaneous growth of both 
phases A2B (assumed to appear first) and AB 
(assumed to appear second). Although they may 
appear one after the other, they eventually coexist 

2 

0 

L'1 -

(b) 

FIGURE 23. Regions for growth of phase 1 (A2B) and phase 2 (AB) as well as simultaneous growth of them between 
A and B. (Taken from Ref. 110. With permission .) 
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with both A and B. 104·106·112·113 For thin-film cases, 
however, at least one of the parent phases A and 
B has a ve1y limited amount. Here, let us assume 
A being below I 000 A thickness for the sake of 
discussion. Therefore, it is highly likely that full 
consumption of A occurs prior to L I reaching L tc· 

It is then often observed experimentally that AB 
only appears when A is exhausted. Now, the 
growth of AB is on the consumption of A2B, as 
there is no pure A left in the diffusion couple. 

The values of K, and K 2 can mostly be seen as 
corresponding to the maximum possible values 
for 11 and 12 when the corresponding L, and L 2 

tend toward zero (for instance, at the initial stage 
of growth). When the above considerations of 
interfacial reactions are simplified to assume that 
the growths of both layers follow a pure diffu­
sion-controlled process, the graphical presenta­
tion of the results refers to the broken coordinate 
axes L', and L'2 in Figure 23 . The two sets of 
coordinates, that is, L I and L 2 vs. L '1 and L '2> only 
differ by a shift in the origin. 107·11 0 Now the two 
solid straight lines " I" and "2" begin from the 
origin of the new c9ordinates. However, this as­
sumption of pure diffusion-control implies infi­
nite rates at the beginning of growth, clearly a 
physical impossibility. 

Mathematically, the presence of K, and K2 

tenns in Eqs. 8 and 9 yields an initial growth 
region where a linear time-dependent thickening 
of the layers is found. Therefore, it is, tempting to 
make an analogy to the well-known growth model 
for thermal oxidation of Si,114 where the two re­
gions of growth as well as their kinetic param­
eters, i. e., linear and parabolic rate constants, are 
well defined with clear physical meanings. It 
should, however, be noted that the origin of such 
rate-limiting interface reactions defined by con­
stants K, and K 2 is often unclear for metal silicide 
growths.62 Stress has been discussed as a possible 
cause.57•107,108 A special case with a clear physical 
interpretation of the linear dependence of layer 
thickening on time, that is, linear growth, can be 
found for growths controlled by diffusion through 
an interfacial layer (membrane) of constant thick­
ness and constant composition.58 Such a behavior 
has been shown in mathematics for oxidation of a 
silicide layer on the Si substrate, with the linear 
rate-constant equal to the ratio of the diffusion 

coefficient through the silicide to the silicide thick­
ness.26 For a different system ofTi-silicide fonna­
tion, an initial linear growth ofC54 TiSi2 has been 
found experimentally' 15 when an interfacial layer 
ofC40 (Ti,Mo)Si2 of constant thickness and con­
stant composition is present. The structural prop­
erties of C40 (Ti ,Mo)Si2 are described in detail 
when discussing the importance of Mo in the 
formation of TiSi2 in Section IV. 

For the reason of an unspecified physical origin 
for the so-called interfacial-reaction controlled 
growths, the discussions only focus on two distinct 
growth behaviors: nucleation-controlled and diffu­
sion-controlled growth processes.56•57 A short sum­
mary of these two growth kinetics is repeated here 
for thin-film cases. For the fonner of a nucleation­
controlled growth, there exists a critical temperature 
below which practically nothing happens. Above 
this temperature, the growth of a new phase is explo­
sive and its growth kinetics are difficult to deter­
mine. The resulting interface is often rough. For the 
latter of a diffusion-controlled growth, one phase 

. grows at a time following the well-defined diffusion 
kinetics with an activation energy characteristic of 
atomic transport through the growing phase mostly 
along the grain boundaries (see below). When the 
thickness-square of the growing phase is plotted 
against time, a linear relationship is found. In addi­
tion, the resultant interface is smooth. 

Now returning to the comparison between 
"bulk" and thin-film cases, the dominant diffu­
sion mechanisms are generally different as 
well,56,58,59,103,116,11 7 In "bulk" samples, lattice dif-
fusion is often the major path. In thin-film samples, 
grain boundary diffusion governs. A comparison 
is shown by Barge et al. for the two different 
types of diffusion behaviors in Co-silicides fonned 
from both "bulk" and thin-film samples.116 In Ref. 
117, as well as in Ref. 103, a comprehensive 
summary is presented to compare these two cases 
in a large number of silicides. A rule of thumb is 
that the activation energy for the grain boundary 
diffusion is about 0.7 to 0.8 times that for the 
lattice diffusion. 103,11 7 In general, the latter, the 
activation energy for lattice diffusion, in tum scales 
with the melting point of the silicide. 103 Conse­
quently, the diffusion, and then growth, in thin 
films occurs more rapidly than that in their "bulk" 
counterparts at low temperatures. 
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E. Growth of the Second Phase in Thin­
film Cases - Further Analysis 

In the above analysis according to Eqs. 8 and 9, 
it is made clear that the second phase AB will not 
appear until the first phase A2B grows beyond its 
critical thickness L,c defined by Eq. (12). This 
phenomenon, con finned experimentally, 106,11 2,113 

can be explained with an interfacial reaction bar­
rier to AB. 105 (Such a barrier is also responsible 
for the absence of phases predicted by the equilib­
rium phase diagrams for thin-film cases.) On the 
other hand, experimental results with thin films 
indicate that AB immediately nucleates and grows 
once A is exhausted; here A is the thin film (say, 
below 1000 A), and .B the substrate as assumed 
earlier. Here, " immediately" refers to the time 
scale ori the order of seconds that is beyond the 
experimentally resolvable limit during typical 
silicidation studies. The immediate nucleation of 
AB under such conditions is, however, difficult to 
predict from a kinetic point of view based on Eqs. 
8 and 9. Let us examine the schematic diagrams 
for the growth of A2B between A and B in Figure 
24 and the corresponding free energies in Figure 

5. (Although concentrations and concentration 
gradients are used in Figure 24, one should re­
member that the more rigorous presentation should 
be based on free energies and free energy changes 
as in Ref. 62, simply because they are the true 
driving forces for the diffusion and growth.) 

When A2B grows between A and B via the 
diffusion and on the expenses of A, the concentra­
tion gradient of A in A2B is represented by the 
solid straight line in Figure 24 with two end con­
centration values CAo and CA1 at the two interfaces 
toward A and B, respectively. When the solubil­
ity limits are assumed to be zero for simplicity as 
indicated in Figure 25, CAo is simply equal to the 
equilibrium value of A in A2B in contact with A, 
i. e., CAo = C' Ao· At the other interface, it is neces­
sary that CA I be greater than the equilibrium value 
of A in A2B in contact with B, C' Ai, in order for 
the growth to proceed. These various values of 
CAo, CA1, C'Ao• and C' Ai are shown in Figure 25. 
Mentioned earlier was that the driving force for 
the growth of A2B is proportional to the vertical 
bar of length "Xl ". For thin A2B, CA1 is close to 
CAo and far above C' Ai· The tangent passing the 
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energy curve of A2B at C,, 1 would give a negative 
driving force for the fonnation of AB , since its 
energy at the composition AB would be below 
(i.e. , more negative) the minimum of the energy 
curve of AB , as indicated by '·-X2" in Figure 25. 
This "-X2" corresponds in some manner to a 
positive value of L1g., to be entered in Eq. 1. Thus, 
the possibility of nucleating AB is ruled out. When 
A2B thickens, the growth necessarily slows down 
as a result ofreduced diffusion through the grow­
ing A2B. This process is accompanied with a 
decreasing value ofCA1 approaching C'Ai, as indi­
cated by the vertical arrow in the top diagram of 
Figure 24. This behavior can also be seen by 
moving CA1 towards c eA1, as indicated by the 
horizontal arrow at the top in Figure 25. If A is 
rather abundant as in "bulk" cases, CA 1 will con­
tinue to approach C' A 1 ( upper diagram of the left 
column in Figure 24). Now the tangent passing 
the energy curve of A2B at CA1 can yield a posi­
tive driving force for the nucleation of AB, 
proprtional to "X3" in Figure 25. At this point, 
simultaneous growth of A2B and AB becomes 
possible (lower diagram of the left column in 
Figure 24). 

The discussion in the preceding paragraph 
provides a complementary interpretation, from 
the thennodynamic viewpoint, for the delayed 
nucleation of AB in "bulk" samples. If, how­
ever, A is very limited as in thin-film samples 
and is completely depleted far before CA1 reaches 
a value allowing the nucleation of AB, that is , "­
X2" still remains, equivalent to L, being smaller 
than L ,c as discussed earlier, the situation is al­
tered. Once A is exhausted, the equilibrium con­
centration of A throughout A2B rapidly ap­
proaches C'A 1 as a result ofB diffusing into A2B 
(upper diagram of the right column in Figure 
24) . Now, A2B is in equilibrium with B. Under 
this condition, the tangent passing the energy 
curve of A2B at C' Ai clearly yields a positive 
driving force for the nucleation of AB, propor­
tional to the vertical bar "X4" in Figure 25. Now 
AB can nucleate and grow if the surface energy 
term, L1CY, also allows. 57 

The analysis above naturally also applies for 
the nucleation and growth of the next phase in 
sequence, AB2, at the interface AB/B. Now the 
parent phases are A2B and B when AB is grow-
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FIGURE 24. Growth of A2B and AB between A and B, with concentration values indicated, for bulk and thin-film 
cases. 

ing. AB2 cannot nucleate and grow until A2B is 
completely consumed. 

F. Dominant Diffusion Species - Marker 
Experiments 

To study atomic transport mechanisms as well 
as to identify the dominant diffusion species (DDS) 

for the growth of a specific silicide phase, marker 
experiments are often employed. Four different 
groups of marker experiments have been used in 
the literature. They are (1) ion implantation of 
noble gas atoms, such as Xe, 101 ,11 8- 120 (2) deposi­
tion or implantation of small islands of refractory 
metals, such as tungsten,120- 122 (3) deposition of 
pairs of metals with properties so similar that they 
act almost like true isotopes, typically of the type 
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FIGURE 25. Free energy vs. atomic composition for A, A2B, AB, and B, with the same concentration values as shown 
in Figure 24, and driving forces indicated (X1, X2, X3, X4). 

of Mo and W123-125 or of Si and Ge,126 and (4) use 
of some tracer isotope, 121-129 often radioactive, for 
example, 31 Si with a lifetime of 2.62 h. 128- 133 For 
details of the four commonly used marker experi- . 
ments see discussions and summaries in Refs . 38 
and 56. 

Special comments are given here to the use of 
31 Si or other types of radioactive tracer. This 
method provides the best information when the 
tracer belongs to the least mobile species.56,135 

Then, the degree of mixing (ofnonnal Si and 31Si 
or of metal and its isotope) during reaction indi­
cates that the reaction proceeds by motion of the 
other species in the diffusion couple (e.g., metal 
when reacting with 31Si/Si bilayers). Further heat­
ing after reaction causing mixing provides precise 
infonnation about the mobility of the least mobile 
species. Unfortunately, this method generally has 
beer) used with the tracer belonging to the most 
mobile species. Then, its usefulness becomes very 
limited. At low temperatures, it can show if a 
reaction occurs by grain boundary diffusion; con­
finned aspects of such observations are few, if 
any. The first systematic mathematical analysis 
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of such experiments is provided in Ref. i 35 , show­
ing that . the results cannot provide any infonna­
tion about vacancy or interstitial diffusion pro­
cesses (except in the very unusual case of 180 
used to investigate136 the fonnation of SiO2). 

G. Morphological Instability 

The morphological stability of silicide thin 
films on Si substrates is a main concern for device 
perfonnance and reliability. Numerous studies can 
be found in the literature regarding the evolution 
of morphology for silicide thin films on single­
crystal and/or polycrystalline Si, and only a few 
references are mentioned here for TiSi2, 137- 145 

C0Si2, 145-152 and NiSi.139,145, 151,153 In general, thin 

silicide films exhibit a much better morphological 
stability on single-crystal substrates than on poly­
crystalline ones. Nygren and d ' Heurle 150•151 have 
identified two distinctly different mechanisms that 
are behind the instability of thin films on the 
single-crystal and polycrystalline substrates. Both 
mechanisms are governed by the same physical 



origin - minimization of the total energy of the 
system in question, as expected. On single-crystal 
substrates, two parallel processes drive the mor­
phological change and cause the agglomeration 
of the silicide films: reduction of the density of 
gain boundary interfaces in the silicide films and 
elimination of the high-energy interface(s) be­
tween the si licide and Si. Grooving at grain bound­
aries and even coarsening of si licide grains can 
then be observed. An equilibrium model sch_e­
matically shown in Figure 26 was proposed by 
Nolan et al. 142 to account for the evolution of the 
morphology for a silicide thin film. The initial 
film is composed of equal-sized silicide grains 
with flat interface and surface (a) . Grain grooving 
along with grain growth occurs unifonnly to all 
grains (b) and (c). When the grains grow beyond 
a critical size of Le ( d), the initially continuous 
film would break into discrete grains of much 
greater size than the original. Greatly improved 
morphological stability ofCoSi2 thin films thus is 
achieved when such gain boundary interfaces in 
the silicide films are removed in epitaxia l 
CoSi

2
.1 s4,1ss 

On polycrystalline substrates, it is mainly the 
grain growth in the underlying poly-Si that in­
duces the morphological change and leads to the 
disintegration of the si licide films . The grain 

growth, driven by a reduction of the density of 
grain boundaiy interfaces in the poly-Si , is en­
hanced by the presence of metals , here s ili­
cides.139·150-151 The temperature for grain growth 
in poly-Si (i.e. , degradation temperature) is found 
by Zheng et al.139 to scale with the melting tem­
perature of the top silicide, with an approximate 

relation as T;:,;;;=:'. 011 1/J = 0.6 x r,~:;~;~ . Although the 

degradation temperature might also be represented 
as to scale with the fonnation temperature of 
si licides, a much better correlation is found by 
Hong et al.145 based on a study on Ni-, Pd- , Pt- , 
Co-, Ti-, and Cr-si li cides: it is related to 
the plastic defonnation temperature of silicides 
by T po/y-Si _ T silicide + I 00 

grain- groH·th - deformation · 

When the metal atoms are more mobile dur­
ing the silicide fonnation, as in the case for the 
fonnation of Ni-silicides, the agglomeration of 
the si li cide films would sequentially undergo 
coarsening, inversion, and mixing, as depicted 
schematically with the left-column diagrams in 
Figure 27 from Gambino and Colgan. 6 When in­
stead the Si atoms are more mobile, as for the 
fonnation of Ti-silicides, the agglomeration of 
the silicide films would follow a different path of 
roughening, defonnation, and mixing, see the 
right-column diagrams in Figure 27. 

(a) 
:€ top surtace 

lllll[ll! X 
film-substrate interlace 

(b) 

(c) 

(d) 

= 
FIGURE 26. Morphological evolution of a silicide film on single-crystal Si, with X indicating the thickness of the silicide 
and Le as the critical silicide grain size prior to agglomeration. (Ta.ken from Ref. 142. With permission.) 
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FIGURE 27. Morphological evolution of a silicide film on polycrystalline Si for two cases with different dominant 
diffusing species (left: metal, right: Si). (Taken from Ref. 6. With permission .) 

Calculations of the balance of surface and in­
terface energies indicate 142•156 that thin films on 
single-crystal substrates could be more resistant to 
agglomeration if they are thicker, of finer grains, or 
with higher surface and interface energies. The fact 
is 157 that the equilibriwn models derived in Refs. 
142 and 156 actually provide kinetic predictions, 
while minimization of the total energy that requires 
the opposite, that is low surface and interface ener­
gies or large grains, is a thennodynamic forecast. 

Ill. FORMATION AND CHARACTERIZATION 

In this section, the focus is first directed to the 
most frequently employed deposition and fonna-
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tion techniques, that is, sputter deposition and 
rapid thennal processing (RTP) for the SALICIDE 
process, as shown in Figure 8. Oxygen contami­
nation is especially addressed because the silicide 
fonnation is affected. An overview is then given 
to other techniques than SALICIDE used for the 
formation of silicides. Physical analyses and elec­
trical characterizations utilized for quantification 
of the silicide fonnation process are presented at 
the end. 

A. SALICIDE Processing 

The SALICIDE technology has become an 
industry standard, where the metal silicide is 



fonned by solid-sta te reacting a metal film with 
the Si substrate in a self-aligned manner. (Co­
deposition of Si and metal that is often used for 
POL YCIDE processes is, however, not suitable 
for the SALICIDE technology due to fonnation 
of silicide films over the isolation and thus short­
age between the electrode tenninals.) The metal 
film can be deposited by a variety of techniques. 
Most commonly used is sputter-deposition from 
an appropriate (solid) target. Electron-beam evapo­
ration is another physical vapor deposition (PVD) 
technique that is often used for metal deposition. 
However, evaporation is useful mainly for funda­
mental investigations of metal-Si interactions but 
less common in production lines, because of its 
low throughput, poor topological confonnality of 
deposition, and high price when compared with 
sputter-deposition. The usual SALICIDE process 
relying on sputter-deposition of metal films fol­
lowed by annealing is discussed in the following. 
As described earlier, it can require two separate 
annealing steps for a complete SALICIDE pro­
cess, cf. Figure 8. It will be made obvious below 
that the temperature control during the annealing 
steps is of critical importance for the success of 
the SALICIDE processing; poor control of wafer 
temperature can lead to formation of undesired 
silicide phases and/or electrical shorts between 
the gate and source/drain regions over the Si02 

spacers. Also covered in this section are impurity 
control and selective etching. The selective re­
moval of unreacted metal films on the Si02 isola-

tion, against the silicide fanned in the Si areas, 
using wet chemistry is an important component 
of the SALICIDE technology. 

1. Furnace Annealing vs. RTP 

The annealing is today most often carried out 
in a single-wafer, rapid thennal processing (RTP) 
chamber. In an RTP chamber, see Figure 28 for 
the schematic cross section for the interior of a 
most common RTP unit, a Si wafer is placed in 
the middle of the chamber surrounded by quartz 
walls. The wafer is horizontally seated on three 
tiny quartz pins sticking up from a quartz wafer 
susceptor to minimize the physical contact be­
tween the wafer and the susceptor in order to 
achieve a unifonn heat (energy) distribution when 
the wafer is being heated up. Two lamp banks 
each with a set oflinear lamps, one above and one 
below the wafer, are utilized for wafer heating. 
To improve the heating efficiency, reflectors are 
placed outside the quartz chamber. Quartz parts 
are used in order to minimize the total mass for 
heating, because quartz poorly absorbs radiated 
energies coming from the lamps. Hence, rapid 
heating and cooling can be realized. The wafer 
temperature is read contactless with a pyrometer 
situated beneath the wafer. By comparing the 
setpoint terriperature and the pyrometer readout, 
the electrical power to the heating lamps is regu­
lated to yield the desired wafer temperature. Be-
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FIGURE 28. Schematic cross-section of a RTP chamber used for s il icide formation. 
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cause the pyrometer readout depends strongly on 
the emissivity of the wafer surface, it is common 
practice to etch off all surface layers from the 
wafer back in order to expose the Si surface to the 
pyrometer for more accurate and/or reproducible 
temperature measurement and control. 

For wafer temperature control in an RTP 
chamber, it is crucial to analyze wafer-heating 
mechanisms as well as to identify factors that 
affect the heating process. There are at least three 
devoted literature issues or volumes that deal spe­
cifically with the issues of wafer heating using 
radiating sources. 158- 160 Modeling of wafer tem­
perature variations can be found in many special­
ized papers included in these volumes. Lord 16 1 

takes into consideration thennal radiation, con­
duction, and convection. It gives a complete ac­
count of temperature unifonnity over a wafer 
during the heating and cooling processes, with 
and without a heat-compensation ring around the 
substrate wafer. It further calculates the develop­
ments, as well as the consequences, of thermal 
momentum across a substrate wafer as a result of 
temperature nonuniformity. As an example, se­
vere dislocations and even slip lines can fonn in 
a substrate wafer as a result of the large thennal 
momentum build-up during the heating-up cycle. 
Accurate modeling and precise control of the wafer 
temperature are in general challenging tasks 162 

because of the fact that the emissivity of Si is not 
only wavelength and temperature dependent, 163 , 164 

but also sensitive to surface roughness 162 and 
doping concentration.165 •166 For substrate wafers 
with patterned structures on the front surface, the 
presence of different layers and different materi-

. als inherently yields local differences in emissiv­
ity. Temperature nonunifonnity across the wafer 
can then build up due to the local differences in 
heat absorption as well as finite thennal conduc­
tions within the substrate.167 All these issues leave 
us with a very demanding proposition regarding 
the modeling and control of wafer temperature in 
an RTP chamber. For instance, the optimal ma­
chine parameters (e.g., power distJibution and 
algorithm) for unifonn wafer temperature at the 
setpoint temperature may not be the optimal ones 
during the ramping-up process. 16 1 

Despite all these difficulties in wafer tem­
perature control, RTP offers a superior means for 
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silicide fonnation when compared with the tradi­
tional furnace annealing. 48 Practically, only the 
wafer substrate itself constitutes the entire mass 
and allows rapid temperature rising and falling . 
Consequently, a much better control of annealing 
temperature, annealing time, and temperature 
ramping (up and down) is realized using RTP. 
Because the chamber is relatively small , a good 
control of impurities is also realistic with RTP. 
Because it also offers other features that are desir­
able for processing CMOS devices of deep sub­
micron dimensions, 168 such as a much reduced 
dopant diffusion and redistribution at a given ac­
tivation efficiency of dopants, RTP has become 
an industrial standard for a number of important 
processing steps. 

2. Oxygen Contamination 

Unless elaborated means such as ultrahigh 
vacuum and in situ surface cleaning are employed, 
oxygen contamination is a fact. The presence of 
native oxide on the surface of a Si substrate can 
lead to failure of silicide fonnation. A detailed 
analysis of how the presence of interfacial oxygen 
reduces the TiSi2 fonned can be found in Ref. 
I 69. A discontinuous layer of TiSi2 is formed on 
the poly-Si gate when excessive interfacial oxy­
gen is present, as revealed by a transmission elec­
tron microscopy (TEM) study. 7 

During sputter-deposition of metals, impuri­
ties such as O and Ar can be incorporated in the 
metal films . Other impurity sources could be C 
and N. During the transportation of wafers from 
the metal deposition chamber to the annealing 
chamber, air exposure can also lead to incorpora­
tion ofO in the metal , especially Ti , films. Wafer 
wet-cleaning prior to metal deposition can be criti­
cal as well. Because 0 , N, and C may participate 
in or interfere with the silicide fonnation process, 
it is highly desirable to reduce their amounts in 
order to achieve a controllable silicide formation. 
The great importance of controlling the oxygen 
contaminates for successful silicide fonnation is 
illustrated in Refs . 170 and 171 . 

Maex et a/. 110 show that water molecules, 
H2O, dissolved in the surrounding SiO2 isolation 
can be released during the temperature ramping-



up period ofRTP at about 200 to 400°C. In Figure 
29,170 the H2O concentration (in ppm diluted in 
large flows of N2 - IO liters per minute, slm) is 
shown to increase rapidly around 20o~c when 
heating up the substrate wafers with TEOS-oxide 
or Co-covered TEOS-oxide deposited on the wafer 
surface. When a Ti layer is also added on top of 
the Co/TEOS, the Hp concentration is greatly 
reduced. The H2O released diffuse toward the 
reaction interface between the Co film and the Si 
substrate. As a result, the fonned CoSi2 is very 
nonunifonn in thickness; it is substantially thin­
ner along the boundary between the active Si area 
and the SiO2 isolation than in the active area further 
away from the boundary (cf. Figure 30a). The 
solubility of O in Co is practically negligible.69 In 
the presence of Si, SiO2 should preferably fonn by 
H2O-oxidation according to Figure 17, thus pre­
sumably leaving Co in contact with a .partially 
oxidized Si surface. Hence, the Co-Si interaction is 
much more disturbed along the boundary between 
the active Si area and the SiO2 isolation than in the 
active area away from the boundary. By adding a 
Ti cap layer on top of the Co film, a unifonn CoSi2 

layer is fonned as shown in Figure 306. Oxygen­
gettering by the Ti apparently helps suppress the 
influence of H2O on the Co-Si reaction. 

The oxygen can influence the fonnation ofTi­
silicides in a different way. Interfacial oxygen present 
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at the inte1face between Ti and Si can in p1inciple be 
dissolved by Ti according to Figw-e 16. However, 
the ability ofTi oxygen-gettering can readily lead to 
a high concentration of oxygen in Ti films, if not 
carefully controlled. Titanium can dissolve up to 32 
at. % oxygen.69 Thus, in a sample with a I 0-nm­
thick sputter-deposited Ti film, oxygen concentra­
tion up to 33 at. % was found in the film after air 
exposure. 171 An in situ transmission electron mi­
croscopy (TEM) study in ultra-high vacuum by 
Ross 171 of such a sample shows that the phase trans­
fonnation in TiSi2 from the C49 to the C54 structure 
(see also Section IV about this transfonnation) is not 
smooth in the sample. The reaction front moves in 
a jerky manner; it "moves slowly at first, then sud­
denly covers a large area ahnost instantaneously", as 
described by Ross. In a control sample with the Ti 
fihn deposited in ultra-high vacuwn without air ex­
posure, the movement of the reaction front is smooth. 

· The fonnation of C54 TiSi2 also occurs at a lower 
temperature. 

3. Etching and Cleaning 

As an integral part of the SALICIDE technol­
ogy, selective removal of metal with respect to 
silicide after the first annealing (Figure 8) is cru­
cial and deserves separate treatment. The 

...,_ TEOS/CofTi 
-TEOS-HF 
....-TEOS/Co 

600 1000 

Temperature (degC). 

FIGURE 29. Detection of H2O molecules released during RTP, from the wafer substrate with different surface layers. 
(Taken from Ref. 170. With permission.) 
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(a) 

(b) 

FIGURE 30. (a) Non-uniform and (b) uniform formation of CoSi2. (Taken from Ref. 170. With permission.) 

SALICIDE processes are, with reference to Fig­
ure 8, illustrated in Table 2 for the formation of 
the three different low-resistivity silicides: C54 
TiSi2, CoSi2, and NiSi . For Ni-SALICIDE, the 
process is simpler with only one annealing step 
needed, when compared with the Ti- and Co­
SALICIDE processes. It also requires a consider­
ably lower temperature. Because most of the metal­
rich silicide phases shown in Table 1 do not directly 
participate in the SALICIDE processes, physical 
properties of TiSi2, CoSi, CoSi2, and NiSi ex­
tracted from Refs. 38, 52, 103, 172, and 173 are 
shown in Table 3. For comparison, the corre­
sponding NiSi2 properties are also included. 

During MOS processing, the silicide films 
can be in contact with other chemicals usually 
used for surface cleaning. They can also be ex­
posed to plasma for dry etching. Examples are 
dilute HF solution for the fonner and CHF3-02 

plasma for the latter. While the fonner is a rou­
tinely used surface etching/cleaning agent, the 
latter is often used for opening contact windows 
in the SiO2 isolation. As a comparison, etching of 
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(a) C54 TiSi2
174 and (b) NiSi in dilute HF (I vol. 

% in H2O) is shown in Figure 31 by monitoring 
the variation of sheet resistance of the silicide 
films vs. the time used for etching. The thickness 
of the etched-offsilicides was converted from the 
sheet resistance data using the respective film 
resistivity values for C54 TiSi2 and NiSi in Table 3. 
ClearlY., NiSi is superior to TiSi2 in tenns of the 
resistant to the HF etching, since the sheet resis­
tance of the NiSi film increases much more slowly 
than that of TiSi2• The results for TiSi2 are com­
parable to those in Ref. 49. 

When opening contact windows in the SiO2 

isolation, a slight over-etch is required to ensure 
the complete removal of SiO2 in the windows. 
Thus, a comparison is shown in Figure 32 for 
dry etching of C54 TiSi2 (a) and NiSi (b) using 
the CHF3- O2 plasma, since a silicide layer is 
present at the bottom of the contact windows. 
The different symbols in Figure 32a represent 
different test runs conducted under the same 
etching conditions. Again, NiSi shows a more 
resistant behavior. 



TABLE 2 
Parameters for SALICIDE Processing Using Ti, Co, or Ni6.49 

Metal Temperature Phase to Wet selective Temperature 
1st RTP (°C) form after 1st etching 2nd RTP (0 C) 

RTP 
Ti 650-730 C49 TiSi2 H2SO4:H2O2 >850 

+ 

NH4OH:H2O2:H2O 
Co 400-600 CoSi H2SO4:H2O2 >700 
Ni 400-550 NiSi H2SO4:H2O2 -

TABLE 3 
Properties38,52,1o3.172.173 of the Silicide Phases Directly Involved in SALICIDE 
Processes 

Phase to 
form after 2nd 

RTP 
C54 TiSi2 

CoSii 
-

Silicide Tr(°C) p (µ.Qcm) <l>sn ( e V)d) oose) 
C49 TiSi2 350-7ooa) 60-80 ? Si 

C54 TiSiz 750b) 15-20 0.60 Si 

C0iSi 350 110 ? Co 

CoSi 375 147 0.68 Si 

CoSiz 500 15-20 0.64 Co 

NiSi 250-400 10.5-15 0.65 Ni 

NiSi2 700-80oc) 34 0.66 Ni 

a) Upper limit depending on thickness, feature size and doping level. 
b) Depending on thickness, feature size and doping level. 
c) When formed from NiSi through a nucleation controlled process. 
d) <1>80: Schottky barrier height to n-type Si. 

e) DDS - Dominant diffusion species during formation. 
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FIGURE 31 . Thickness loss vs . time in 1% HF for (a) TiSi2 and (b) NiS i. 
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B. Other Techniques for Silicide 
Formation 

Before proceeding to_ discussions of the 
SALICIDE technology, a brief overview of other 
techniques useful for metal si licide fonnation or 
deposition is given below. It will be made clear 
that for various reasons the elaborated formation 
methods discussed below are not ideally suitable 
for contact metallization in CMOS technology. 

1. Molecular Beam Epitaxy and Ion 
Implantation 

Molecular beam epitaxy (MBE), largely a 
research-oriented tool, has also been utilized. With 
a template layer, epitaxial growth175-178 of metal 
si licides such as CoSi2 and NiSi2 that share with 
Si not only of the same crystallographic structure 
but also of an almost identical lattice parameter 
has been demonstrated. The fabrication proce­
dure using this technique is shown schematically 
in Figure 33, with two slightly different ways to 

MeSix dep 

grow the template layer. It is important to note 
that the high-quality epitaxial NiSi2 and CoSi2 

layers grown by MBE provide a model system for 
understanding the physics of Schottky baniers. 179-183 

In general, inhomogeneities exist at the metal­
semiconductor interfaces due to the anisotropic 
properties of crystalline solids that lead to appre­
ciable work-function variations at the interfaces 
between polycrystalline materials, in particular. 
Hence, "abnonnal" behaviors of Schottky barri­
ers are observed if the interfaces are not under­
stood.1 83 Although the MBE technique175-178 de­
scribed in Figure 33 could be used for producing 
good Ohmic contacts in the source/drain regions, 
the complexity (e.g. , with ultrahigh vacuum) 
makes it unsuitable for large-scale device produc­
tion. 

Ion implantation of metaf atoms into Si fol­
lowed by appropriate heat treatments, named · 
"mesotaxy", can also lead to the formation of 
epitaxially aligned silicide films. 184 The selection 
of metals for ion implantation is mainly based on 
the consideration of their silicides matching with 
the Si lattice of diamond structure, since the epi-

MeSi2 epitaxy by 
co-deposition of Me and Si 

Si 

r -10 A metal o, 
_-MeSi2 

Si substrate 
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FIGURE 33. Template method for epitaxy of silicides by MBE. 



taxy quality of the silicides is sensitive to such 
lattice matching. For this reason, Co and Ni are 
the most studied cases.184- 19~ The rather flexible 
mesotaxy technique has also been used for the 
fonnation of a variety of other buried silicides 
such as CrSi2, 

193 FeSi2, 
194

•
195 ErSiu, 196 YSiu, 197 

and GdSiu. 198 Even bi-metal silicide systems with 
Nd-Y,199 Co-Y,20° Co-Fe,20 1 and Ni-Fe20 1 have been 
demonstrated . The silicide films formed by 
mesotaxy are often buried under a thin surface Si 
layer. See Figure 34 for the procedure with CoSi2 

as an example. Another method for such buried 
structures is "allotaxy",202 shown schematically 
in Figure 35. Here, the metal atoms are grown 
into the structure instead ofbeing implanted. Simi­
larly, use of appropriate subsequent heat treat­
ments is crucial for the allotaxy technique. 

The main application of buried epitaxial sili­
cides is, however, for other types of devices, for 
example, metal-base transistors (MBT) or penne­
able-base transistors (PBT). 203 ,204 Their fabrica­
tion procedure is not entirely compatible with the 
standard CMOS process, thus not suitable for 
contact metallization of the ultrashallow junc­
tions in small MOSFETs. Therefore, no further 
discussion ofMBE, mesotaxy, or allotaxy is cov-

ered in the present work, and interested readers 
are refe1Ted to three dedicated reviews of von 
Kanel ,205 Mantl ,206 and Bulle-Lieuwma.207 

2. Chemical Vapor Deposition 

Having a long tradition in the microelectron­
ics industry, chemical vapor deposition (CVD) 
offers a number of unique features that are diffi­
cult to realize with PVD. Those include confor­
mal deposition with excellent step coverage208 

and selective deposition on areas of specific sur­
face properties. 209 The deposition of metals by 
CVD has been studied for more than 30 years.2 10-214 

The deposition of metal silicides attracted great 
attention about 25 years ago when IBM first 
showed the success in deposition of WSi, .2 15 It 
was demonstrated that the CVD WSi, could be 
used not only as a current shunt for the gate 
electrode but also for local interconnections.2 16 

Similar attempts were then quickly investigated 
for the depositions ofTiSi, ,2 17 MoSi.,2 18 TaSi.,2 19 

and CoSi, .220 

While the stoichiometry of the silicides, that 
is x in MeSi, with "Me" denoting the metals, is 

Implant with metal (ex. cobalt) 

i i t i t i i i i 

Si substrate 

+ Anneal steps 

t-----~-"""""'------t~ Si surface 
~d 

Si substrate 

FIGURE 34. Mesotaxy method for buried epitaxial silicides. 
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FIGURE 35. Allotaxy method for buried epitaxial silicides. 

detennined by the temperature and/or time used 
for the silicide formation in the case of solid-state 
reaction of metal and Si, it is detennined by the 
ratio of the partial pressures of the precursors 
being fed in a CVD reactor. Other parameters 
such as substrate temperature also affect the sto­
ichiometry of the CVD metal silicides. Very of­
ten, the deposited films are off from equi librium 
stoichiometries. For the deposition of WSi, , for 
instance, a detailed discussion based on thenno­
dynamic equilibrium calculations can be found in 
Ref. 221. Different composition domains, each 
with up to two phases (W, si licides - W5Si3 and 
WSi2, and Si), are defined. The theoretically pre­
dicted atomic composition (x) of the WSi, films 
deposited under different conditions agreed well 
with the experimentally found results.222 One can 
find similar thennodynamic considerations in Refs. 
223 and 224 for the deposition of other refractory 
metals and silicides, that is, TaSi, and TiSix. For 
these refractory metal silicides, the deposition of 
silicide films off-stoichiometric can either lead to 
precipitation of Si (with x>2) or result in con­
sumption of Si substrate (with x<2) during subse­
quent annealing at high temperatures. 
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The deposition of silicide films is, however, 
mainly interesting for the POL YCIDE structure. 
Therefore, it is generally not attractive for small­
dimension MOS devices as discussed earlier, un­
less the selective deposition feature ofCVD could 
be utilized. Selective depositions of stoichiomet­
ric TaSi2,225 WSi2,226 and TiSi/ 17·227 onto Si with 
respect to the surrounding SiO2 isolation have 
been demonstrated. The selective deposition of 
TiSi2 using TiC14 and SiH4 became very attrac­
tive,217·227-24 1 due to the low specific resistivity as 
well as the widespread use of TiSi2 in the 
SALICIDE process. However, as with other se­
lective processes, the.selective deposition ofTiSi2 
'is a surface sensitive process. Slight surface con­
tamination with oxygen or carbon could jeopar­
dize the deposition leaving poor deposition in the 
desired areas, that is, gate and source/drain. 217,238 

Because Si substrate consumption due to etching 
by TiC14 is an important concern for MOS de­
vices, efforts have been focused on carefully tun­
ing the deposition parameters in order to mini­
mize or eliminate the consumption (see Figure 36 
for the concept).229-232 Substrate consumption also 
leads to the loss of As dopants from the Si sub-
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FIGURE 36. Selective deposition of TiSi2 (a) with etching and consumption of Si (b) with consumption of Si and (c) 
without consumption of Si. (Taken from Ref. 231. With permission.) 

strates.242 The deposition of a sacrificial Si layer 
prior to the interaction of TiC14 with Si or SiH4 
could be viable for control of the substrate con­
sumption. 228-233 However, detailed local surface 
chemistry with heavily doped Si regions (with 
p-type vs. n-type dopants) could alter the deposi­
tion properties,24 1 which imposes a tough chal­
lenge for the successful selective deposition of 
TiSi2. Indeed, the selective deposition of Si, which 
has an important bearing on the deposition of 
TiSi2, is a sensitive process to the substrate dop­
ing.243·244 Additionally, the selective deposition of 
TiSi2 by CVD does not seem to yield the expected 
superiority to the SALICIDE process in tenns of 
phase formation in TiSi2 in narrow lines. 245 

A major concern with CVD of metals and 
metal silicides is the search for appropriate reac­
tion precursors.224 For silicide deposition, a metal­
carrying precursor and a Si-bearing precursor are 
needed. One may also find a precursor that con­
tains both Si and the desired metal.246 While there 
is a relatively rich number of Si-bearing precur­
sors among which one can choose from depend­
ing on applications, the metal-carrying precursors 
are, however, not always available for the desired 
metal silicide depositions. The rather limited num­
ber of inorganic precursors has forced the users to 
explore organic precursors. While the inorganic 
precursors are often corrosive, explosive, and 
toxic , the metal-organic ones are extremely un-
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stable and flammable. Therefore, the safe han­
dling of such precursors can impose constraints 
on their industrial use. One added problem with 
metal-organic precursors is that the deposits often 
contain a large quantity of carbon atoms. The 
presence of carbon usually gives rise to an undes­
ired high specific resistivity of the deposited metal 
si licide films. 

The selective deposition of metal silicide films 
is a very demanding process, because two precur­
sor source gases, one for Si often SiH4 and an­
other for metal usually a halogenide, are involved. 
As in the TiSi2 deposition, the deposition process 
requires a delicate balance among good selectiv­
ity, minimal substrate consumption and desired 
stoichiometry. The process certainly becomes 
much simpler if only metal is deposited. The 
selective deposition of metals on the Si surfaces 
could be attractive for the SALICIDE technol­
ogy, because it would in principle eliminate the 
risk of electrical shorts between the gate and 
source/drain regions over the Si02 spacer isola­
tions in Figure 1. However, caution must be exer­
cised with the processes of metal deposition. For 
W deposition using H2 reduction of WF6 that is a 
gas at room temperature, difficult issues such as 
the fonnation of encroachment, voids and micro­
channels (wonnholes), incorporation of fluorine 
and oxygen at the W/Si interface, and rough inter­
face and surface can lead to severe reliability 
problems.247- 258 The aggressive nature ofWF6 and 
the subfluorides of tungsten (WF 5 and WF 4) 

coupled with local oxygen contaminations has 
been identified as the cause for the fonnation of 
such defects. 259 Therefore, it is advisable not to 
make W deposition directly onto Si surfaces. Using 
SiH4 or Si2H6 reduction of WF6 for deposition of 
W260 might lessen the problems, but it requires 
fine-tuning for selective deposition and, ·simulta­
neously, the suppression of defect formation. The 
use of SiH2Cl2, 26 1 instead, would further compli­
cate the process since one has to handle two halo­
gens (F and Cl) simultaneously. 

Although selective deposition of W, Mo, Ta, 
and Ti using their respective halogenides WC16 

(solid), MoF6 (gaseous), TaC15 (liquid), and TiCl4 

(liquid) has been much less studied, it is expected 
that one is to encounter similar issues found in the 
W deposition using WF6. One further complica-
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tion with TiCl4 is the impossibility to obtain Ti by 
H2 reduction. When Si is also available during the 
deposition, Si reduction of TiCl4 leads to the 
growth of TiSi, on the expenses of Si sub­
strates. 2 17•227- 242 In all processes discussed, halo­
gen contamination can be a concern. The minimi­
zation of halogen contents can at least lead to a 
decreased film resistivity. Chemical vapor depo­
sition of Co using Co(C0)3NO, an organic pre­
cursor, has been shown recently.262 ,263 Because it 
is a nonselective process potentially contaminated 
with appreciable amounts of C and 0, whether it 
is advantageous to use such Co layers instead of 
the sputter-deposited Co films for SALICIDE 
awaits further investigation. 

C. Characterization 

An efficient characterization methodology is 
crucial for the diagnosis of the fonnation of sili­
cide films . There are _numerous analysis tech­
niques available for the analysis of the silicide 
films. A list of all those techniques can become 
several pages long.264--267 It is, however, beyond 
the scope of this review to go through each of 
them. Instead, the goal of this section is to review 
the basic features of a handful of techniques that 
are most cmmnonly used for silicide studies. These 
analysis techniques are most suitable for blanket 
samples without any pattern or structure. To 
qualify the silicide fonnation in actual devices, 
some useful test structures and circuits are shown. 
Several of the analysis techniques are often com­
bined in order to obtain the most precise infonna­
tion of silicide fonnation. 

1. Physical Analysis and Electrical 
Characterization264- 267 

Phase identification. Phase fonnation in sili­
cide thin-films is usually identified using X-ray. 
diffraction (XRD)268 with Cu Ka radiation that 
has an average wavelength ( 1.5418 A) compa­
rable to the atomic interplanar spacings of the 
silicide phases of interest. A rich databank com­
prising thousands of the diffraction patterns ob­
tained from powder standards is commercially 



available. 79 As X-ray beams usually have a rect­
angular shape of millimeters by millimeters size, 
average infonnation is extracted. Because the 
depth of penetration of X-rays into the silicide 
films can be up to several micrometers, depend­
ing on the material properties of the silicide, nor­
mally no depth resolution is possible. 

Depth profiling of atomic composition. Depth 
resolution of film stoichiometry can be obtained 
with Rutherford backscattering spectrometry 
(RBS)269 typically using He+ ions accelerated at 
about 2 MeV. For ultrathin films ofa few hundred 
A's thickness, appropriate sample tilting can sig­
nificantly improve the depth resolution. Although 
RBS also gives average infonnation of a sample 
film because its beam size is typically millimeters 
in diameter, a combined use ofXRD and RBS can 
often lead to conclusive infonnation of the sili­
cide phase(s) fonned. To the extent that the depth 
resolution is satisfactory, reliable infonnation 
about surface or interface morphology can be 
gained using RBS. 

Similar infonnation can also be extracted by 
combining the use of Auger electron spectros­
copy (AES) or X-ray photoelectron spectroscopy 
with sputter-etching. Even infonnation about elec­
tron bonding can be acquired simultaneously. 
Calibrated standards are necessary for quantifica­
tion of atomic composition using AES or XPS. 

Dopant distribution. With a typical sensitiv­
ity of 1 to 5 at. %, RBS and AES cannot provide 
useful information about the dopant distribution 
in silicide as well as in underlying Si, as dopant 
concentrations are typically below 1 at. %. Such 
infonnation can be readily extracted using sec­
ondary ion mass spectrometry (SIMS) that has a 
large dynamic range up to 8 orders of magnitude. 
SIMS technique also requires reference samples 
for quantification purposes. 

Surface morphology. Much more accurate 
infonnation about the surface/interface morphol­
ogy can be obtained using atomic force micro­
scope (AFM). The quantification of surface rough­
ness is possible with AFM, but great caution should 
be exercised when attempting to correlate the 
roughness data to the size of silicide grains.270 

Information at micrometer/nanometer scales. 
Local infonnation about phase fonnation, atomic 
composition, and morphology can be gained us-

ing scanning electron microscopy (SEM) in com­
bination with energy-dispersive spectroscopy 
(EDS). The relatively poor resolution with SEM 
has led to the more frequent use of the more 
elaborated method TEM, especially for identifi­
cation of phase(s) fonned in small features such 
as contact window structures. Several examples 
of the use ofTEM combined with EDS are shown 
in Section IV. 

Conductivity of thin films . Sheet resistance 
measurement using a four-point probe27 1 is per­
haps the most convenient and rapid means used 
for · monitoring the solid-state interaction. This 
convenience is based on the fact that the silicides 
of a specific metal have distinctly different spe­
cific resistivity values.38•52•173 Because two fac­
tors, thickness and specific resistivity, contribute 
to the sheet resistance values measured, it is im­
portant that phase identification based on resis­
tance measurements take probable thickness varia­
tions into consideration. 

Studies using blanket substrates are, how­
ever, insufficient for actual devices made in or 
with small-geometry features. The example in 
Ref. 170 shows a disturbed fonnation of CoSi2 

due to oxygen contamination coming from the 
surrounding SiO2. Another well-known example 
is the difficult C49-C54 phase transformation in 
TiSi2 that is mainly observed in narrow Si lines of 
0.5 µm and below272 or small Si features of 100 
J.lm2 or below.273 Obviously, there is a need for 
proof-of-concept studies on patterned structures 
in order to qualify a SALICIDE process. 

2. Test Structures and Circuits 

Electrical shorts due to silicide formation over 
the SiO2 spacer. Successful SALICIDE process­
ing requires that the gate and source/drain regions 
be electrically isolated after the silicide fonna­
tion. Three efficient test structures for evaluating 
whether these two regions are linked electrically 
are shown in Figure 37.274 The structures princi­
pally consist of a SiO2 spacer ( cf. Figure 1) be­
tween the two regions deliberately made over 
different surface topographies to emulate the sur­
face of a practical device. Currents are monitored 
using a high-sensitivity current meter when a bias 
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FIGURE 37. Bridging test circuits. (Taken from Ref. 274. With permission.) 

potential is applied between the two regions. Since 
the SiO2 spacer is usually made millimeters to 
centimeters long, it is a highly sensitive bridging­
monitor. 

Electrical properties of a silicide/Si contact. 
As metal-semiconductor interfaces constitute an 
indispensable part of a MOSFET, as shown in 
Figures 1 and 6, a relatively extensive description 
of electrical characterization of the interfaces is 
given below. An electrical contact between a metal 
and a semiconductor can be either Schottky or 
Ohmic mainly dependent on substrate doping 
concentration and Schottky barrier height.275 ,276 

For contact metallization in MOSFETs, it is the 
latter type usually with heavy doping in the semi­
conductor that is of major interest. Studies of 
Schottky contacts are, however, implicative for 
studies of Ohmic contacts, because the Schottky 
barrier height, <Pe, of a specific metal-semicon­
ductor interface appears in the theoretical formula 
for the specific contact resistivity, Pc:215- 277 
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where <P8,, denotes the Schottky barrier height of 
metal ton-type semiconductor, q electronic charge, 
Ji Planck's constant, N0 n-type doping concentra­
tion in the semiconductor, m * effective mass of 
electrons in the semiconductor, and E, the relative 
pennittivity of the semiconductor. The values of 
<Pe,, for the silicides of interest are given in Table 3. 
For details about Schottky contacts, the readers 
are referred to Refs. 275- 277. The focus here is 
placed on Ohmic contacts that are usually ob­
tained when a metal is in contact with the heavily 
doped Si. The ITRS requirements for contact re­
sistivity for future generations of CMOS tech­
nologies are shown in Figure 3. In practice, the 
contact resistivity is obtained by measuring the 
current density J (in A cm-2) at infinitesimal po­
tentials ( V) across a contact, i. e., 



Pc= ( dJ )I 
av v=o 

(14) 

Characterization of Ohmic contacts has at­
tracted intensive attention for the last four decen­
nia since Shockley outlined a scheme employing 
the transmission-line model to analyze the con­
tacts.278 Examples of the efforts on constructing 
test circuits and analyzing measurement results 
are given in several early publications279-284 and in 
a special issue of IEEE Transaction on Electron 
Devices in 1987.285 Over the years, numerous 
methods and structures have been utilized for 
measurement of Pc- 286·287 Only two of them, trans­
fer-length method or transmission-line method 
(TLM) and cross-bridge Kelvin structure (CBK), 
are discussed here, because they resemble the 
geometrical and electrical feature of a practical 
contact in the source/drain of a MOSFET, that is, 
the current enters the contact laterally from its 
side. 

TLM 
The work of Berger287·288 lays the foundation 

for modem contact characterization techniques 
including TLM and CBK. In Figure 38, the one­
dimensional (lD) transmission-line model used 
by Berger for characterizing a contact is shown. 
The structure is composed of three layers- semi­
conductor, interface, and metal. While the semi-

conductor and metal layers act as two transmis­
sion lines, the interface layer defines the electrical 
comminucations between them re s istive ly 
(through G') and capacitively (through C') . By 
analyzing the current and voltage components at 
the entrance and exit of the contact, denoted as i1, 

i 2> v 1, and v2> mathematical relations leading to the 
extraction of Pc can be obtained.288 Therefore, the 
model leads directly to one of the most frequently 
used structures/methods today. The method, TLM, 
relies on the use of a number (greater than 3) of 
identical contacts on a resistor bar of the semicon­
ductor (i. e., diffusion layer) . The contacts are lin­
early arranged but separated to different distances, 
see Figure 39 for a schematic presentation. In the 
sketch, heavily doped poly-Si with SiO2 beneath 
for isolation is used as an example for the "Diffu­
sion layer" to illustrate how aTLM structure can 
be made using three levels of photolithography. 
The poly-Si can, of course, be replaced with a 
single-crystal Si on insulator, for example, using 
an SOI (silicon-on-insulator) substrate. Tradition­
ally, it is heavily doped single-crystal Si with a p­
n isolation beneath that is referred to as the "Dif­
fusion layer": The measurements of the potential 
difference between two adjacent contacts while 
passing a known current yield a total resistance 
expressed as, 

FIGURE 38. Schematic view of a metal/semiconductor contact system (top) with a 1 D transmission-line model to 
describe the current and voltage distributions (bottom). (Taken from Ref. 288. With permission.) 
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FIGURE 39. Schematic view of a TLM structure. 

Here, Re represents the contact resistance between 
the metal and semiconductor, Rs the sheet resis­
tance in the semiconductor between the two con­
tacts, d the distance between the two contacts and 
W the width of the resistor bar. In writing Eq. 15, 
the series resistance of the metal is neglected; this 
is a valid assumption for most cases of interest. 
Also assumed is an equi-potential condition at the 
metal contacts, a condition that unfortunately is 
not always met in the published work. Repealing 
the measurement on another pair of contacts with 
a different d leads to elimination of Rs and direct 
calculation of Re as, 

R = d2 R1 -d1R2 

C 2(d2 -d,) 
(16) 

To minimize the influence of measurement 
uncertainties on the accuracy of Re, it is com­
mon practice to make simi lar measurements on 
several pairs.21s.2s2,2s4,2s1,2ss When the contacts 

are made sufficiently long, a plot of R vs . d 
yields a straight line with three important pa­
rameters [ cf. Eq. 15]: the slope corresponds to 
Rs, the intercept on the y-axis (R) to 2Rc and the 
intercept on the x-axis (d) to an important pa­
rameter named transfer-length284 Lr that is m 
tum determined by, 

l = (& 
r \ Rs 

(17) 

46 

Thus, a "simple" set of measurements using 
TLM can readily yield Pc, Rs, and Re. It is Pc, not 
Re, that is characteristic of a contact. 

To calculate Re for a practical contact oflength 
Le in the source/drain regions (Figure 40), the 
following is drived based on the transmission-line 
model: 288 

Re = ✓PcRs coth(~). (18) 
W Lr 

and Eq. 18 is reduced to: 

(18a) 

For a short contact with Le <<Le, coth(~) "" Lr 
Lr l e 

and Eq. 18 is simplified to: 

(18b) 

Large errors in the so-detennined values of Pc and 
Rs can arise because of geometrical or material 
modifications around the contacts. Three major 
error sources are identified, cf. Figure 41. 
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FIGURE 40. Schematic cross-section of a MOSFET with silicided gate, source and drain contact. (Taken from Ref. 
667. With permission.) 
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FIGURE 41. Three potential error sources in TLM contact resistivity extraction : (a) 2D current crowding , (b) variations 
in sheet resistance of the Si under the contact (RsK different from R5) , and (c) considerable silicide step into the Si. 
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(I) Berger287 and later Loh et al. 289
•
290 pointed out 

that the width of the contacts are usually different 
from that of the resistor bar due to contact fabri­
cation details . Two-dimensional (2D) effects, that 
is, "current crowding" - current flowing around 
the contacts (Figure 41 a for a top view), that are 
neglected in the ID model above can result in a 
considerable deviation of Pc from its true value. 
The degree of deviation, either overestimation or 
underestimation, not only depends on the value of 
Pc and Rs, but also on the size of the "overlap", 
that is, the distance from the contact edge to the 
resistor edge relative to the contact width. 290 (The 
overlap is, of course, detennined by the lithogra­
phy capability.) 

(2) During contact fonnation, it is likely that the 
material properties of the semiconductor part di­
rectly beneath the contacts are modified because 
of dopant redistribution and/or surface interac­
tion. Thus, the sheet resistance in these areas can 
depart from Rs (Figure 41 b for a side view), one 
of the important parameters in the 1 D model. 
Reeves and Harrison29 1 proposed a simple rem­
edy with an additional measurement to obtain the 
so-called contact-end resistance. Such a measure­
ment is made using a third contact: the potential 
difference is measured between the third contact 
and the closer one of the pair-contacts under cur­
rent stress. 

(3) For silicide fonnation in particular, the planar 
feature assumed in the ID model, that is, the 
contact lies at the same level as the rest of the 
resistor as shown in Figure 39, is no longer valid. 
(The silicide step is negligible for the contact 
structure in Figure 40.) Silicon consumption dur­
ing silicide formation47 leads to the presence of 
the silicide layer in the recessed Si areas in the 
contact windows as shown in Figure 41 c for a 
side view, precisely as is indicated in Figures 1, 8, 
and 9 as well. The presence of such a silicide step 
calls for 2D models if the above-mentioned over­
lap can still be neglected. A numerical calculation 
based on 2D modeling292 shows an appreciable 
underestimation of Pc amounting to 20 to 50 % 
with the 1 D model. The degree of underestima­
tion not only depends on the values of Pc and Rs, 
but also on the size of the step relative to the 
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entire thickness of the resistor ( diffusion layer). 
Therefore, it is anticipated that the influence of 
the silicide step on the accuracy of the extracted 
Pc becomes more problematic for contacts in 
smaller MOSFETs, because the si licide layer is 
expected to become a greater part of the shal­
lower junctions in the source/drain regions ac­
cording to ITRS. 

CBK 
The extraction of Pc using TLM is indirect 

because it is relying on the measurement of two or 
several resistor circuits, each comprising not only 
the contact resistance but also the series resis­
tance in the semiconductor resistor. Ilcncc, the 
CBK technique, aiming at direct measurement of 
Pc emerged.293

•
294 In detail , two different CBK 

structures can be constructed: the L type vs. the D 
type. Both structures are shown in Figure 42 where 
physical dimensions, measurement arrangements, 
and the fabrication procedure using three levels of 
photolithography are also given. A 1 D analysis 
by Proctor et al. 293 •294 reveals that Pc can be ob­
tained by measuring Rc of a contact with known 
area A on a ·cBK structure, i.e., 

(19) 

In practice, a series of contacts of different di­
mensions should be made and measured. When 
the log-log plot of Rc vs. A yields a straight line of 
slope - 1, any measurement data point gives Pc 
through Eq. 19.293

•
294 As an overlap around the 

contact is always present due to process details, 
similar to the TLM structure in Figure 41 a, the 2D 
current crowding effects are also present in the L­
type CBK structures. Such effects lead to a down­
ward bending of the line in the log-log plot of Rc 
vs.· A,293

•
294 that is, the line is no longer straight 

with a single slope and a 2D model becomes a 
necessity. In the 2D models, Pc and Rs are ex­
tracted simultaneously. Through the thorough 
mathematical treatments of Loh et a/.,289,290 it is 
made clear how and why the 1 D model fails. The 
use of the 1 D model without taking into consid­
eration current crowding effects tends to give rise 
to overestimate values of Pc- The degree of over­
estimation not only depends on the size of the 
overlap relative to the contact width, but also is 
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FIGURE 42. Top view of CBK structures: (a) L-type and (b) D-type. (Taken from Ref. 285. With permission.) 

affected by the values of Pc and R
5

• In Figure 43, 
the important difference between the 1 D and 2D 
models in tenns of the potential distribution in the 
semiconductor along the contact is depicted. 290 In 
short, the 2D effects with current flowing around 
the contact make the voltage decrease along the 
direction of current flow strongly deviate from 
the exponential behavior predicted by the 1 D 
model. 

The design of the D-type CBK structure, with 
the two resistor anns being trimmed and aligned 
to the contact size, is an attempt to minimize such 
2D effects.293 ,294 When the dimension of the con­
tact windows is reduced following the downscaling 
trend of the MOS devices, the overlap becomes 
an increasingly significant part of a contact if not 
being scaled down in the same proportion. For 
such small devices, the current crowding is 
nonnegligible even for the D-type structure. 
Gillenwater et al.295 •296 conducted a study of the 
D-type CBK structure also using a 2D model and 
explored potential effects of different imperfec­
tions due to poor process control. The misalign­
ment of the contact relative to the resistor arms 
and overetching or underetching of the contact 
are two readily encountered technological diffi­
culties. 

In general, CBK yields a better accuracy than 
TLM.286 The implementation of 2D models has 
greatly advanced the art of contact resistivity as­
sessments. However, for contact resistivity below 
10-1 !2cm2, necessary for CMOS technologies 

beyond 2007 with the 65- nm technology node, 
the extraction of accurate values of Pc can become 
problematic because the resistance curves gener­
ated by means of 2D models begin to become 
close-packed and therefore difficult to resolve 
(see Figure 9 Ref. 290). For such low-resistivity 
contacts, the contact geometry as well as the semi­
.conductor resistor should be carefully examined 
for designing functioning CBK structures. The 
presence of a silicide step in the contact win­
dow ,297 as depicted in Figure 41 c, further compli­
cates the problem, and a three-dimensional mod­
eling is necessary for the reliable extraction of Pc· 

3. In Situ Real-Time Characterization 

In situ characterization has become increas­
ingly attractive because it helps visualize the prob­
lems encountered in thin-film interactions in real­
time. An example is resistance measurements 
during temperature up-ramping, a simple yet very 
infonnative technique that has been used by many 
to monitor the phase fonnation in silicide films 
often with the attempt to study the kinetics as 
well.298- 306 Because the resistance value of a thin 
film is also strongly correlated to the morphology 
of the film, both in situ and ex situ resistance 
measurements are often used for monitoring the 
morphological developments after annealing. In 
combination with in situ stress measurements, the 
kinetics of silicide fonnation as well as poly-Si 
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FIGURE 43. 2D vs . 1 D analysis of the potential distribution around a CBK contact. (Taken from Ref. 290. With 
permission.) 

degradation were studied by Hong et al. 145 for a 
number of silicides. One should, however, be 
cautious in interpreting the results from such re­
sistance measurements. Zhang and d 'Heurle307,308 

studied two different thin-film morphologies cor­
responding to the two different modes of phase 
fonnation: nucleation controlled or diffusion con­
trolled. Mathematical analysis shows307·308 that the 
Kissinger plot: 309·310 ln(m/ T-1) vs . 1 IT with m as the 
linear rate of heating and T the transfonnation 
temperature, originally derived based on differen­
tial thennal analysis, can indeed be adopted to 
yield the so-called activation energy for phase 
formation or transfonnation using in situ resis­
tance measurements. 

In situ TEM studies of the influence of oxy­
gen on the C49---C54 phase transfonnation in TiSi2 

by Ross171 convincingly shows the usefulness and 
importance of such kinds of analyses. Gignac et 
al.311 used in situ TEM to study the motion of the 
C49---C54 transfonnation front and detennined the 
velocity of the moving front in blanket substrates 
as well as in narrow lines down to 0.13-µm width. 
When XRD is used, specially designed structures 
with an immensely large number of narrow lines 
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densely placed are suitable for in situ character­
ization.3 11 -313 

Correlation to the results of ex situ XRD analy­
sis on similarly arranged narrow lines can be 
revealing.314 IBM Watson Research Lab has over 
the years built a powerful in situ analysis appara­
tus that is capable of carrying out real-time struc­
tural (by diffraction), electrical (by resistance 
measurement), and morphological (by surface light 
scattering) analyses simultaneously.31 5-318 A sche­
matic view of the IBM set up is shown in Figure 
44 ..3 17 For diffraction studies, the apparatus uses 
X-rays at Beamline X20C of the National Syn­
chrotron Light Source (NSLS), Brookhaven Na­
tional Laboratory, New York. An X-ray linear 
detector is used for rapid and effective recording. 
For morphology studies, an He:Ne laser beam is 
focused on the sample surface, and the scattered 
photons are monitored by two optical detectors at 
different wavelengths. The in situ resistance mea­
surement details are omitted in the figure for clar­
ity. Such in situ analysis capabilities have also 
opened ample opportunities for materials research. 
One example is an ingenious combination of in 
situ XRD with in situ surface light scattering by 



Beamline 
X20C 

0s~) :y mirror and 
monochromator 

Optical detector #1 

Optical detector #2 

X-ray Linear 
Detector 

FIGURE 44. Schematic picture of the IBM setup for in situ, real time, x-ray diffraction and surface light scattering 
measurements. (Taken from Ref. 317. With permission.) 

Lavoie et a/.3 18 recently that yields extremely 
impo1tant infonnation about the mechanisms of 
silicide fonnation in Ti-Si, Co-Si, and Ni-Si sys­
tems with crucial implications for device applica­
tions, as seen later. Another example is the search 
for performance improvement of the CoSi2 for­
mation by sorting out those of the most effective 
from 23 different Co-alloys.319 

IV. CHALLENGES AND POTENTIAL 
SOLUTIONS 

The convergence of the technologies for con­
tact metallization and local interconnection to 
SALICIDE with a small group of metals, that is, 
Ti, Co, and Ni, is a response to the increasing 
demands set by the projected system/circuit per­
fonnances that are anticipated from and driven by 
MOSFETs of decreasing dimensions. To make 
such modem MOSFETs typically of 100- nm gate 
length or below, it is essential to minimize the 
parasitic contact and series resistances in the gate 
and source/drain regions. It is also critical that the 
SALICIDE process does not lead to modifica­
tions of the defined device structure, including 
doping profiles. Hence, a set of general criteria 
for selection of a metal for silicide formation in 
these regions is given below: 

• High conductivity 
• Low contact resistivity to both types (n and p) 

of heavily doped Si 
• Good chemical stability in contact with Si 

• Satisfactory thermal and mechanical proper­
ties with reference to Si 

• Satisfactory thennal stability that leads to good 
morphological stability on Si 

• Compatibility with standard Si processing tech­
nology, including cleaning and etching 

• No requirements for excessive thennal treat­
ments 

• No detrimental contaminations that affect de­
vice performance 

Further, yet more specific, requirements will 
be added to this list when discussing the increas­
ingly stringent demands as a consequence of the 
continual developments of CMOS technologies. 
They are brought up in this section in conjunction 
with the introduction of Ti , Co, and Ni as well as 
their silicides. It is, in fact, these specific require­
ments that dominate the selection of a metal and 
its silicide(s) for contact metallization in CMOS 
technologies. 

Because the demands for the gate are not 
necessarily identical for those for the source/drain, 
separate discussions specific for each of the re­
gions are necessary. In Figure 45, several key 
issues to deal with for a SALICIDE process are 
identified. They can be grouped into three main 
subject matters to consider with respect to their 
geometrical locations, i. e., 

For the gate: phase formation in small-di­
mension features such as narrow stripes of 
poly-Si gate and small areas of single-Si 
source/drain regions; morphological stabil-
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FIGURE 45. Main issues for a SALICIDE process. (Taken from Ref. 39. With permission.) 

ity of the silicide/poly-Si gate electrode stack; 
integrity of the SiO2 gate dielectric beneath; 

2. For the source/drain: contact resistance be­
tween the silicide and the source/drain ter­
minals and junction integrity of the source/ 
drain regions; and 

3. Between the gate and source/drain: electri­
cal shorts (bridging) between the gate and 
source/drain regions. 

In the following, these various issues are ad­
dressed with respect to the different silicides used. 
The discussions of the material requirements from 
the device-performance perspective refers to Fig­
ures l and 45. Solutions pursued are discussed on 
the basis of thennodynamics and kinetics out­
lined in Chapter II. A unified approach satisfying 
the demands for both regions is crucial for the 
success of the SALICIDE technology. As silicon­
gennanium with different atomic compositions, 
that is, Si 1_,Ge, with different values of x, has 
emerged as a key technology for significant en­
hancements of Si device perfonnance,320- 322 solid­
state interactions of Ti, Co, and Ni with Si 1_,Ge, 
will also be discussed, in a separate section at the 
end of this section. Particularly in a MOSFET, the 
Si 1_,Ge, can be present in the channel to enhance 
carrier (hole) mobility,323- 327 in the gate as an 
extra means to control the threshold voltage,328

- 338 

or in the source/dra_in to combat the high-resistiv­
ity issue. 339 
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Among the· three silicides discussed below, 
TiSi2 is the most studied because it has been used 
widely for contact metallization in CMOS tech­
nologies. CoSi2 begins to replace TiSi2 in MOS 
devices of 0.25- µm gate length or below, due to 
the difficult fonnation of the low-resistivity C54 
TiSi2 in small features . Consequently, the number 
of publications on CoSi2 has lately increased sub­
stantially. As the research around the fonnation 
of CoSi2 deepens, more technological issues are 
revealed. Although great progresses have been 
made in the formation of CoSi2, 17o.34o it is antici­
pated that Ni Si will eventually take over for CMOS 
technologies with 100- mn gate length and below 
where the formation ofCoSi2 could become prob­
lematic. Because the actual gate lengths begin to 
deviate from (i. e., become smaller) the correspond­
ing CMOS technology nodes below, say, 0.25 
µm , the "gate lengths" cited here should rather 
refer to the technology nodes with the specified 
dimensions. 

A. Gate Integrity 

The various issues associated with the sili­
cide fonnation on the poly-Si gate are discussed 
below. As the fine-line effect is one of the most 
serious concerns in the SALICIDE process, a 
detailed discussion about it is first presented. 
Agglomeration of the silicide/poly-Si layer stack, 



and its influence on the integrity of the underlying 
ultrathin SiO2 gate dielectric are then addressed. 

1. Fine-Line Effect 

"Fine-line" here refers to those small-dimen­
sion features , including narrow lines and small 
areas of Si . The three different silicides, TiSi2, 
CoSi2, and NiSi , are treated separately. 

TiSi2 

The fonnation ofTiSi2 has been an important 
subject attracting a great deal of attention over the 
last 2 decennia, because of its wide use for con­
tact metallization.49 Therefore, studying its phase 
transformation from C49 to C54 bears both scien­
tific importance and practical implications. The 
tenn " fine-line effect" is, in fact, mostly associ­
ated with the great difficulties encountered with 
the phase transformation in TiSi2 in narrow lines 
or small-dimension features. 272·273 The effect arises 
due to the facts that TiSi2 may exist in two differ­
ent phases,80,81 that is, C49 and C54, and that the 
growth ofTiSi2 usually begins with the fonnation 
of the metastable C49 phase and eventually ends 
with the formation of the stable C54 phase. In the 
SALICIDE process using Ti, a two-step anneal­
ing therefore is required as summarized in Table 
2. After the first-step annealing at about 700°C, . 
the C49 TiSi2 forms in the three tenninal regions 
gate, source, and grain. The second-step anneal­
ing at 850°C or above is an attempt to transfonn 
the high-resistivity C49 to the low-resistivity C54 
TiSi2. The C49-C54 phase transfonnation be­
comes increasingly difficult when the geometri­
cal dimensions ofnarrow poly-Si lines in the gate 
and small single-crystal Si areas in source/drain 
decrease below 0.5 µm and 10 to 100 µ1112, re­
spectively.272·273 Consequently, a significant in­
crease in resistance with decreasing line/area di­
mensions is observed. 36,39,212,213,3 i 1-314 Higher 
temperatures exceeding 900°C are then needed in 
order to fully convert the C49 to the C54 phases 
in the smaller-dimension features , which, how­
ever, can cause other problems as discussed later 
in this section. 

It remains unclear why the fonnation of the 
C49 phase is favored compared with that of the 

C54 phase. It has . been suggested34 l.342 that the 
base-centered orthorhombic C49 structure has 
lower surface/interface energies than the face­
centered orthorhombic C54 structure. The lower 
surface/interface energies can lead to an apprecia­
bly smaller .10" for the fonner, although the latter 
is thennally more stable with a slightly greater 
absolute value of L1g

1
, (see more below). As a 

result, the energy barrier for nucleation, L1G * in 
Eq. 2 becomes smaller for the C49 structure, ac­
cording to the analysis in Section II .B. It has also 
been found343 that the mobility of Si, the DDS 
during the TiSi2 fonnation (Table 3), is higher in 
the C49 structure than in the C54 one. Thus, the 
fonnation of the C49 phase should be favored 
according to the ordered-Cu3Au rule discussed 
earlier in Section II.C. Theoretical calculations 
indicate344 that the C49 TiSi2 displays a similar 
atomic structure to amorphous TiSi2, compared 
with C54 TiSi2. The measurements and calcula­
tions of the stiffness ofTiSi2 show345 that the C49 
phase is much softer than the C54. These factors 
could also favor344·345 the nucleation of the C49 
phase. The lattice of the two TiSi2 phases is shown 
in Figure 46, while their physical properties are 
found in Tables 1 and 3. The two Ti-disilicides 
display different stacking sequences along their 
respective stacking directions: ABA along <001 > 
for C49 and ABCDA along <010> for C54. In 
thin films , the C54 phase has the cell dimensions 
that are identical to those of the C54 TiSi2 pow­
der standard.346 However, the thin-film C49 TiSi2 
displays different cell dimensions from those 
tabulated in the JCPDS file for the C49 TiSi2 
powder standard.347 Rather, they assume those 
for TiSi1.9Cu0}

48 that are cited in Table 3, ac­
cording to d'Heurle et al. 8° For infonnation about 
the C49 structure in detail , the readers are re­
ferred to a thorough microscopic study on C49 
ZrSi2_349 

The fonnation of the high-resistivity C49 
phase of TiSi2 usually occurs at about 300 to 
600°C. The low-resistivity C54 phase fonns as a 
result of polymorphic phase transfonnation at 
higher temperatures, typically around 700°C,49,350 

on blanket substrates or in wide lines far exceed­
ing 1 µm width and large areas far greater than 
100 µm2 dimension. The transfonnation (from 
C49 to C54) is, however, driven by a very small 
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FIGURE 46. Crystal lattices for C49 and C54 TiSi2. 

,1g amounting to 0.48 kJ/g atom. 35 1 (Note: '1g,, 
and '1g are not equal but closely related by a 
constant conversion factor.) Hence, LlG*becomes 
high and the transfonnation process is nucleation­
controlled occurring in a very narrow temperature 
span. This behavior explains the existence of a 
critical temperature about 700°C for the fonna­
tion of C54 TiSi2• Such a nucleation-controlled 
phase transfonnation therefore would preferably 
initiate at grain boundaries and/or grain junctions 
in the C49 TiSi2 film at which the driving force 
for nucleating the C54 phase is maximized. Ex­
perimental evidence of the preferred nucleation 
of C54 TiSi2 at the grain boundaries and/or grain 
junctions in the C49 TiSi2 film has been provided 
by Ma et al. 352- 354 Hence, fine grain-size in the 
C49 film corresponding to a high density of grain 
boundaries and/or grain junctions should increase 
the probability of the nucleation of the C54 phase 
(see the schematic presentation of the process in 
Figure 47 beginning with two C49 TiSi2 films 
with initially differently sized grains) . While dis­
connected C54 TiSi2 grains fonn in the C49 back­
ground for the case with larger C49 grains (left of 
Figure 4 7), a continuous conduction path through 
the C54 TiSi2 grains is established for the case 
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with smaller C49 grains (right ofFigure 47). This 
hypothesis is verified experimentally by Houtum 
et al.355 who have shown a lowered transforma­
tion temperature in C49 films of finer grain size, 
a phenomenon often referred to as a grain-size 
effect mechanism. Additionally, increasing thick­
ness of the Ti layer, or rather of the C49 TiSi2 

film, has been found to lower the fonnation tem­
perature for the C54 TiSi2 ,34 1,352 which is sug­
gested to result from a higher density of C54 
nucleation centers in thicker films of C49 TiSi2 • 

Because the TiSi2 films are usually thinner 
than 500 A and the density of C54 TiSi2 nuclei 
much smaller than I/ µm 2,352- 354•356 the C54 TiSi2 

crystals grown quickly extend through the film 
thickness and the growth of C54 TiSi2 subse­
quently becomes lateral and two-dimensional. The 
observation of a difficult C49-C54 transforma­
tion in narrow Si lines272 •3 1 H i4,357- 359 is attributed 
to the low probability, and thus low density, of the 
C54 nucleation sites, and consequently to a change 
of the growth from two-dimensional to one-di­
mensional. 272 ·358,359 A recent micro-Raman spec­
troscopy study reveals360 that the density of C54 
nuclei in narrow lines only amounts to 0.03/cm2. 

As schematically depicted in Figure 48 , such a 
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change in growth mode leads to a nonunifonn 
transfonnation over different lines: the TiSi2 re­
mains in the C49 phase in one line (uppennost in 
the right column), is fully converted to the C54 
phase in another line (lowest in the right column) 
and only partly transfonns in yet a further line 
(middle in the right column). In a large-area C49 
TiSi2 film, the two-dimensional growth could lead 
to full transfonnation to the C54 phase (left). This 
nonunifonnity has a serious consequence to the 
perfonnance of a circuit because the RC time­
constant varies from device to device. The ever­
increasing difficulty in transfonning TiSi2 from 
the C49 to C54 phase in shrinking Si fe<1t11r~s , 
either by decreasing line width272,311-314,357-359 or 
by contracting area size,273 can be well accounted 
for with the grain-size effect mechanism dis,cussed 
above. Because the low-resistivity C54 phase is 
desired in device applications, numerous means 
have been sought for to enhance the fonnation of 
C54 TiSi2 by reducing its fonnation temperature. 
These methods include ion implantation or ion 
mixing,39,361-371 change of Ti sputter-deposition 
conditions,372- 375 deposition of an ultrathin TiN 
interlayer between Ti and Si,376 and introduction 
of Ge into Si. 377 While the first two methods are 
used aiming at reducing the grain size in the 
(precursor) C49 film in order to increase the den­
sity of grain boundaries and/or grain junctions, 
the last method with Ge incorporation is based on 
the work of Thomas et al. 378-380 with a low fonna­
tion temperature for C54 Ti(Si,Ge)2 when com­
pared with that for C54 TiSi2. Ion-implantation to 
amorphize the Si surface prior to Ti deposition is 
often referred to as preamorphization implanta­
tion, PAI. It has been found that ion-implantation 
into Si prior to Ti deposition gives rise to an 
appreciable effect in enhancing the C49-C54 trans­
formation,361-37 1 whi le ion-implantation into de­
posited Ti is also effective but that into fonned 
C49 TiSi2 leads to no noticeable effect. 365 P Al has 
been shown361-371 to enhance the fonnation of 
C54 TiSi2 even in narrow lines down to 0.1 to 0.2 
flm width. However, a worse agglomeration of 
the TiSi2 formed in such narrow lines has been 
reported and seems to be closely related to the use 
of PAJ. 311 

It remains to be confinned why preamorphization 
of Si can lead to an enhanced formation of C54 

56 

TiSi2. An amorphous layer mainly consisting of Si 
and Ti has been found at the interface between as­
deposited Ti films and Si substrates using high­
resolution TEM.381 This amorphous layer thickens 
with increasing temperature up to 400 to 45O°C 
without the crystallization of a silicide phase.140,38 1·382 

It has been suggested383 that a thicker interfacial 
amorphous layer favors thefonnation ofC54 TiSi2. 
It is, however, unclear how the temperature of 
C54 TiSi2 formation can be lowered when a thicker 
interfacial amorphous layer is present, although it 
has been postulated372 that in this case the precur­
sor C49 TiSi2 film would have finer grains lead­
ine to r1 higher density of nucleation sites for the 
C54 TiSi2. Experimental results show indeed that 
crystallization of the first Ti-silicide phase be­
comes easier with a thicker interfacial amorphous 
layer. 382 Apparently, the argument of smaller grains 
of the C49 TiSi2 in thicker amorphous layers may 
only be valid when this particular structure in­
<lee<l is lhe firsl crystalline phase to fonn . How­
ever, controversial results have been reported in 
the literature with respect to what is the first Ti­
silicide phase to crystallize at the interface be­
tween Ti and Si (100): Ti5Si3 (or Ti5Si4) in Ref. 
384, TiSi in Ref. 382 and C49 TiSi2 in Ref. 381. 
Even more compiex is that aimost aii the phases 
in the Ti-Si binary system (Figure 11) except C54 
TiSi2 were reported to simultaneously appear to­
gether with C49 TiSi2 within the amorphous layer 
after annealing at 400 to 5OO°C.372•385 Thus, it is 
unlikely that the grain size of the C49 TiSi2 is the 
only factor affecting the C49-C54 transfonna­
tion, although a recent work repo11s that the grain­
size in the C49 TiSi2 film is smaller when it is 
fonned on amorphous Si than on crystalline Si.386 

Although appreciable improvements in en­
hancing the C49-C54 transformation have been 
shown with the P Al technique, a true breakthrough 
did not occur until Mann et al.387 used ion implan­
tation of Mo and W into Si prior to Ti deposition. 
A high-temperature annealing was subsequently 
perfonned after the ion implantation. The tem­
perature for the C49-C54 phase transfonnation is 
reduced by I 00 to l 5O°C with ion-implantation of 
Mo into Si to a dose of 1013 to 1014 cm-2, and it is 
especially effective for the C54 formation in Si 
narrow lines. Mouroux et al. 388,389 used a different 
approach by depositing a 0.5- to 2-nm-thick Mo 



at the Ti and Si interface. The fonnation of C54 
TiSi2 also occurs at a temperature I 00 to l 5O°C 
lower than that needed for the usual C49- C54 
transfonnation, and it is particularly effective for 
the fonnation of C54 TiSi2 in narrow lines. 390 A 
further approach was later demonstrated by Cabral 
et al. 39 1 in using Ti-alloys with Mo, Nb, and Ta. 
Once again, the C49- C54 phase transfonnation is 
substantially enhanced with a reduced tempera­
ture, especially in Si narrow lines. The three dif­
ferent approaches used to introduce the refractory 
metals into the Ti-Si system are summarized in 
Figure 49, 11 5 where the schematic depth profiling 
of atomic concentration of the refractory metals is 
depicted. From a process point of view, ion im­
plantation of refractory metals requires special 
arrangements of an implanter and standardization 
of such practice. In addition, the metal atoms are 
also implanted into the source/drain regions be­
cause the implantation is done after the gate stack 
is defined and the doping in the three electrode 
regions is made. Thus, there is a risk of the intro­
duction of deep levels in the source/drain junc­
tions that can lead to an increased junction leak­
age. On the other hand, reproducibly depositing a 
thin film of the order of I- run thickness is a 
demanding technological challenge to the day-to­
day industrial production. Too thick a refractory­
metal layer can lead to a much-reduced growth of 
C54 TiSi2 via the diffusion of Si atom's through 
the interfacial layer containing refractory metals. 
Raising the fonnation temperature to promote the 
growth can cause other problems, which are dis­
cussed later. Therefore, the most practical method 
is that using Ti alloys. The fabrication of a stan­
dard sputtering target containing a few percents 
of the alloying metals has been a common prac­
tice for decennia, for example, Al with 0.5 at. % 
Cu and/or 1 at. % Si. However, the enhancement 
effects begin to fade away for the formation in 
narrow lines below 0.2 µm width when Ti-Ta 
alloys with up to 5.5 at. % Ta are used.391 Adding 
more Ta ( or Nb) may help enhance the fonnation 
ofC54 TiSi2 in narrower lines, but the cost of that 
is a substantial increase in resistivity of the sili­
cide layer. 391 

Finally , a thorough discussion of the 
mechanism(s) behind the enhanced formation of 
C54 TiSi2 by the presence of refractory metals is 

necessaty. For ion-implantation, the enhancement 
effect was first attributed to pinning of the C49 
TiSi2 grains by Mo-bearing precipitates, thereby 
reducing the grain-size in the precursor C49 TiSi2 

film. 387 For interposition, Mouroux et al. sug­
gested388·389 a template mechanism for the en­
hancement effects. The template mechanism is 
described as follows. After annealing, an ultrathin 
layer of (Ti,Mo)Si2 of the C4O structure readily 
fonns at the Ti/Si interface. Direct growth of the 
C54 TiSi2 on the C4O (Ti,Mo )Si2, bypassing the 
C49 TiSi2, can occur due to two facts: ( 1) the C4O 
(Ti,Mo)Si2 and the C54 TiSi2 share the same 
atomic arrangement and only differ in plane stack­
ing, ABCA vs. ABCDA, 11 5·392-394 and (2) the in­
plane lattice mismatch between the stacking 
planes, i.e. the basal <001 > planes of the C4O 
(Ti,Mo )Si2 phase395 and the <O 1 O> planes of the 
C54 phase,346 is within 3%. For alloying, both 
mechanisms, that is, grain-size reduction due to 
pinning by refractory-metal-bearing precipitates 
and template phenomenon due to the fonnation of 
C4O crystals, could be at work simultaneously.391 

The epitaxial growth of C54 TiSi2 on C4O 
(Ti,Mo)Si2 has been confirmed using TEM.396 A 
cross-sectionai TEM micrograph in Figure 5Oa 
reveals a layered structure with different phases 
and atomic compositions, after annealing a 44O­
A Ti I 9- A Mo bi-layer strcuture deposited on a 
Si(! 00) substrate. The electron diffraction pattern 
in Figure 5Ob shows the formation of C4O 
(Ti,Mo )Si2 in the region marked "A" (Figure 5Oa). 
Analysis using EDS along this interfacial region 
gave (Ti+Mo)/Si=O.29- O.37 and Mo/Ti=O.O4-
O.23. In the region between "A" and "B", the C54 
TiSi2 is found according to the diffraction pattern 
in Figure 5Oc, with Ti/Si=O.29--0.45 using EDS. 

The reports of the substantial enhancement 
effects for the fonnation of C54 TiSi2 have in­
duced a large interest in the community aiming at 
further improvements and confirmation of the 
discussed mechanisms. It has been reported,397 

based on a high-resolution TEM study, that MoSi2 
and an unknown silicide phase were present at the 
interface between C54 TiSi2 and Si substrate when 
ion implantation was used. A good lattice match 
between both phases and the C54 TiSi2 was shown 
to provide evidence of the operation of the tem­
plate mechanism even for the ion-implantation 
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FIGURE 49. Three different ways to introduce refractory metal into the Ti-Si system.11 5 

case. Indeed, one curiosity with the grain-size 
effect has been its preference in hindering the 
growth of one phase (C49) and promoting that of 
the other (C54); if the Mo-bearing precipitates at 
the interface would hinder the growth of the C49 
phase, why did not they do the same to slow down 
the C54 TiSi2 growth? This question is perhaps 
even more relevant for the alloying case where 
the concentration of refractory metals is much 
higher. In the alloying case, the enhanced fonna­
tion ofC54 TiSi2 has been confinned using Ti-Nb 
alloys with Nb up to IO at. %398

•
399 or Ti-Ta alloy 

with 4 at. % Ta.400 (Because Ta, Nb, and Mo are 
quite identical for our discussions here, they are 
treated as one same metal.) Also, the temperature 
for the fonnation of C54 TiSi2 decreases mono­
tonically with increasing Nb concentration. 39 1,399 
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Further, the C49 TiSi2 has also been consistently 
found prior to the fonnation of C54 TiSi2 in 
samples with Nb up to 10 at. %.398,399 Based on 
these observations, it is tempting to conclude the 
grain-size effect as the major mechanism behind 
the enhancement effects and rule out the possible 
effect of template phenomenon. Why would 
just these few refractory metals and not any 
other additives promote the C54 TiSi2 fonna­
tion by pinning the C49 grains?399 Whether the 
template mechanism with the formation ofC40 
(Ti,Nb )Si2 is also at work in the Ti-alloys needs 
further investigation. There is , in fact, a differ­
ent variant of the template mechanism sug­
gested , which invokes the formation of 
(Ti ,Ta) 5Si3 as the template for the C54 TiSi2 in 
the alloying case. 401 



(a) 

(b) 

FIGURE 50. Cross-sectional TEM results showing (a) the layered structure, (b) a diffraction pattern for the C40 
phase at region "A", and (c) a diffraction pattern for the C54 phase between region "A" and region "B'', for a Ti/Mo/ 
Si(100) sample annealed at 550°C for 30 minutes. (Taken from Ref. 396. With permission.) 

A third mechanism for the enhanced fonna­
tion of C54 TiSi2 in the alloying case can be 
proposed, based on quantum mechanical calcula­
tions of how the electron-to-atom ( e/a) ratio af­
fects the relative stability in different TiSi2 phases. 
The calculations indicate402 that the stability of 
the C49 phase of TiSi2 with respect to C54 is 
enhanced by a decrease in the e/a ratio. When this 
e/a ratio increases, the phase stability successively 
moves from C49 to C54, and then to C40 and 
finally to C 11 b structures. In Figure 51, the cal cu-

lated energy curves402 for the C49 and C40, with 
reference to the C54, are shown as a function of 
the e/a ratio (top). Also shown in Figure 51 is the 
relative (to C54) Fermi level for C49 and C40 
(bottom). Experimental evidence for the shift of 
phase stability in TiSi2 can also be found in sev­
eral other Ti-Si systems with the addition of A!,403 

Sc,404 or Sb,405 to yield Ti(Si ,Al)2, (Ti,Sc)Si2 or 
Ti(Si,Sb)2, respectively. For Ti(Si,Al)2 with cer­
tain Al replacing Si and (Ti,Sc )Si2 with certain Sc 
in place of Ti, a decrease in e/a results in a stabi-
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FIGURE 50. (continued) 
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FIGURE 51. Top panel: differences in total energy between competing phases C49 and C40 both relative to C54 
for increasing number of valence electrons. Bottom panel: corresponding variations in the relative positions of the 
Fermi-level F. (Taken from Ref. 402. With permission .) 

lized C49 phase.403 ,404 For Ti(Si,Sb)2 with certain 
Sb substituting Si , an increase in e/a gives rise to 
an enhanced fonnation of the C54 phase by re­
ducing the fonnation temperature.405 Now, a plau­
sible explanation for the enhanced fonnation of 
C54 TiSi2 in Ti alloys is described as follows. 
After annealing, C49 TiSi1 fonns with the Nb 
dissolved on the metal site, that is, C49 (Ti,Nb )Si2• 

The presence of the C49 structure has been re­
vealed using in situ XRD. 39 1,398,399 This C49 
(Ti,Nb )Si2 is, of course, instable, precisely as C49 
TiSi2• Its formation with a relatively low concen­
tration of Nb can invoke a similar argument341 of 
C49 (Ti,Nb )Si2 having a lower surface/interface 
energy than C54, C40, or C 11 b (Ti,Nb )Si2. Sinc_e 
Llg is greater between C49 and C54 (Ti ,Nb)Si2 

than between C49 and C54 TiSi2 according to the 
energy calculations in Figure 51 , LlG * in Eq. 2 is 
reduced in the presence of Nb as the variation in 
LlCY due to Nb should be negligible. Hence, the 

formation temperature for C54 TiSi2 (it should 
rather be C54 (Ti,Nb )Si2 because C54 TiSi2 can 
dissolve up to 10 at. % Nb on the metal site398) 

decreases. 
An extended discussion of these different mecha­

nisms can also be found in a recent review by Harper 
et al.406 However, a few words need be added about 
the template mechanism. It is known 11 5

•392-
394

•
406 that 

in addition to the C40 (i. e., NbSi2 , TaSi2 , VSi2, and 
CrSi2 as well as ternary alloys (Ti,Nb)Si2 (Ti,Ta)Si2, 

(Ti,Mo)Si2 and (Ti ,W)Si/ 07 with certain Ti/refrac­
tory-metal ratios) and C54 (i. e., TiSi2) structures, 
the Cl lb structure (i. e., MoSi2 and WSi2) also 
shares the same atomic arrangement but differs in 
the plane stacking sequence, that is, ABA for 
Cl lb, ABCA for C40, and ABCDA for C54. 
Such great structural similarities among these three 
different phases are depicted schematically in 
Figure 52 and summarized in Table 4. In the top 
diagram offigure 52, the in-plane lattice is shown 
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FIGURE 52. Top panel : two-dimensional atomic arrangements in the stacking plane for the C54, C40 and C11 b. 
Bottom panel : corresponding layer stacking in three dimensions. 

TABLE 4 
Crystallographic Properties of the Refractory-Metal (RM) Silicides115 

Silicide Crystallographi Angle Inter-atomic Distance Solubility 
c structure between distance in between the limit of Ti in 

hexagonal the stacking stacking RMSii at 
axes in the plane planes 1300 °C 

stacking plane (A) (A) (at.%) 

TiSii C54 121° 2.76 2.138 -
VSi2 C40 120° 2.64 2.124 85 

NbSi2 C40 120° 2.77 2.197 >75 

TaSii C40 120° 2.76 2.188 50 

CrSh C40 120° 2.56 2.121 88 

M0Si2 C40 120° 2.66 2.1416 80 
(metastable) 

MoSii Cl lb 120° 2.61 2.27 0 

WSh C40 120° 2.66 2.138 60 
(metastable) 

WSi2 Ctlb 120° 2.62 2.28 0 
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with the two-dimensional unit cells for the three 
structures. In the bottom diagram of Figure 52, 
the different stacking sequences are depicted for 
the structures. In Table 4, the three-dimensional 
cell dimensions are given for all C4O, C54, 
and CI I b disilicides, including those in discus­
sion.11 5 To verify this mechanism, Ta408 or Nb409 

were used in place of Mo as the interposed layer 
between Ti and Si. The consideration of Ta and 
Nb was based on the fact' 15·393 that both C4O 
TaSi/ 10 and C4O NbSi2

411 have an excellent in­
plane lattice match to C54 TiSi2 within 0.3 %, that 
is, IO times better than C4O (Ti,Mo)Si2. Experi­
mental results indeed show408,409 an equivalent 
enhancement effect with a reduced fonnation tem­
perature of the C54 TiSi2 by about I OO°C. A high­
resolution TEM study412 not only confirmed the 
template effect induced by a Ta interlayer but 
further revealed for the first time an epitaxial 
growth ofC4O TiSi2 on C4O (Ti,Ta)Si2 as well as 
the fonnation of C54 (Ti086 Ta0 14)Si2. While C4O 
TiSi2 had never been reported earlier, C54 
(Ti086Ta014)Si2 with the specified atomic compo­
sition was not a stable phase. Their appearance 

. was a result of epitaxial growth at low tempera­

. tures dictated by kinetics not thennal equilibium.41 2 

In addition to blanket films with Ti/Nb,297 high­
resolution TEM has also been used to study the 
influence of an Nb interlayer on the silicide for­
mation in small contact windows.413 Only C4O 
(Ti,Nb)Si2 is found in all contacts down to 0.5 µm 
by 0.5 µm size. Without Nb, only C54 TiSi2 is 
found in blanket samples, both C54 and C49 are 
present in contacts of 5 µm by 5 µm size, and only 
C49 TiSi2 is detected in contacts ofO.5 µm by 0.5 
µm size. While the enhanced fonnation of C54 
TiSi2 in the presence of an interlayer ofMo,408,41 4-

41 9 Ta,420,421 or Nb297 has been repeatedly con­
finned , the validity of the te1nplate mechanism is 
still under debate . Omni and Tung422 showed with 
an ultrathin layer of Mo disposed at different 
depth within the Ti film that the enhancement 
effect was at the maximum when the Mo was 
present at the interface between Ti and Si. It 
decreased when the Mo was placed away from 
the interface and became almost negligible when 
the Mo was oh top of Ti. Zhang et a/. 396,423·424 later 
confinned those observations. However, a de­
tailed TEM study also reveals396 that the template 

mechanism is still operative even with a surface 
Mo layer. A number of factors contribute to the 
difference in the enhancement effects, with the 
most important one being that the precursor phases 
for the C54 TiSi2 are different. See Figure 53 for 
the summary of tlie TEM observations396 pre­
sented in a schematic fonn . Without Mo in the 
system, the fonnation Ti-silicides follows the usual 
phase sequence with Ti5Si3 as the first silicide 
product.384,416 The fonnation of C49 TiSi2 occurs 
on the expenses of Ti5Si3, followed by the C49-
C54 phase transfonnation. Typical temperature 
ranges for these phase fonnation steps are marked 
below each subdiagram. With an interposed layer 
of Mo (Figure 53b), C4O (Ti,Mo)Si2 fonns readily 
at the interface after annealing at relatively low 
temperatures. Then C54 TiSi2 directly grows up­
ward on the C4O layer due to the template phe­
nomenon, on the expenses of Ti5Si3. With a sur­
face Mo (Figure 53c), the entire Ti is fi~st 
converted to C49 TiSi2 proceded by the formation 
of Ti5Si3. Phase transfonnation in TiSi2 does not 
occur until ·the surface layer containing Mo be­
comes C54 (Ti,Mo)Si2. Apparently, the C54 
(Ti,Mo)Si2 forms at a lower · temperature than 
needed for the usual C49-C54 phase transfonna­
tion in pure TiSi2 due to an increased driving 
force as discussed slightly earlier for the alloy 
case. Now, the C54 TiSi2 grows downward on the 
expenses ofC49 TiSi2, at the same temperature as 
for the formation of C54 (Ti,Mo)Si2. 

A final , brief overview can now be given to the 
latest efforts with laser annealing to induce TiSi2 
fonnation. Chen et al. have reported425-428 that using 
excimer laser annealing with a laser beam of up to 
5 1mn by IO lllin size, C4O TiSi2 can fonn directly 
without the addition of refractory metals, according 
to careful TEM and micro-Ra.man studies. Phase 
identification was made using convergent beam elec­
tron diffraction in combination with EDS. A typical 
diffraction pattern for C4O TiSi2 induced by laser 
annealing is reproduced in Figure 54a, along with 
simulated patterns (along the C4O [O to I O] zone 
axis) in 54b and 54c as well as the indexing results 
in 54d.426 Chen et al. have further shown426-428 the 
fonnation of C54 TiSi2 at 6OO°C, I 00 to l 5O°C 
below the temperature for C49-C54 transfonnation. 
Such an enhanced fonnation of C54 TiSi2 is re­
vealed by means of micro-Ra.man in Figure 55 .426,427 
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FIGURE 53. Schematic phase formation sequence to the formation of C54 TiSi2 in samples (a) without Mo, (b) with 
an interfacial Mo layer, and (c) with a surface Mo layer. (Taken from Ref. 396. With permission.) 

The enhanced formation of C54 TiSi2 in narrow 
lines down to 0.25 µm seems to outperfonn428 that 
obtained using Ti alloys. 391 Similar results of line­
width independent TiSi2 fonnation in narrow lines 
down to 0.18 µm width, due to the use of laser­
annealing, have also been reported by Venna et 
al.429 While the results of Chen et al. are implicative 

· for device applications, one question arises: How 
does the rate of heating (orders of magnitude higher 
in laser-annealing than in ordinary RTP) influence 
the fonnation of the first phase in TiSi2, C49 vs. 
C4O? Clearly, further studies are required to satisfy 
this academic curiosity. For practical device appli­
cations, laser systems capable of scanning over wafers 
of 300 mm in diameter are desirable. 

CoSi2 

In the SALICIDE process using Co, a two-step 
annealing is also required,430·431 as shown in Table 2. 
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After the first step annealing at about 5OO°C, CoSi 
fonns in the three tenninal regions- gate, source, 
and grain. The second-step annealing above 7OO°C 
aims at transfonning the high-resistivity CoSi to 
the low-resistivity CoSi2. The fonnation of CoSi2 

from interaction between CoSi and Si is, in gen­
eral, much less problematic than the C49-C54 phase 
transfonnation in TiSi2, because no fine-line effect 
seems to be present for the CoSi2 fonnation in 
narrow lines down to 100 run width with careful 
control. 39,340 Of more concern right now could be 
contaminations from gaseous impurities released 
du1ing the temperature up-ramping in an RTP cham­
ber.1 70•432 Therefore, the integration of the Co 
SALICIDE process in transistor fabrications could 
still be troubled with an unacceptably high sheet 
resistance in narrow gates below 0 .2- µm 
width,433,434 and more elaborated means such as 
elevated gates need be sought.435 
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FIGURE 53. (continued) 

From an academic viewpoint, the growth of 
CoSi2 is characterized with a mixed kinetics and 
both nucleation and diffusion seem to affect the 
process.436 For this reason, the process is labeled 
"ill-behaving" because it lacks a clear kinetic be­
havior. The value of L1g for the formation of CoSi2 

from CoSi only amounts to about I kJ/g atom.437 

Because this difference is within the limits of accu­
racy of any such thennodynamic values, it is not 
really known for certain what is its size. Nonethe­
less, a practical consequence of this academic in­
quiry is the following: while other factors such as 
the phase stability436 may cause CoSi2 to nucleate 
relatively easily even in I 00- mn-wide lines, as 
shown in Refs. 39 and 340, the extremely small 
driving force for the change from CoSi to CoSi2 

can eventually impose constraints, leading to a low 
density of CoSi2 nuclei. Hence, the formation of 
CoSi2 also becomes line-width dependent. 

Recently, there has been intensive work aim­
ing at improvements of the fonnation ofCoSi2 by 

adding another metal in the Co-Si system; there 
exist at least two earlier articles about the interac­
tion between Ni-Co and Si.438•439 Detavemier et 
al.440 and Lavoie et al. 319 show that adding Ni 
gives the desired benefits in reducing the fonna­
tion temperature of CoSi2, or rather (Co,Ni)Si2 

now. This effect is easily accounted for by con­
sidering the nucleation kinetics discussed in Sec­
tion II .B. Sharing the same CaF2 structure and 
almost the same lattice parameter, CoSi2 and NiSi2 

are mutually completely soluble. 57,44 1 At the same 
time, the monosilicides of Co and Ni have differ­
ent crystallographic structures (Table 1 ), that is , 
cubic CoSi vs. orthorhombic NiSi , and are not 
miscible (at least not completely). 442 Hence, the 
fonnation of(Co,Ni)Si2 is now driven by a greater 
L\g with the entropy of mixing for the disilicides 
being added up, and thus a decreased L\G* in Eq. 2. 
Line-width independent formation of the 
(Co,Ni)Si2 has been demonstrated in narrow stripes 
down to I 00 nm width, presumably with a re-
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FIGURE 53. (continued) 

duced temperature compared with that used for 
the CoSi2 fonnation in similar stripes. 340 Whether 
this decrease in L1G* also leads to a change in the 
kinetics of (Co,Ni)Si2 fonnation , for example, 
becoming more of a diffusion-controlled type , 
awaits experimental proof, but a very smooth in­
terface has indeed been found between the 
(Co,Ni)Si2 and Si.340•443 

NiSi 
The fonnation ofNiSi in narrow lines is quite 

straightforward and independent of the line 
width36,39,34o,444.445 because the growth of NiSi is 
diffusion controlled. 57,101-103 The growth of NiSi 
occurs at rather low temperatures between 250 to 
5OO°C, with a small activation energy of about 
1.5 eV306,446-448 for the diffusion of Ni through 
NiSi. Even in narrow Si lines down to a 100 run 
width, an annealing at 4OO°C for typically 30 
seconds could complete the NiSi fonnation. 444 
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Therefore, there is no need for a second step 
annealing as for the fonnation of C54 TiSi2 or 
CoSi2 (see Table 2). The fact that Ni is more 
mobile than Si during the fonnation of Ni-sili­
cides99-103 even leads to a decrease in sheet resis­
tance for narrow lines. 39·340•444·445 In fact, similar 
observations of lower resistance in narrow lines 
have also been found for the CoSi2 formation. 39,340 

The reproduction of such resistance results from 
Ref. 39 is shown in Figure 56 where the line­
width dependence of gate sheet resistance for the 
three SALICIDE processes is given for compari­
son. Also shown are the results for Ti-SALICIDE 
with P Al as well as the PAI process (right sketch). 
The reason for such a "reversed" fine-line effect 
is simply the formation of thicker NiSi toward the 
two edges of a line than that in the middle, as 
revealed by TEM. 39,444.445 In Figure 57, the influ­
ence of the DDS ( upper diagrams) on the silicide 
fonnation in narrow Si lines is illustrated with a 
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FIGURE 55. Micro-Raman data showing an enhanced formation of C54 TiSi2 by C40 TiSi2 induced by laser 
annealing. (Taken from Ref. 426. With permission.) 
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comparison among the fonnation ofTiSi2, CoSi2, 

and NiSi (lower diagrams). 
Nucleation and growth of NiSi2 is not desir­

able in the Ni-SALICIDE process, simply due to 
a threefold increase in specific resistivity when 
changing from NiSi to NiSi2 (Table 3). (The 
change in sheet resistance of the silicide films is 
smaller as a result of a 1. 7 times volume expan­
sion from NiSi to NiSi2.

47
) In addition, the growth 

of NiSi2 from NiSi is nucleation-controlled typi­
cally yielding rough surface and interface,57 which 
is detrimental to the junction integrity that is dis­
cussed later. The roughened surface/interface due 
to the nucleation-controlled fonnation of NiSi2 

recently has been nicely confinned by combining 
in situ surface light scattering with in situ XRD.3 18 

The nucleation of NiSi2 is also driven by an ex­
tremely small Llg of about 3 kJ/g atom. 57 Conse­
quently, it does not occur below 700°C, leaving a 
relatively large temperature window for NiSi that 
already fonns at 400°C by RTP.444 The difficul­
ties with the NiSi2 nucleation, as a result of a very 
low density of nuclei due to the small Llg, could 
also lead to the fine-line effect discussed exten­
sively earlier for the phase transfonnation in TiSi2. 

Now, this fine-line effect should work for the 
phase stability ofNiSi because it should push the 
fonnation ofNiSi2 to higher temperatures in nar­
rower lines or smaller-dimension openings, pre­
cisely as in the case of the nucleation of C54 
TiSi2• Such a positive effect has indeed been ob­
served recently experimentally,449 although me­
chanical stress was discussed as the possible cause 
for the improved phase stability of the Ni Si fonned 
in nan-ow lines of 0.25-µm width. Usually ag­
glomeration of NiSi films and layer-inversion 
already take place at 550 to 600°C, a temperature 
considerably lower than that for the fonnation of 
NiSi2 . 145, 15 1, 152,450 Hence, such a possible benefit 
due to the fine-line effect can be difficult to utilize 
unless the agglomeration issues are resolved. 

2. Morphological Stability and Integrity 
of SiO2 Gate Dielectric 

Since the morphological stability of a sili­
cide/poly-Si gate electrode stack has direct impli­
cations for the integrity of the underlying SiO2 

gate dielectric, these two issues are closely asso­
ciated. The fundamental aspects of morphologi­
cal stability are discussed in detail in Section ILG. 
An immediate concern is if the inversion of the 
silicide/poly-Si layer-stack occurs with the sili­
cide in direct contact with the SiO2, the work 
function of the gate electrode can deviate from 
that of the heavily poly-Si. Work-function fluc­
tuation was shown when an Al/poly-Si layer-stack 
was annealed.45 1 The work function of the sili­
cides is generally different from that of Si (Table 3). 
As a result, the precise work function of the gate 
electrode becomes dependent on the process de­
tails, including annealing temperature and time 
that in tum detennine the degree of physical con­
tact between silicide and SiO2 (Figure 27). Al­
though a direct contact between silicide and SiO2 

may not generate other reliability issues, mechani­
cal stress induced by grain-growth in poly-Si as 
well as silicide can impose on the delicate SiO2 

layer that is becoming 2 run thick in today 's ad­
vanced devices. 1 Consequently, a breakdown of 
the SiO2 occurs, which has actually been demon­
strated by Karlin et al. 149 to take place in the 
CoSi/ poly-Si system on a 23- nm-thick SiO2• It 
has been reported that the crystallization of amor­
phous Si could induce a change in film stress 
from a relatively small compressive stress (200 
MPa) to a large tensile stress (1000 MPa).452 ,453 

As mentioned earlier in Section II.G, the ther­
mal stability of a silicide/poly-Si stack is mainly 
determined by the grain growth in the poly-Si, 
which in tum, is enhanced by the presence of the 
top silicide layer. 150, 15 1 A reproduction of the re­
sults of Hong et al. 145 is shown in Figure 58 to 
illustrate how the degradation ofTiSi2, CoSi2 and 
NiSi, along with other silicides, on poly-Si sub­
strates is varied with (a) the fonnation temperature 
and (b) the plastic defonnation temperature of the 
silicides. It is clearly seen that the TiSi/poly-Si is 
the most stable system among those studied. In Si 
nan-ow lines down to a 0.5 µm width, the edge­
pinning ofTiSi2 to the sidewall of the SiO2 spacers, 
as revealed by Norstrom et al.,454-457 occurs, making 
the TiSi2 layer severely bow downward in the 
middle of the TiSi/poly-Si gate, which could im­
pose a high mechanical force on the underlying 
gate oxide and therefore affect its integrity. A thicker 
TiSi2 layer on heavily P-doped poly-Si displays a 
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FIGURE 58. Silicide degradation temperature vs. (a) silicide formation temperature and (b) deformation temperature 
for six silicides. (Taken from Ref. 145. With permission.) 

better morphological stability, while doubling the 
thickness of TiSi2 on undoped poly-Si substrates 
shows no improvement. 143 The reason for this dif­
ference could be, as suggested by Karlin et al., 143 

due to a subtle difference in detailed mechanisms 
for the grain-growth in poly-Si; P is known to 
enhance the grain growth in poly-Si by increasing 
the Si self-diffusivity as a function of dopant con­
centration.458 With a sufficiently high P concentra­
tion in the poly-Si, the Si atoms no longer diffuse 
through the TiSi2 layer but through the poly-Si for 
grain growth, thereby leaving the morphology of 
the TiSiifpoly-Si layer-stack intact. Without P dop­
ing, the grain-growth in poly-Si necessarily pro-
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ceeds via Si diffusion through the TiSi2, hence 
causing the morphology to change (i.e. , deterio­
rate). In narrower lines, because the TiSi2 formed 
becomes so thin, it is a barely continuous layer to 
begin with. A slight annealing can then cause the 
layer to agglomerate due to the capillary effect for 
coarsening of TiSi2 thin films on single-crystal Si 
(Section ILG). Therefore, the difficult phase for­
mation ofTiSi2 in narrow lines leads to39,272,311 ,444 a 
quickly worsened morphological stability and ag­
glomeration of TiSi2 occurs at a substantially re­
duced temperature. 

Edge-pinning is also evident for CoSi2 fonned 
in Si lines down to 0.5 µm width.457 Now, the 



pinning results in a CoSi2 layer considerably 
thicker in the middle of the gate than toward the 
two edges, in addition to a downward bowing. 
This nonunifonnity in CoSi2 thickness not only 
leads to an increase in sheet resistance of narrow 
gates but also can become a factor deteriorating 
the morphological stability. In narrower lines, such 
a pinning phenomenon seems to be absent. Quite 
the contrary, a thicker CoSi2 is shown toward the 
edge,39 giving rise to the "reversed" fine-line ef­
fect as discussed earlier. A schematic presenta­
tion for such a reversed fine-line effect is shown 
in Figure 59; for the fonnation ofCoSi2 it actually 
originates from the dominant diffusion of Co 
during the fonnation of Co2Si. As regard to the 
morphological stability for CoSi/poly-Si layers, 
it is comparable to that for TiSi/poly-Si as shown 
in Figure 58. In narrow Si lines, it is suggested449 

that the grain growth in poly-Si should also be­
come one-dimensional, thus much constrained 
when compared with that in blanket films, similar 
to the growth of C54 TiSi2 in narrow lines, as 
depicted in Figure 48. Should this happen, the 
morphological stability for CoSj/poly-Si layers 
would improve in narrow lines. 

NiSi presents the poorest morphological sta­
bility among the silicides shown in Figure 58. 
However, if the grain growth in poly-Si is indeed 
much constrained in narrow lines, it should benefit 
the stability of NiSi/poly-Si layer-stacks. This im­
provement has been reported recently by Lee et 
al. 449 with a continuous Ni Si layer in 0.25- µm 
wide poly-Si lines up to 750°C. Working directly 
on the poly-Si films prior to the NiSi fonnation is 
an alternative approach for the improvement of the 
morphological stability. In the presence of NiSi 
precipitates, the rate of crystallization and epitaxial 

0.4µm 

regrowth of amorphous Si is increased by more 
than 300 times at 425°C.459 Making use of this 
phenomenon, Lee et al. 460 recently show an im­
provement of the morphological stability ofNi(Pt)Si 
on poly-Si using NiSi2 precipitates to first mediate 
and enhance the grain-growth in poly-Si. Using a 
stacked Si structure with various combinations of 
polycrystalline and amorphous Si layers, a stable 
NiSi up to 800°C has been reported.461 

The influence of silicide fonnation on dopant 
redistribution in the underlying Si will be dis­
cussed later when treating the junction and con­
tact integrity. Observations of nano-scale voids at 
the silicide/poly-Si interface have been reported 
during the fonnation of TiSi2 

462 and CoSi2 
463 in 

narrow poly-Si lines down to 0: 13- µm width. As 
the voids are present only in the Si doped by ion 
implantation of BF2, their fonnation is clearly 
associated with fluorine or rather fluoride(s), al­
though other potential causes such as mechanical 
stress have also been suggested. 

The overall " thennal budget", that is, tem­
perature and time for thermal processing steps, 
for device fabrication has been greatly reduced in 
recent years,464 and is a result of technological 
advancements using, for instance, chemical-me­
chanical polishing instead of the traditional high­
temperature reflow to planarize the wafer surface 
for the back-end processing such as inter-metal 
isolation. A low thennal budget releaves the pres­
sure on the morphological stability issue. 

B. Contact and Junction Integrity 

The p-n junctions in the source/drain regions 
become more shallow in order to control short-

0.2 µm 0.1 µm 

FIGURE 59. Schematics of the reversed fine-line effect for CoSi2 (due to Co diffusion in Co2Si) and NiSi formation . 
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channel effect (SCE) for MOSFETs with shorter 
gate-length.1 In response to the dimensional _down­
scaling, a decreasing thermal budget is then re­
quired in order to minimize dopant diffusion in 
the source/drain regions. 464 If not controlled, the 
doping profile in these regions can be modified 
thereby deteriorating the contact and junction in­
tegrity. 

The two most influential parameters that de­
tennine the contact resistivity, Pc, are the surface 
(rather the interface) concentration of substrate 
doping, N0 , and the Schottky barrier height, (/)811 , 

cf. Eq. 13 . The ITRS prediction for maximum Pc 
in Figure 3 points to the requirement for contacts 
with a decreasing contact resistivity over time in 
an exponential manner. Such contacts are to be 
made in shallower junctions with higher doping 
concentrations in the source/drain regions, as in­
ferred from Figure 4. To illustrate what these 
demands actually mean for the fonnation of con­
tacting silicide films, two contact structures with 
simple rectagular geometries are shown in Figure 
60. The technical parameters required for the 100-
nm technology node 1 are given below as refer­
ence for further discussions: 

• R so= 180 Q-µm, parasitic source/drain resis­
tance including R c0 , R s,,, R sfJ' and R ae (see Figure 
6) 

• Pc= 2 x 10-1 Qcm2, contact resistivity between 
the silicide film and the source/drain regions 

• R silicid,= 6 Q per square, silicide sheet resis~ 
tance 

Spacers 

p 

• !silicide= 25 nm, for a maximum Si consumption 
of 24- mn thickness 

• Xso= 50 nm, junction depth in the deep source/ 
drain regions 

• x,,,= 30 nm, junction depth in the extension. 

This set of data places clear quantitative demands 
on the properties of the silicide used, the interface 
morphology, and the electrical properties of the 
substrate. 

1. Interface Roughness and Si 
Consumption 

The structure with a planar contact in the left 
diagram of Figure 60 can be conceived using, for 
instance, the so-called elevated ( or raised) source/ 
drain technique5 that is discussed later in this 
section. Selective growth technique can be em­
ployed to deposit a sacrificial layer of Si in the 
source/drain regions prior to silicide formation. 
The structure in the right diagram of Figure 60 
with a recessed silicide contact results from the 
ordinary SALICIDE process applied immediately 
after the gate definition. Now the fonnation of the 
silicide film consumes a considerable fraction of 
the Si in the junctions, making these junctions 
thinner and more vulnerable to any irregularity 
during silicide formation. For instance, junction 
leakage, detrimental to the device performance, 
may occur if silicide protrusions or spikes fonn 
penetrating through the junctions. High junction-

p 

FIGURE 60. An ultra-scaled source/drain region with a planar silicide contact (left) and a recessed silicide with a 
step about half the junction depth (right). · 
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leakage has been reported for CoSi2 
465-468 or 

NiSi469A70 contacted junctions. For the fonner 
contacts using Co-SALICIDE, CoSi.467 ,468 or 
CoSi/ 71 spikes penetrating through the junctions 
have indeed been identified. Thus, a flat interface 
between silicide and Si free from such irregulari­
ties is crucial for ultra-shallow junctions.· From 
the viewpoint of silicide growth kinetics (Section 
II.B), the growth of both NiSi and its preceding 
Ni2Si follows a diffusion controlled mecha­
nism. 57•101-103 The resultant surface and interface 
are smooth.57·318 The "ill-behaving" nature with 
the growth436 of CoSi2 can lead to problematic, 
rough CoSi2 surface, and/or CoSj/Si interface.318 

When Co-Ni alloys are used, a very smooth inter­
face has been shown by Lauwers et al.,340A43 pos­
sibly resulting from a change in growth kinetics 
from the mixed nucleation-diffusion436 to a diffu­
sion-controlled one. A recent study by Lavoie et 
al. revea1s318 that the fonnation of C54 TiSi2 is 
also characterized with a rough surface/interface, 
most likely caused by the fonnatfon of C49 TiSi2 

from its precursor phase (TiSi.) instead of during 
the C49- C54 phase transfonnation. The exact 
cause for the surface/interface roughening during 
the TiSi2 fonnation remains to be confinned, but 
the conclusion from the above analysis is quite 
clear: NiSi and (Co,Ni)Si2 are promising candi­
dates for contacting ultra-shallow junctions in 
future generations of devices. 

All the three silicides in discussion, that is, 
C54 TiSi2, CoSi2, and NiSi, are in possession of 
a specific resistivity (Table 3) that meets the above­
listed requirements on sheet resistance and sili­
cide thickness intended for the source/drain re­
gions for the 100- mn technology node. As regards 
the Si consumption, the thickness of a silicide 
film formed and the corresponding Si consump­
tion, nonnalized to the initial thickness of the 
metal films, are depicted in Figure 61 for Ti-, Co-, 
and Ni-silicides.47 Arrows are shown below the 
desired silicide phases for electrical contact pur­
poses. The graphical presentations in Figure 61 
clearly indicate an added advantage with NiSi 
with its least Si consumption for a given silicide 
thickness. On the contrary, an obvious drawback 
with the fonnation of CoSi2 is that the Si con­
sumed is thicker than the silicide fanned. A seri­
ous consequence of this excessive Si consump-

tion can be anticipated when CoSi2 contacts are to 
fom1 on even shallower junctions or on substrates 
where the Si supply is limited (e.g., SOI). 

For future CMOS technologies beyond the 
100- nm node, the Si consumption due to silicide 
formation should be minimized further. Then, a 
silicide of lower specific resistivity is highly de­
sirable because it is equivalent to a thinner film 
and thus a lower Si consumption at a given sheet 
resistance. It is apparent from the values in Table 
3 that NiSi is the most attractive material with the 
lowest achievable thin-film resistivity (10.5 
µDem) among the three silicides in question. Thus, 
the fonnation of NiSi should consume 30% less 
Si when compared with the fonnation of CoSi2 

and TiSi2 for the same silicide sheet resistance. 

2. Phase Formation and Morphological 
Stability 

As shown above, as well as much more be­
low, metal alloys as well as metal interlayers or 
capping layers are often used today to enhance 
the fonnation as well as the phase stability. The 
systems in question then become more complex 
because there are more species involved. It is 
important that the role of the metals used for 
alloying, interposition, or capping be analyzed as 
a part of the systems, not as separate elements. 
For ternary metal-metal-Si systems,'a systematic 
discussion by Setton is available.441 One can also 
find important infonnation about such systems in 
Nicolet and Lau.38 

TiSi2 

The fonnation ofTiSi2 is strongly affected by 
the substrate doping, especially on n-type sub­
strates usually caused by the presence of a thicker 
interfacial oxide because the dopants are 
known472·473 to enhance the oxidation rate of Si. 
The tendency of fonnation of Ti-dopant com­
pounds83-85,169 at the TiS j/Si interface (Figure 14) 
is likely to contribute to the observed retardation 
of TiSi2 fonnation. On heavily doped n-type Si 
substrates, thinner silicide films than on undoped 
Si have been obtained along with out-diffusion of 
dopants. 169·474-480 Although a relatively-less reduc­
tion in the TiSi2 thickness is found on p-type 
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FIGURE 61. Silicide formation and Si consumption, normalized to the initial metal thickness, for the various silicide 
phases of Ti, Co and Ni, with the arrows pointing to the desired low-resistivity phase. (Taken from Ref. 47. With 
permission.) 

substrates,481 a different problem can arise for the 
substrates doped by ion implantation of BF2 . Lur 
and Chen 140 have found cavities or voids at the 
TiSi/ Si interface after TiSi2 fonnation by react­
ing Ti films with BF2- implanted Si substrates. 
These cavities or voids arc likely due to the for­
mation of solid TiO,FY or SiO,FY that precipitate 
at the TiSi/Si interface at low fonnation tempera­
tures. For instance, although TiF3 remains as a 
solid up to 1300 K, its vapor pressure is high at 
considerably lower temperatures.74-76 Thus, when 
the temperature is raised, such compounds be­
come volatile. Decomposition and out-diffusion 
ofTiO,FY or SiO, FY leave behind cavities or voids 
at the interface. Poor electrical contacts with an 
increased contact resistivity are anticipated for 
the contact with such cavities and voids. 

The fonnation of C54 TiSi2 becomes difficult 
in source/drain regions of l OO- µm2 area or be­
low ,273 as discussed extensively in Section IV.A, 
although the electrical contacts fonned have been 
reported to be stable up to 1200°C.483 The introduc­
tion of refractory metals Mo, Nb, or Ta, through 
ion-implantation,387 alloying,391 or thin-film inter­
position,388•408,409 or amorphization of Si prior to 
metal deposition, P Al ,367 may provide a means to 
overcome this difficulty. With the interposition of 
Mo or Ta, a reduction of the interface roughness as 
well as an improvement of the morphological sta­
bility of C54 TiSi2 layers have been found, at least 
on blanket Si (100) substrates.415 The physical and 
chemical properties of Ta and Nb as well as their 
disilicdes are, respectively, quite similar to those of 
Ti as well as TiSi2. As a result, when an Nb interlayer 
was used, no change in contact resistivity was 
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found on n-type substrates while a 2- 4-fold lower 
contact resistivity than using pure TiSi2 was ob­
tained on p-type substrates.297 

CoSi2 

A recent study indicates that the morphologi­
cal stability is worse for the CoSi2 fonned in 
narrow lines when compared with that fonned on 
blanket Si (100) substrates.484 The CoSi2 films 
grown, via solid-state interaction between Co films 
and Si substrates, are polycrystalline. However, 
while the CoSi2 grains are randomly oriented in 
the middle of the lines, they tend to grow epitaxi­
ally toward the edge of the narrow lines.485 Simi­
lar observations were found in another work;486 

however, much thinner CoSi2 layers were found 
toward the edge than in the middle of the narrow 
lines, similar to the observation in Ref. 170 (Fig­
ure 30) . When properly controlled, larger CoSi2 
crystal grains are found in narrow lines of, for 
instance, 0.6 µm width than on blanket substrates. 
Consequently, the surface is rougher for the CoSi2 
layer fonned in the narrow lines. Presumably, the 
interface roughness is also worse for the former 
case, but it could be difficult to quantify because 
in extreme cases single CoSi2 grains extend trans- . 
versely across the narrow lines. The interface is 
then primarily defined by the grain surfaces and 
edges of the CoSi2 that are actually also present in 
wider lines. That a film with greater grains is less 
stable is actually consistent with the model of 
Nolan et al. 142 and Miller et al. 156 In addition, the 
CoSi2 fonned in narrow lines are under a higher 
compressive mechanical stress than those fonned 
on blanket substrates.46-487 



When a CoSi2 film grows epitax ially on Si 
substrates , its morphological stability im­
proves.1 54·1 55 Because it is epitaxially grown, the 
CoSi/ Si interface is sharp. The epitaxy of CoSi2 
was achieved using a thin Ti interlayer deposited 
between Co and Si (100), a technique that was 
first reported by Yang and Bene.488 However, it 
was Wei et al. 489,490 that pointed out the potential 
technical importance of the Ti-interlayer medi­
ated epitaxy (TIME), which immediately sparked 
a great deal of interest both within and beyond the 
academic community. It was later shown that re­
placing Ti with Ta49 1 or Zr492 leads to CoSi2 epi­
taxy as well. Alloying Co with W493 or C494 also 
induces the epitaxy of CoSi2. Later, a study of 
Tung495 reports that CoSi2 can grow epitaxially 
when a deliberately grown SiOx is present at the 

. interface between Co and Si (100). Because this 
Si Ox layer can be grown using the standard chemi­
c a I solutions for wafer cleaning, tha t is, 
HCI:H20 2:H20 orNH40H:Hp2:H20, the process 
of oxide-mediated epitaxy (OME) is technologi­
cally robust and thus has attracted a great deal of 
attention in the community. In view of the struc­
tural and geometrical similarities between CoSi2 
and Si, the epitaxial growth of CoSi2 on Si is 
expected to be easy because L1<Y in Eq. 2 should be 
the minimum compared with any other configura­
tion of the CoSi/ Si interface. Unfortunately, how­
ever, this is not the case on Si ( I 00) at least. 
Instead, polycrystalline CoSi2, dominated by com­
ponents with ( 11 I) and (220) orientations, is grown 
when reacting Co films deposited on Si (100). 
The expected (200) and ( 400) reflections, charac­
teristic of epitaxial alignment on Si(IOO), are al­
most invisible.496 Why should the presence of a Ti 
(or Ta or Zr) or SiOx interlayer enhance the epit­
axy ofC0Si2 on Si(lOO)? Numerous work154,1ss,491 -s24 
have been devoted to studying the mechanism(s) 
of the epitaxy of CoSi2, using a Ti (or the like) 
interlayer, a Si Ox interlayer or a combination of a 
Ti-capping layer with a Si Ox interlayer. An analy­
sis of the different mechanisms can be found in 
Ref. 525, where the effect of lattice-mismatch­
induced strain on the nucleation of CoSi2 is also 
discussed. As the strain energy amounts to less 
than I 0% of L1g for the change from CoSi to 
CoSi2, the effect oflattice-mismatch strain is neg-

· ligible. By successively reducing the rate of Co 

deposition while holding the substrate tempera­
ture constant, Vantomme et al. 526·527 show that the 
quality of CoS i2 epitaxy steadily improves. A 
recent study of Detavemier et al. 523 shows that in 
the presence of an inert Mo interlayer CoSi2 can 
also grow epitaxially, similarly to the CoSi2 epi­
taxy in the presence of a reactive Ti ( or Ta, Nb, or 
Zr) interlayer. These observations, along with the 
success of OME as well as the detection ofter­
nary Co-Ti-Si510•51 2 or quaternary Co-Ti-Si-0509 

compounds, seem to suggest the reduction of Co 
flux as the prevailing factor that leads to the epi­
taxy of CoSi2. 

A Ti capping-layer has been shown170 to be 
effective in suppresing the detrimental influence 
of the impurities released from the surrounding 
Si02 isolation during annealing. The Ti capping 
layer has also been demonstrated514-516,520-522 to 
dissolve the interfacial Si02 between Co and Si 
and thus promote the CoSi2 fonnation . The for­
mation of CoSi2 is generally less affected by the 
substrate doping compared with TiSi2, because 
Co is rather " inert" and the Co-dopant compound 
fonnation is less Iikely83-86 than the Ti-dopant 
compound formation (Figure 15 vs. Figure 14). 
However, the junction integrity is damaged re­
sulting in a high junction leakage due to the for­
mation ofCoSix or CoSi2 spikes.467.468.471 Although 
an epitaxial CoSi2 layer presents attractive prop­
erties with an enhanced morphological stability 
and an improved CoSiifSi interface, voids have 
been found528,529 to fonn at the comer of a CoSi/ 
Si contact in the vicinity of a Si02 or Si3N4 spacer 
leading to the channel of a MOSFET. Figure 62 
shows TEM pictures of such a void fonned after 
annealing at 85O°C for 60 (a) and 90 min (b),529 

which caused a drastically decreased drain cur­
rent due to a substantial increase in source/drain 
series resistance. The void formation seems to be 
independent of how the Ti layer is disposed, at the 
interface between Co528 or on top of Co. 529 

Because voids of 100- nm size can fonn at typical 
RTP conditions, 9OO°C for 20 sec,528 adquate 
measures should be taken to suppress their fonna­
tion. 

It is anticipated that the approach with Co-Ni 
alloying319,34o.44o.443 to lower the fonnation tem­
perature ofCoSi2 should also lead to an improved 
interface as a result of the change in growth kinet-
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(a) 

FIGURE 62. Cross-sectional TEM images taken along the [11 OJ direction showing voids generated at the edge of 
the sidewal l spacer when the CoSi2 formation is performed at 850 ·c for (a) 60 min and (b) 90 min. (Taken from Ref. 
529. With permission.) 
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ics (see Section IV.A) . That (Co,Ni)Si2 is more 
stable than CoSi2 should also be beneficial to the 
morphological stability of the disilicide thin films 
on single-crystal Si. It is, however, expected that 
the specific resistivity of (Co,Ni)Si2 is higher than 
that of CoSi2 due to two reasons: ( 1) alloy scatter­
ing and (2) the 2- to 3-fold higher specific resis­
tivity ofNiSi2 than that ofCoSi 2 (Table 3). The Si 
consumption for the formation of (Co,Ni)Si2 re­
mains quite the same as that due to CoSi2 (Figure 
61). 

NiSi 
The use of NiSi for contact metallization 

shows a number of technological advantages 
among the three silicides of interest, that is, (1) its 
very low fonnation temperature, (2) its posses­
sion of the lowest achievable specific resistivity, 
(3) its smooth silicide/Si interface, and (4) its 

· least Si consumption. Similar to CoSi2, the forma­
tion of NiSi is also rather insensitive to the sub­
strate doping.445 However, NiSi has not been con­
sidered a serious candidate until recent, mainly 
due to its low morphological stability and the risk 
of the fonnation of the high-resistivity NiSi2• 

A greatly enhanced phase stability ofNiSi by 
alloying Ni with Pt has been reported by 
Mangelinck et al. 449.460,530- 536 The reasons behind 
the choice of the Ni-Pt alloy are twofold: (1) there 
is no disilicide of Pt,69•78 •79 and (2) NiSi537 and 
PtSi538 share the same crystallographic structure 
and have rather close lattice parameters. Hence, a 
ternary alloy (Ni,Pt)Si with certain atomic com­
positions can form after annealing.449,460,53 1- 536 This 
ternary phase obviously has a better phase stabil­
ity than NiSi ( or PtSi) due to the entropy of mix­
ing between Ni and Pt, similar to the fonnation of 
(Co,Ni)Si2 with Co-Ni alloys, as discussed ear" 
lier.440 Because the solubility of Pt in NiSi2 is 
low,530 the driving force for the fonnation ofNiSi2 

from (Ni,Pt)Si, that is, L1g., in Eq. 2, is reduced, 
which results in an increased fonnation temperaure 
for NiSi2. Note that the difference between the 
Ni-Pt alloying for the fonnation of Ni-silicides 
and the Co-Ni alloying for the formation of Co­
silicides is that the entropy of mixing enhances 
the stability of the monosilicide in the former 
case, while it promotes the formation of the 
disilicide in the latter. Motivated by the success 

with Ni-Pt alloys, Liu et a f. 539- 54 1 show that a Pt 
interlayer between Ni and Si yields similar effect 
in enhancing the phase stability of NiSi against 
the formation ofNiSi2 • An improved morphology 
stability has also been found, 539 as expected. 

It can certainly be expected adding Pd that 
sits in the same column as Ni and Pt in the peri­
odic table should lead to similar beneficical ef­
fects in enhancing the phase and morphology sta­
bilities of NiSi films . Here, no disilicide of Pd 
exists.69•78•79 PdSi542 also shares the same crystal­
lographic structure and has close lattice param­
eters as NiSi. For more infonnation about the Ni­
Pd-Si ternary system, a phase diagram at 800°C is 
actually available.70 

Similar to the earlier discussions about Ti­
alloying, it is more practical to employ a Ni-Pt or 
Ni-Pd alloy than to use an interlayer of Pt or Pd. 
Alloying with Pt or Pd can lead to an increase in 
specific resistivity due to alloy scattering and the 
variation of Schottky barrier heights due to differ­
ent values172 of <!>811 for PtSi (0.88 eV) and NiSi 
(0.65 eV). A change in <1>8 ,, changes the contact 
resistivity according to Eq. 13. Because the 
amounts of Pt or Pd needed are only about 5 at.% 
for appreciable beneficial effects,449,460,530- 536 the 
changes in specific resistivity and <I>8 ,, are ex­
pected to be small. 

With the consideration of potential difficul­
ties in fonning NiSi on patterned substrates, the 
use of a Ti capping-layer has been reported to 
yield a low leakage current.470 Such a capping 
layer has also been shown to reduce the interfa­
cial oxide between Ni and Si543 in the same man­
ner as for the Co-Si interaction under the influ­
ence ofa Ti cap.51 4-5 16•520- 522 For the metallurgical 
aspects of Ti on the Ni-Si interactions, one is 
referred to the work by Setton et al. 441 ,544 

Three serious issues may arise with NiSi con­
tacts: 

1. Reliability of Ni-silicide contacted shallow 
junctions. With Ni or Ni2Si contacts, Huang 
et al. have shown545 a strong polarity effect 
on failure at such contacts under high stress. 
In a pair of cathod and anode contacts, the Ni/ 
n+ -Si contact pair failed at the anode and the 
Ni/p+-Si pairs failed at the cathod: The Ni/ 
Ni2Sifn+-Si and Ni/Ni2Sifp+ -Si failed prefer-
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entially at the cathod. Three different mecha­
nisms were discussed as the likely causes for 
such failures: wear-out, electromigration en­
hanced silicide fonnation, and electron-hole 
recombination. For NiSi contacts, similar 
failures have not yet been reported. 

2. Effect of contact size on phase fonnation. It 
was reported546 when the size of square con­
tacts on Si (111) substrates decreased from 
1.8 to I and then to 0.8 µm , the temperature 
for the fonnation of (epitaxial) NiSi2 in­
creased from 550 to 800 and then to 850°C. 
The results seem to indicate the operation of 
the fine-line effect discussed earlier in Sec­
tion IV.A. However, a more recent publica­
tion of the same group showed547 when the 
contact size was further decreased below 
0.6 µm, epitaxial NiSi2 was found already at 
400°C. The enhanced fonnation of epitaxial 
NiSi2 at such a low temperature was attrib­
uted to the stress build-up around the con­
tacts. The results in Refs. 546 and 54 7 sug­
gest a risk of nonunifonn phase fonnation in 
contacts of different sizes: NiSi in large 
openings and NiSi2 in ultrasmall ones. 

3. Effect of initial Ni film thickness on phase 
formation. With a starting Ni film thickness 
of 12- nm, NiSi2 was found as the first sili­
cide phase to form at 300 to 400°C accord­
ing to in situ TEM. 548 Hence, it did not 
follow the usual sequence of phase fonna­
tion, Ni2Si ~NiSi ~NiSi2, with thicker Ni 
films. Furthennore, NiSi. pretrusions in the 
fonn of upside-down pyramids of up to 30-
run height were found to penetrate into the 
patterned Si substrate after annealing at 
150°C. The silicide protrusions were identi­
fied as NiSi2~548 Figure 63a shows a cross­
sectional TEM picture of such pyramids 
fonned after annealing the Ni/patterned-Si 
structure at l 50°C for 1 h. An interfacial 
oxide is clearly observable as a bright hori­
zontal line immediately above the pyramids. 
Without the annealing, no NiSi2 pretrusion 
is found in Figure 63b. The fonnation of 
NiSi2 pyramids at such a low temperature 
seems to be related to the presence of the 
interfacial oxide as well as to the thickness 
of the Ni film.548 Similar observations of 
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CoSi2 pyramids at 400°C skipping the for­
mation of Co2Si and CoSi have also been 
reported in the Co-Si system with a Ti 
interlayer. 549 A risk with such pyramids if 
not suppressed is the fonnation of leaky 
junctions. Indeed, a higher density of leak­
age currents is found for both p+-n (marked 
"p-type") and n+-p diodes (marked "n-type") 
in Figure 64 for those fonned with a I 0- run­
thick Ni than with a 40- run Ni. Apparently, 
adequate steps should be taken to suppress 
the fonnation of such pretrusions in order to 
eliminate the thus-caused junction leakage. 

3. Dopant Diffusion and Use of Silicides 
for Dopant Incorporation 

After the gate definition by dry etching, the 
conventional process sequence for fabricating 
MOSFETs is to first dope the source/drain re­
gions along with the gate by ion implantation. 
When a high-temperature ann~aling is carried out 
for removal of implantation-induced damage, 
dopant activation and diffusion, the device struc­
ture looks like that in Figure 8a without the Ti 
layer. The SALICDE process is then perfonned 
as depicted in Figures 8b through 8d. This process 
sequence is now detailed in Figure 65 for Ti- or 
Co-SALICIDE. A low thennal budget for the 
dopant activation and SALICIDE processing is 
crucial for retaining the device structure, includ­
ing dopant profiles in the source/drains regions. 550 

Any excessive heat treatment or surface reaction 
can lead to undesirable dopant diffusion and re­
distribution. An important physical phenomenon 
associated with silicide formation is that the dif­
fusion of dopants in the Si substrates can be af­
fected. The diffusion of dopants is mediated by 
two kinds of point defects in Si: interstitials and 
vacancies. 55 1 The diffusion of Band P is mainly 
mediated by interstitials, while that of As and Sb 
by vacancies. Several studies show552- 558 that the 
fonnation of silicide at the Si surface injects point 
defects and thereby influence the behavior of 
dopant diffusion. The latest results confinn557•558 

that the point defects injected are mainly vacan­
cies, giving rise to vacancy supersaturation and 
interstitial depletion. As a result, the diffusion of 



FIGURE 63. Formation of NiSi2 pretrusions in Si (100) upon annealing at 150°C for 1 hour of 12 nm thick Ni layer 
(a), and similar interface area free of such pretrusions without heating (b). (Taken from Ref. 548. With permission.) 
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FIGURE 64. Leakage current density for diodes contacted with NiSi of different Ni thicknesses. In the figure, p-type 
means p+-n diodes and n-type n+-p diodes. 
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(a) Nitride/LTO deposition+ RIE 
LDD implant 

As+ Implant 
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(b) Source/Drain Implant, Anneal 
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(c) Deposit and React Ti/Co 

(d) Selective etch, Anneal 

FIGURE 65. Conventional SALICEDE process for an nMOSFET. (Taken from Ref. 5. With permission .) 
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B and P is retarded and that of As and Sb en­
hanced. Therefore, it is necessary to be aware of 
the potential effects of silicide fonnation on dopant 
diffusion and redistribution in the ultrashallow 
junctions in the source/drain resiongs when the 
SALICIDE process is implemented. 

An alternative process to the conventional 
one is to reverse the procedure by first applying 
the SALICIDE process. Dopants are then irh­
planted into the silicide layers without damaging 
the Si substrate. An appropriate annealing step is 
employed to drive the dopants out of the silicide 
layers into the underlying Si. 559 This process, called 
"Silicide As Diffusion Sources" - SADS and 
depicted in Figure 66 - presents a number of 
attractive features such as the formation of 
ultrashallow junctions that follow the silicide/Si 
interface morphology, thereby reducing the junc­
tion leakage.5•

465
•56° Choosing an appropriate sili­

cide can lead to a reduced thermal budget com­
pared with that for the conventional process. A 
very detailed, systematic investigation of SADS 
with all the silicides of current interest, PtSi, NiSi, 
CoSi2, and TiSi2, has been carried out by Jiang et 
al. 56 1- 563 Similar infonnation can also be found in 
Ref. 564. Examples of a more recent attempt with 
the SADS concept can be found in Refs. 565 and 
566. 

As shown in Figure 14, phase fonnation be­
tween the dopants and Ti can occur;83- 85 hence, 
TiSi2 may not be an efficient doping source for 
the SADS process and limitations of diffusing B 
and As from TiSi2 have indeed been shown.567 

More focus of the SADS process therefore has 
been placed on CoSi2. Infonnation about the 
dopant (8, P, and As) diffusion in implanted TiSi2 

thin films can be found in two studies by Gas et 
a/.568 and Probst et al.,85 while similar information 
but about B, Ga, Ge, P, As, and Sb in CoSi2 thin 
films is available in two other diffusion studies by 
Thomas et al. 569 and Probst et al. 86 Grain bound­
ary diffusion predominates the redistribution of 
the dopants after annealing. 568•

569 These results 
are also summarized along with other diffusion 
data in the two lengthy compilations of Gas and 
d'Heurle. 103•11 7 There is certainly more recent work 
on dopant diffusion, activation, and redistribution 
during silicide fonnation (for instance, Ref. 570). 

The diffusion of dopants along the gra in 
boundaries, vertical as well as lateral ones,568 in 
si licide thin films of polyc1ystalline nature is very 
rapid, which can be helpful for the SADS process 
to yield a unifonn doping of the Si substrate. In 
CMOS technology using dual gates, that is, n+ 
poly-Si gate for then-channel MOS device and p+ 
poly-Si gate for the p-channel MOS device (Fig­
ure I) , the two poly-S i gates are interconnected 
using the same silicide film for current shunt. 
This rapid dopant diffusion inside polycrystalline 
silicide films thus can lead to a serious problem of 
counterdoping in the gates and thus instability of 
the work function of the gates. 57 1 For the lateral 
diffusion of B, P, and As in WSi2, TiSi2, and 
CoSi2 thin films , kinetic parameters for diffusion 
as well as important guidelines for layout design 
of CMOS devices, in tenns of the minimum dis­
tance between the two types of gates, are avail­
able in the literature. 572- 574 

When epitaxial CoSi2 films are used for the 
SADS process,5 lattice diffusion of dopants in 
single-crystal CoSi2 should be considered. In­
formation about the lattice diffusion as well as 
the solid solubility of B in CoSi2 can be found 
in Zaring et al. 575- 577 The results of lattice dif­
fusion and solid solubility of As in CoSi2 are 
found in Cardenas et al. 578- 580 and Mangelinck 
et al. 58 1 They are also available in Refs . I 03 and 
117 . 

The electrical activation of a dopant is gen­
erally limited by its solid solubility in Si . 
Within the temperature range usually used for 
dopant activation, that is, below I 000°C, the 
solubility increases with increasing tempera­
ture . 582 (A retrograde temperature behavior of 
the solubility is evident at high temperatures .) 
Thus, a relatively high temperature is required 
to achieve a high level of dopant activation in 
Si in order to minimize Rea and Rsh in Figure 6. 
The low-temperature formation and morphol­
ogy stabilities ofNiSi can then prevent it from 
being considered a viable candidate for the 
SADS process. Whether the enhanced stabil­
ity of Ni Si by Pt addition could pave the way 
for the NiSi SADS process remains to be con­
firmed . This leaves CoSi2 as the most promis­
ing candidate . 
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(a) Nitride/LTO deposition + RIE 
LDD implant 

(b) Deposit and React Ti/Co 

(c) Selective etch, Anneal 
As+ Implant 

(d) Dopant drive-in anneal 

FIGURE 66. Silicide as a diffusion source (SADS) process for an nMOSFET. (Taken from Ref. 5. With permission .) 
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4. Control of Contact Resistivity 

For TiSi2 and CoSi2 contacts fonned using 
SALICIDE or SADS, Probst et al. 85 have shown 
a strong concentration-dependent behavior of the 
contact resistivity. The minimum value obtained 
was slightly above I 0-1 Qcm2 on the Si doped by 
B to 1.8 x 1020 cm-3 and by As to 3 x 1020 cm-3 . 

These concentration va lues of B and As refer to 
the interface region as detennined by SIMS. For 
TiSi2 contacts fonned using SALICIDE, Aberg et 
al. 297 have also revealed a strong concentration­
dependency on unifonnly doped poly-Si layers. 
They obtained 3 x I 0-8 Qcm2 on the Si doped by 
As to 5 x 1020 cm-3 and 0.9- 1.5 x J0-6 Qcm2 by 
B to 1- 5 x I 020 cm-3. These concentration values 
were chemical ones detennined with infonnation 
about the poly-Si film thickness and implantation 
dose. Also a strong function of doping concentra­
tion, a somewhat lower contact resistance was 
shown for NiSi contacts than TiSi2 ones to both n­
and p-type poly-Si. 583 Recently, Tsuchiya et al. 
have reported584 low values of 4.2 x I0-8 and 7.0 
x I o-8 Qcm2 for NiSi contacts on n- and p-type Si, 
respectively, both fonned at 350°C. 

With the conventional device-making proce­
dure using ion implantation followed by dopant 

(a) 

activation with furnace annealing or RTP, the 
substrate doping concentration usually displays a 
graded depth profile, that is, the concentration is 
the highest at the Si surface and decreases when 
advancing into the interior of the Si substrate, see 
Figure 67 a for a schematic depth profile of a very 
graded junction beside a MOSFET structure. The 
SALICIDE process results in silicide contacts with 
a recessed feature, as shown in the right diagram 
of Figure 60, due to Si consumption and si licide 
growth. Consequently, an increase in contact re­
sistivity can occur for a silicide contact on such a 
graded junction in the source/drain regions, be­
cause the contact resistivity is detennined by the 
actual doping concentration at the silicide/Si in­
terface (Figure 67a). An ideal box-shaped doping 
profile as schematically depicted in Figure 67b 
therefore is desired to avoid contact resistivity 
degradation. A recent theoretical study of Kim et 
al. 585- 587 shows a great advantage of using such a 
box-shaped doping profile for the reduction of the 
various resistance components as well as the over­
all parasitic source/drain resistance. 

Inasmuch as the doping concentration at the 
silicide/Si interface plays a vital role in detennin­
ing the contact resistivity, raising the doping con­
centration in combination with controlling the 

----P • dopb,g con,. 

depth 

-r-------j ....... ,on,. 

depth 

FIGURE 67. A very graded doping profile (a) and an ideal box-shaped doping (b), with a silicide layer placed to show 
how the actual interface concentration changes. 
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doping profile58H 87 presents a viable solution for 
the reduction of contact resistivity. The idea of 
doping profile engineering has now been imple­
mented by Kim et al. 588 using the emerging laser­
annealing technique; a nearly ideal box-shaped 
doping profile within 30 to 40 run depth is ob­
tained for both As and B doped junctions. 
Preamorphization using Ge implantation seems 
to be crucial for achieving the desired box-shaped 
junctions. Success with laser annealing for the 
fabrication ofultrashallow junctions has also been 
reported by Yu et al. 589 In addition to the progress 
in fanning the low-resistivity C54 TiSi2 using 
laser-annealing, 47,-479590 nn extremely low con­
tc1ct resistivity of 4 x I 0-8 .Qcm2 on B doped 
single-crystal Si has been shown by Goto et al.59 1 

with an unspecified silicide. Such a low contact 
resistivity is mainly due to the result of a super­
saturation doping: the activated doping concen­
tration was reported to be l 02 1 cm-3, almost l 0 
times the highest solubility value of B in Si. 582 A 
rough estimate of the Si layer of Goto et al. gave 
a specific resistivity value of 0.1 to 0.2 m.Qcm, 
corresponding quite well with what one could 
extrapolate from the standard resistivity-concen­
tration curve for p-tyep Si. 592 What one is con­
cerned with laser annealing are the consequences 
ofan inherently inhomogeneous processing within 
one microsecond, such as distortion and degrada­
tion of ultrafine structures like the gate. 

Simultaneous supersaturation doping and ideal 
box-shaped doping profile can also be achieved 
using selective growth by means of CVD. This 
approach has been validated recently and demon­
strated by Gannavaram and Ozturk.339 Because it 
also involves Si Ge alloys, more discussion of the 
work in Ref. 339 is given in next section when the 
interaction between SiGe alloys and metals is 
presented. 

How the silicide thickness and the junction 
depth in the source/drain regions should simulta­
neously scale along with the gate-length has been 
outlined in ITRS 1 (see Figure 4). Such scaling 
trends place high demands on the control of sili­
cide fonnation, interface morphology, morpho­
logical stability of the silicide film, influence of 
the silicide formation on dopant diffusion, etc. By 
elevating the source/drain regions through selec­
tive deposition techniques such as CVD,593 ,594 the 

84 

demand for decreasing the junction depth can be 
separated from that for fanning a uniform, low­
resistivity si licide film in order to maintain the 
contact and junction integrity. Now, the fonna­
tion of silicide consumes the sacrificial Si layer 
grown by selective CVD instead of the precious 
Si in the original Si source/drain regions. How­
ever, use of the elevated source/drain scheme is 
not entirely problem free. An immediate concern 
with the elevated source/drain scheme is the risk 
of fanning a silicide b1idge over the two spacers 
on the two sides of the poly-Si gate, because the 
physical distance between the gate and source/ 
drain regions is reduced by the wurce/drain el­
evation. This point is clarified later when disussing 
issues for electrical short between the gate and 
source/drain electrodes. What is to be assessed 
below is how elevating the source/drain could 
influence the value of Rco in Figure 6. With refer­
ence to the list of technical data for the l 00- run 
technology node at the beginning of this section 
as well as to the simple contact structures in Fig­
ure 60, we further assume Psn=l0-3 .Qcm as the 
specific resistivity of the Si in the source/drain 
regions. This value for Pso is chosen because it 
coincides almost perfectly with the resistivity for 
a p-type single-crystal Si592 doped to I 020 cm-3, 

that is, the solid solubility of B in Si. 582 

A comparison between the two idealized con­
tact structures with rectangular geometries in Fig­
ure 60 indicates that the assumption of a planar 
contact for Eq. 18 based on the contact geometry 
in the left diagram of Figure 60 is no longer valid 
for the recessed contact in the right diagram of 
Figure 60. Hence, different equations are used for 
the estimations. For the contact in the right dia­
gram of Figure 60, if the current is assumed to 
unifonnly flow into the contact from its vertical 

side, Rco = Pc 800 .Q for a 1- µm-wide 
t silicideW 

contact (W=l µm) , i. e. , Rc
0
=800 .Q-µm far ex­

ceeding the allowed limit of Rs0 = I 80 .Q-µm. Of 
course, this simple estimate gives the result for 
the most severe case, and the current flowing into 
the botto1il. of the silicide/Si contact certainly re­
duces the value of Rc

0 
substantially. Nonetheless, 

a change of the contact geometry to the planar 
type in the left diagram of Figure 60, by deposit­
ing the sacrificial Si layer to the desired 



thickness for silicide fonnation , can lead to a 
much-reduced contact resistance. Using Eq. I Sa 

for Lc>.>Lr=0.32 µm, Rco = ___Es_ =63 Q for W= I 
LrW 

µm . For the last calculation, Eq. 17, Lr= Pc 
R, ' 

was used with Rs = Pso =200 Q. Now, a decrease 
XSD 

in Xso is possible to make even shallower junc­
tions. If it is reduced from 50 to 25 nm , 

Rea = ___Es_ =90 .Q, when other parameters remain 
LrW 

unchanged. However, one should bear in mind 
that Rso represents the total sum of Rc0 , Rs"' Rsp 
and Rae in Figure 6. Thus, even the valµe of 63 Q 

is an appreciable part of the total allowable para­
sitic series resistance of Rs0 =180 .Q-µm because 
there are, in fact, two such contacts from the 
source end to the drain end. A further reduction of 
Pc is the most effective means to bring Rco down 
and therefore desired. 

As shown above, supersaturation doping can 
lead to an extremely low Pc in the low- 10-s .Qcm2. 
A 10-fold reduction of Pc directly leads to a 10-
fold decrease in Rc

0
, to 80 .Q-µm for the recessed 

contact and 6.3 Q-µm for the planar one if Rs is 
also reduced by a factor of 10 due to supersatura­
tion doping. From the viewpoint of achieving a 
supersaturation doping, the SADS process may not 
be viable because the active doping concentration 
at the silicide/Si interface is now limited by the 
solid solubility at the annealing temperature. For 
the p-type doping using B, this limit is low, only 
amounting to 1020 cm-3. The SIMS results in Refs. 
85, 86, and 561- 564 for the SADS processes in­
deed show an interfacial concentration ofB around 
this level. Hence, using SALICIDE on prefonned 
supersaturation doped Si can be more practical and 
attractive for contact metallization. However, it 
should be remembered that supersaturation doped 
Si presents a nonequilibrium condition. Any ther­
mal processing thereafter, including SALICIDE, 
tends to force it to resume the equilibrium state 
with the concentration of the electrically active 
dopants approaching the solid solubility limit. For 
this reason, a low thennal budget SALICIDE pro­
cess is highly preferred, and that with NiSi is cer­
tainly the most promising candidate for this aspect. 

C. Bridging between Gate and Source/ 
Drain Over the Gate Spacers 

Electrical short between the gate and source/ 
drain regions, that is, bridging, is a serious reli­
ability issue. As the gate-length becomes shorter, 
it is necessary, following the scaling rule, that the 
junctions in the source/drain areas become shal­
lower for SCE control. Because the ion implanta­
tion into the gate and source/drain regions is car­
ried out simultaneously for CMOS processing, 
the height of the poly-Si gate needs to be reduced 
to allow the incorporation of dopants at the poly­
Si/SiO2 interface. Otherwise, a serious gate deple­
tion will occur, hence degrading the current 
drivability, unless other measures are taken to 
resolve the gate depletion issue. However, a re­
duced height of the poly-Si gate is also necessary 
for process control in particular for dry-etching to 
define the poly-Si gate on an extremely thin SiO2 
gate dielectric , as mentioned earlier for the 
POLYCIDE structure. Furthennore, the width of 
the SiO2 (or Si3N4) spacers on the two sides of the 
poly-Si gate (Figure 1) should also be down­
scaled to reduce the source/drain series resistances. 
Such geometrical changes in the gate structure 
result in a very short physical distance between 
the gate and source/drain regions. Thus, the con­
trol of bridging over the spacers becomes an in­
creasingly important issue for the SALICIDE pro­
cessing. 

Bridging problems for the Ti-based SALICIDE 
have been studied in numerous publications. Se­
vere bridging occurs mainly because of ( 1) lateral 
diffusion of Si and (2) Ti-spacer interaction. Dur­
ing the formation of Ti-silicides, Si is the DDS 
(Table 3). Lateral diffusion of Si atoms can lead to 
the growth of Ti-silicide over the spacers fonning 
electrical paths between the gate and source/drain. 
The Ti-SiO2 ( or Ti-Si3N4) interactions91- 95,595 also 
lead to the Ti-silicide fonnation on the spacers 
(Figure 16). A two-step annealing with the first 
step at relatively low temperatures, thus Table 2 is 
used to overcome the problem. In addition, silicide 
fonnation in N2 has been found to be an effective 
means to suppress both processes (lateral diffusion 
of Si and Ti-spacer interaction).49,95,274-596 The yield 
ofbridging free test structures increases when N2 is 
used, compared with that when using Ar.597- 599 

However, two reactions in competition are taking 
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place when annealed in N2: silicide fonnation at 
the Ti/Si interface and nitridation of Ti at the Ti 
surface. High-temperature anneals promote the 
fonnation ofTiSi2 while low-temperature ones favor 
the fonnation of TiN.92 It then becomes rather 
trivial to fine-tune the process parameters, includ­
ing the thickness of the initial Ti film and the 
annealing details in order to grow a sufficiently 
thick TiSi2. When the distance between the gate 
and source/drain is shorter, such a fine-tuning be­
comes a more demanding proposition. 

The bridging is genera lly less severe in the 
Co-based SALICIDE process, with a larger pro­
cess window for high yield and low sheet resis­
tance than for the Ti-base SALICIDE.49 The main 
reason for bridging to occur in the Co-based 
SALICIDE process as well is that Si is the DDS 
during the CoSi fonnation (Table 3). Thus, simi­
lar to the Ti-SALICIDE process, lateral diffusion 
of Si atoms can lead to the growth of Co-silicide 
over the spacers. As the fonnation ofCoSi occurs 
at a considerably lower temperature than C49 
TiSi2, the Si diffusion causing lateral silicide 
growth is much less pronounced. A further de­
crease in fonnation temperature of the first-step 
annealing below 500°C can lead to an elimination 
of bridging.430 However, interaction between Co 
and the spacer materials, either SiO2 or Si3N4, 

could be a concern. In accordance to the phase 
diagram in Figure 17, a severe reaction between 
Co and SiO2 has been clearly demonstrated to 
occur during RTP at 800°C in N2 leaving behind 
Co3O4 in SiO2 grooves. 600 An interaction between 
Co and Si3N4 already occurs 600°C and the for­
mation of CoSi2 and CoN becomes evident at 
800°C.60 1 At an even higher temperature of 
I 050°C, epitaxially grown CoSi2 spikes are de­
tected under a 100- mn-thick Si3N4 •602 Although 
the temperatures at which such severe interac­
tions occur are typically much higher than that 
used for the first-step RTP (Table 2), less pro­
nounced effects could become more important for 
smaller devices with thinner spacers. In the pres­
ence of a Ti capping layer on Co to improve the 
CoSi2 fonnation , the SiO2 spacers can be affected 
due to the interaction between Ti and SiO2.514-

516·520--522 When Si3N4 is used as the spacer isola­
tion, it can be attacked by the metal layers form­
ing a complex layered structure TiO/ TiO/ 
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umeacted Co/(Ti,Co)2N/Co2Si/Si3N4 after annealing 
at a quite low temperatw·e of 660°C for 120 sec.603 

Because Ni is the DDS during the fonnation 
of all Ni-silicides,99- 103 , 11 7 bridging is not an issue 
in the Ni-based SALICIDE process. This special 
feature makes the Ni-based SALICIDE process 
especially attractive for future devices with an 
extremely short distance between the gate and 
source/drain regions. In particular, when the el­
eva ted source/drain scheme is implemented to 
combat SCE as well as to improve the contact and 
junction integrity of ultrashallow junctions in the 
source/drain regions, the Ni-based SALICIDE 
process is, among the three silicides in discus­
sion, the most promising contact formation tech­
nique. A summary of how the DDS influences the 
bridging is schematically shown in Figure 68; 
bridging can take place during the fonnation of 
TiSi2 and CoSi (a) and it is much less likely 
during the fonnation of Co2Si and Ni-silicides 
(b ). Inasmuch as the fonnation of CoSi2 usually 
necessarily proceeds after CoSi is fonned , bridg­
ing is determined by the Si diffusion during the 
CoSi fonnation . It should be noted that the Ti 
atoms are also mobile during the formation ofTi­
silicides, although much less so than the Si atoms. 
Similarly, the Si atoms also move during the for­
mation ofNi-silicides, but less rapidly than the Ni 
atoms. 

Finally, an attempt is shown in Table 5 to 
summarize how the various physical, geometri­
cal, and processing parameters influence the pro­
cess temperature-window for the three different 
SALICIDE proceses. A process temperature-win­
dow is defined as the temperature interval from 
the temperature for silicide fonnation to the high­
est allowable temperature for the integrity of junc­
tions and/or silicide morphology. In combination 
with the processing data in Table 2, one sees a 
clear trend of the shift from TiSi2 to CoSi2 and to 
NiSi for the SALICIDE process as the integration 
technology evolves with the availability of a de­
creasing thennal budget processing. 

D. Incorporation of Si 1_xGex 

Silicon and Ge fonn nearly ideal binary solid 
solutions. 604,605 The binary solution Si 1_,Ge, is 



(a) Si (TiSii, CoSi) Cree iin u 

(bl Metal (NlSi, o~l. 

etal 

= ~ Metal.___..,_..,___._~r---f-+-' 
Si 

I Salicidation I After metal removal I 
FIGURE 68. Illustration of how DDS affects bridging in different SALICIDE processes, (a) Si.diffusion and (b) metal 
diffusion . (Taken from Ref. 39. With permission.) 

TABLE 5 
Variation of the Minimum Temperature for the Formation of Silicides and the Upper 
Temperature Limit for the Integrity of Junction and Morphology Due to Technology 
Developments (i.e., Smaller Geometrical Dimensions and Lower Processing 
Temperature). "+" and "·" in Parentheses Under the Last Three Columns Indicate 
Advantages and Drawbacks, Respectively, Associated with the Indicated Changes 

Issues C54 TiSh CoSh NiSi 
Overall formation temperature High(-) Medium(-) Low(+) 

Formation temperature due to decrease Increase (-) Little effect(+) No effect(+) 
in line-width and/area size 

Formation temperature due to increase Increase (-) No effect(+) No effect(+) 
in doping-level in Si 

Risk of bridging due to decrease in gate- Increase (-) Increase (-) No effect(+) 
to-source/drain distance 

Risk of agglomeration due to increased Increase (-) Irrelevant ( +) Irrelevant ( +) 
formation temperature 

Degradation of shallow junction due to Yes(-) Irrelevant ( +) Irrelevant ( +) 
increased formation temoerature 

Dopant deactivation and redistribution Most likely (-) Possible (-) Least probable ( +) 
in Si upon silicide formation 

Temperature for agglomeration of High(+) High(+) Low(-) 
silicide film 

Formation temperature due to alloying Decrease ( +) Decrease ( +) Little effect? 
with aooropriate metal(s) 

Risk of agglomeration on single-crystal Decrease ( +) Decrease ( +) Decrease ( +) 
Si due to alloying 

Use in contact metallization scheme for Poor candidate Fair candidate Good candidate 
· future ~enerations of devices 
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single-crystal in the channel323-327 and polycrys­
talline on the gate328-338 of a MOSFET, precisely 
the same as Si. Although single-crystal Si 1_, Ge, is 
preferred in the source/drain for its high conduc­
tivity,339 polycrystalline Si1_,Ge, can in principle 
also be used as well as long as it yie lds the needed 
electrical properties for desired transistor perfor­
mance. The fabrication of Si 1_, Ge,-channel 
MOSFETs always leads to the presence of Si,_ 
,Ge, in the source/drain regions even if a Si 1_ 

xGe,-source/drain is not originally intended. This 
picture is made clear in Figure 69, where the 
schematic cross section of a Si 1_,Ge,-channel 
MOSFET is shown. The discussions below there­
fore also consider the probable effects of the crys­
tallinity ofSi1_,Ge,, mainly on the morphological 
instability of germanosilic ide/ Si1_,Ge, layer 
stacks. 

It should be noted first that the solid solubility 
of the most common dopants, that is, B, As , P, is 
much higher in Si than in Ge.606 When poly­
Si,_,Ge, films are doped with P, a considerable 
increase in sheet resistance with increasing Ge 
fraction is observed,607 as a result of a sharply 
decreasing electron concentration. When the films 
are doped with B, a substantial decrease in sheet 
resistance with increasing Ge fraction is evi-

GTE 

dent.607-609 However, the solubili ty of B in Si 1_ 

,Ge, is found to drop when increasing the Ge 
fraction .609 Supersaturation doping ofSi,_,Ge, with 
B is possible with the in situ doping technique 
using Si-, Ge-, and B-source gases simulta­
neously.608-609 For single-crystal Si1_,Ge,, alloy- , 
ing with B up to 10 at. %, due to strain compen­
sation effect,610-611 has been demonstrated by 
Gannavaram and bzturk to yield extremely low 
specific resistivity and contact resistivity val­
ues339·6 11 of0.2 mf.!cm and 1.5 x 1 o-s cm2, respec­
tively. 

To study the solid-state interactions between 
Ti, Co, or Ni and Si1_,Gex, the relevant ternary 
phase diagrams are important and are presented 
duriqg the course of further discussion. A com­
parison is · first made between the respective bi­
nary phase diagrams for Ti-Ge (Figure 70), Co­
Ge (Figure 71 ), and Ni-Ge (Figure 72) and those 
for Ti-Si (Figure 11 ), Co-Si (Figure l 2) and Ni-Si 
(Figure 13). Although certain similarities remain, 
overall the melting points for the gennanide phases 
are lower than those for their silicide counter­
parts . The available thermochemical data74-77 in­
dicate that the germanides are less stable than 
their corresponding silicides with the same atomic 
composition but by replacing Ge with Si, as the 

m itu doped p+ -

SOURCE DRAIN 

Si cap 

SI l -x Ge. channel 

n-type substrate 

FIGURE 69. Schematic cross-section of a buried Si1_xGe.channel MOSFET with the Si 1_xGex channel highlighted in 
gray. 
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heats offonnation (enthalpy) or Gibbs ' free ener­
gies are lower (less negative) for the gennanides. 
The physical properties of the silicides and 
gennanides of Ti, Co, and Ni are summarized in 
Table 6. There are two major aspects to consider, 
one related to the kinetics and the other to the 
thennodynamics that are important for the phase 
formation of the silicides and gennanides. First, 
the relatively low melting points of the gennanide 
phases indicate a relatively high reactive diffu­
sion in them, when compared with the similar 
diffusion in the corresponding silicide phases. 103 ,11 7 

Consequently, the formation of germanides tends 
to occur at lower temperatures than the fonnation 
of the silicides. Second, the relatively large Gibbs' 
energies for the silicide phases indicate their rela­
tively high phase stability, when compared 
with the phase stability of the corresponding 
gennanides. As a result, a germanide can be trans­
formed into a silicide by Si replacing Ge in the 
compound lattice if Si is available, which has 
indeed been observed experimentally. 

Studies of interaction between Si 1_xGex and other 
transition-metals than Ti, Co, and Ni, as well as the 
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formation of their germanosilicides are also found in 
the literature. Some examples are given for Pd,6 12,6 13 

Pt,6 14 Fe,6 15 W,6 16 and Zr> 17 in the reference list, but 
they are excluded from this discussion in order to 
keep our focus on contact metallization using the 
SALICIDE technique. 

1. Ti 

The majority of the Ti-silicides share the same 
crystallographic structures and display close lat­
tice dimensions as the corresponding Ti­
gennanides (see Table 6). One would then expect 
that ternary solutions or alloys, corresponding to 
the pairs Ti3Si-Ti3Ge, Ti5Si3- Ti5Ge3, TiSi-TiGe, 
C49 TiSi2--C49 TiGe2, and C54 TiSi2--C54 TiGe2, 

should fonn after the annealing of Ti films depos­
ited on Si 1_xGex substrates. Then, one would think 
that the phase fonnation sequence should remain 
the same as that observed in the Ti-Si reaction, 
but likely with the various ternary alloys found at 
decreased temperatures. However, what has been 
obtained experimentally appears to be quite dif-



TABLE 6 
Physical and Thermochemical Properties of the Silicides and Germanides of Ti, Co, 
and Ni.38,47,69,74-79 d h Represents the Room-Temperature Heat of Formation (Enthalpy) of 
a Compound in Eq. 4 

Metal Phase Crystal Lattice constant (A) Tm p t.h DDS 
structure a b 

Ti Ti3Si Tetragonal 10.196 -
Ti3Ge Tetragonal 10.29 -
TisSi3 Hexa11.onal 7.429 -

Ti5Ge3 Hex!IJlonal 7.537 -
TisS4 Tetragonal 6.702 -
Ti6Ge5 Orthorhombic 16.915 7.954 

TiSi Orthorhombic 3.618 6.492 

TiGe Orthorhombic 3.809 6.834 

C49TiSi2 Orthorhombic 3.562 13 .531 

C49GeSi2 Orthorhombic 3.68 14.24 

C54TiSi2 Orthorhombic 8.252 4.783 

C54TiGe2 Orthorhombic 8.594 5.030 

Co COJSi Hexagonal 4.976 -
CosGe2 Hex!IJlonal 3.933 -
C0iSi Orthorhombic 4.918 3.738 

Co2Ge Orthorhombic 5.02 3.82 

CoSi Cubic 4.4443 -
CoGe Cubic 4.4637 -
CoGe Orthorhombic 11 .648 3.807 

Co5Ge7 Tetragonal 7.64 -
CoSh Cubic 5.365 -
CoGei Orthorhombic 5.681 5.681 

Ni Ni3Si Cubic 3.504 -
NhGe Cubic 3.566 -
Ni2Si Orthorhombic 5.00 3.73 

Ni2Ge Orthorhombic 5.113 3.830 

NiSi Orthorhombic 5.18 3.34 

NiGe Orthorhombic 5.389 3.438 
NiSi, Cubic 5.406 -
NiGe, No existence - -

ferent. Thomas et al. have shown, 378- 380 and con­
firmed by others,6 18,6 19 that C49 TiGe2 does not 
fonn and that Ti6Ge5 is the phase preceding the 
fonnation of C54 TiGe2 during the solid-state 
interaction between Ti films and Si 1_, Ge, sub­
strates, including pure Ge. The nucleation ofTiGe2 

apparent ly becomes difficult once Ti6Ge5 is 
fonned .378· 380 (The C49 TiGe2 was found in a 
separate study620 by annealing a co-deposited Ti­
Ge film with the correct stoichiometry Ti:Ge= 1 :2.) 
As a result, phase separation was fo und with the 

C (K) (µ.Qcm) (kJ/g-atom) 

5.097 1440 Si 

5.14 ? Ge? 

5.139 2400 -72 Si 

5.223 ? Ge? 

12. 174 2190 Si 

5.233 ? 150 Ge 
4.973 1840 -65 Si 

5.235 ? Ge? 

3.550 ? 60-80 -43(???) Si 

3.704 ? 146 Ge 

8.540 1750 15 -45 Si 

8.864 ? 22 -37 Ge 
4.069 1480 Co 
5.014 ? Co? 

7.109 1600 110 -38 Co 

7.26 1470 -15 Co? 

- 1700 147 -48 Si 

- 1250 -16 Ge? 

4.945 ? Ge? 

5.81 ? Co 

- 1600 15 -33 Co 
10.818 1110 35 -12 Co 

- 1440 -26 Ni 

- 1400 -25 Ni 

7.04 1580 24 -48 Ni 

7.264 780 -37 Ni 

5.62 1265 10.5 -45 Ni 

5.82 11 23 -32 Ni 

- 1298 34 -31 Ni 

- - - - -

co-existence of C49 TiSi2 and Ti6Ge5 prior to the 
formation of the ternary alloy C54 Ti(Si 1_YGey)2, 

where y is generally different from x in Si 1_,Ge,. 
The entropy of mixing due to Si-Ge in the C54 
Ti(Si 1_YGey)2 gives rise to an increase in Llg., and 
then a decrease in .1G*, cf. Eq. 2, for the fonna­
tion of the C54 phase on the expenses of C49 
TiSi2 and Ti6Ge5. This effect, together with a 
lower fonnation temperature for C54 TiGe2 than 
for TiSi2,379,380,62 1 lead to a continuously decreas­
ing temperature for the fonnation ofC54 Ti(Si1_YGey)2 
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with increasing the atomic fraction of Ge, as can 
be infe1Ted from a successive decrease in tem­
perature for the fonnation of the low-resistivity 
gennanosilicide film.379·380·618·619·62 1 Such examples 
are shown in Figure 73 for Ti-silicide fonnation 
on heavi ly B-doped poly-Si, Si0 75Ge0_25 and 
Si05Ge05 films, at various RTP temperatures. Many 
more studies than just discussed on the Ti-Si1_,Ge, 
interaction are found in the literature.622-630 

The specific resistivity of C54 TiGe2 is higher 
than that ofC54 TiSi2.

379.380·621 Because there also exists 
alloy scattering in the ternary solution Ti(Si1_pey)2, a 
higher specific resistivity is obtained for the C54 
Ti(Si1_YGey)2 than for the C54 TiSi2.

379,380,62 1 For 
device processing, the etching rate of the Ti(Si1_ 
YGey)2 films in the standard solutions H2S04:H20 2

631 

or NH40H:H20 2:H20
619·622 is fairly low, thus they 

can be cleaned in such solutions. 
Although it enhances the fonnation of the 

C54 phase even in nan-ow lines down to O.3- ,um 
width, 377 the morphological stability of the 
Ti(Si 1_YGey)/Si1_,Ge, layer structure remains an 
important issue to resolve. Agglomeration of a 
C54 Ti(Si 1_pey)2 layer on top of heavily B-doped 
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poly-Si0_5Ge05 already occurs when it is annealed 
at 75O°C for 30 sec (see Figure 74 for a cross­
sectional TEM picture) . Careful examinations by 
Aldrich et al. show618·623 that out-diffusion of Ge 
from the Ti(Si 1_pey)2 crystal grains results in the 
forn1ation of Ge-rich Si 1_,Ge2 (i. e. z>x) precipi­
tates segregating at the gra in boundaries 6f 
Ti(Si 1_YGey)2. The SEM results in Figure 75 clearly 
indicate that the presence of a high density of 
such Si 1_2Ge2 precipitates can inten-upt the electri­
cal network of a continuous C54 Ti(Si1_YGey)2 
film at their grain boundaries. Hence, an increase 
in sheet resistance of the C54 Ti(Si1_YGey)/poly­
Si1 _,Ge, bilayer structures can occur, as seen in 
Figure 73 for the resistance values at 8OO°C. 
Aldrich and d 'Heurle later presented a thennody­
namic model showing632 that the difference in 
Gibbs' free energy between TiSi2 and TiGe2 is the 
driving force for the out-diffusion and segrega­
tion of Ge. The ternary phase diagram at 7OO°C 
based on their equilibrium calculations taking into 
consideration the entropy of mixing is reproduced 
in Figure 76 showing the composition domain 
directly concerning the fonnation ofTi(Si 1_YGey)2 

-ti-Si 
.k--Si Ge 

75 25 

-lf-Si Ge 
!i) 50 

750 800 850 900 
RTA TetrprcEJre(°C) 

FIGURE 73. Sheet resistance vs . RTP temperature for Ti-SixGe1.x interaction for 30 s. 
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Annealed at 750 °C 

FIGURE 74. XTEM of a broken C54 Ti(Si,Ge)i layer (marked as TiSi2) on p• poly-Si05Ge05. 

~ Si-Ge --I 

-tpm 

FIGURE 75. SEM top view of Ge-rich precipitates around C54 Ti(Si1_yGeyh grains. (Taken from Ref. 632 . With 
permission.) 
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FIGURE 76. Ternary phase diagrams at 7000C for Ti-Si-Ge. (Taken from Ref. 632. With permission.) 

as well as the interaction between Ti(Si1_YGey)2 
and Si,_,Ge, . The calculation results agree very 
well with the experimental data.618,623 

The process of out-diffusion and segregation 
of Ge is driven632 by the difference in thermo­
chemical properties of the two C54 phases of 
TiSi2 and TiGe2. The degree of out-diffusion de­
pends on a number of factors, both thermody­
namic and kinetic, including the value of x in 
Si1_,Ge., the total amounts of Si, Ge, and Ti avail­
able in the system, and the annealing tempera­
ture. Usually, the Si 1_,Ge, layer is much thicker 
than the Ti. The value of x sets the initial points 
on the two horizotal lines Si-Ge, Si1_,Ge,, and 
TiSi2- TiGe2, Ti(Si 1_,Ge.)2, and these points are 
connected by a straight line originating from the 
upper comer Ti (see the vertical straight line in 
Figure 76) . There are numerous possible tie­
lines intersecting this straight line. Each of the 
tie-lines defines a specific set of equilibrium 
compositions, that is, yin the final Ti(Si 1_YGey)2 
and z in the precipitates Si1_2Ge2 around. The 
annealing temperature determines how much Si 
and Ge would inter-diffuse within a certain pe­
riod of time between the precipitates Si1_2Ge2 

and the unreacted Si1_,Ge, beneath. If the inter­
diffusion of Si and Ge inside Si Ge is rapid, one 
should pick one of the tie-lines whose intersec­
tion with the vertical line in Figure 76 is closer 
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to the bottom Si-Ge line because there would be 
more Si 1_,Ge, joining the interation. The removal 
of Ge from the Si1_2Ge2 precipitates due to inter­
diffusion will allow further out-diffusion of Ge 
from Ti(Si;_yGey)2. This process continues until 
the system approaches the equilibrium condi­
tions detennined by the given tie-line, provided 
that the annealing time is sufficiently long. The 
diffusion coefficients of Si and Ge are depen­
dent on the crystallinity of Si1_,Ge,. Because the 
inter-diffusion of Si and Ge in Si Ge is generally . 
very slow at the temperatures typically used for 
silicide fonnation (<900°C) , it is much less in­
fluenced by the crystallinity than the composi­
tion of the Si,_,Ge, .633-636 

The degree of Ge out-diffusion could be re­
duced if the fonnation temperature for the C54 
phase could be reduced, according to the analy­
sis above. Further lowering the fonnation tem­
perature is, however, not practically viable due 
to the requirement for the fonnation of the low­
resistivity C54 TiSi2 or Ti(Si 1_YGey)2 in all three 
regions of gate and source/drain. The phase se­
quence, that is , C49- first and C54- later, is not 
altered in the presence of Ge; the C49 TiSi2 or 
Ti(Si 1_YGey)2 always forms prior to the C54 
ones378-3so,618,6t9,62 t-63 t even when a Ge interlayer 

is used.637 Hence, the formation of the C54 phase 
necessarily undergoes the usual route of C49-C54 . 



phase transfomrntion that is driven by a small 
value of Llg,, and thus requires a relatively high 
temperature. Because the temperature at which 
agglomeration ofC54 the Ti(Si 1_YGey)/poly-Si 1_ 

,Ge, structure occurs is rather low compared 
with that needed for the fonnation of C54 TiSi2 

or Ti(Si 1_YGey)2 in the narrow-line gate or small­
dimen_sion source/drain, there is hardly any tem­
perature window left for the SALICIDE process 
using Ti on Si 1_,Ge,. 

2. Co 

Although the majority of the Co-silicides also 
share the same crystallographic structures and ex­
hibit close lattice dimensions as the corresponding 
Co-gennanides (Table 6), the most desired phases 
CoSi2 and CoGe2 do not follow this pattern. 
Concequently, CoSi and CoGe fonn a ternary so­
lution, while phase separation is expected for CoSi2 

and CoGe2• On Si 1_,Ge, substrates, the fonnation 
of silicides-germanides or gennanosilicides usu­
ally begins with the metal-rich phases and ends 
with the Si/Ge-rich ones. For Co reacting with 
Si1_,Ge,, the fonnation ofCoSi 1_YGeY precedes that 
ofCoSi2 and CoGe2. Thus, the fonnation tempera-

ture for the latter phases is expected to increase. 
Experimental results indeed show a substantially 
increased temperature for fonning CoSi2 to yield a 
low-resistance film ;3 19•624 ·625•638- 645 some results are 
shown in Figure 77 depicting the low-resistivity 
phase formed at 650°C in the Co/SiGe case but at 
850°C in the Co/case of Si Ge. Although the avail­
able ternary phase diagram for Co-Si-Ge is calcu­
lated for the system reaching equilibrium above 
760°C,646 it provides useful infonnation about the 
phase fonnation and is reproduced in Figure 78. A 
recent study by Detavernier et al. 645 shows that the 
increased difficulty with the fonnation of CoSi2 

and CoGe2 is simply due to a decrease in Llg,, and 
then an increase in L1G* in Eq. 2, caused by the 
entropy of mixing due to Si-Ge in the CoSi 1_YGey, 
as expected. It is precisely the opposite to the 
fonnation ofC54 Ti(Si1_YGey)2 from C49 TiSi2 and 
Ti6Ge5 discussed slightly earlier. During the Co­
Si 1_,Ge, interaction, the Co-Si bonding is preferred 
compared to the Co-Ge.647 Studies of solid-state 
interactions between Co films and Ge substrates 
can be found in the literature.648- 650 It is apparent 
from the analysis above, as well as the results in the 
literature,319;624•625 •638- 646 that the fundamental dif­
ferences between the disilicide and digennanide of 

· Co make the Co-based SALICIDE process unat-

• Co/Si 

• Co/SiGe/Si 

0 0
L
0
...L-.1........;i,.--1..J....1...&!:J1:::1:,:d::==:;:=c:::;t:::z::~ c::t::&-1 - •· 1 , 

5 600 700 800 900 1000 
RTA TEMPERATURE(° C} 

FIGURE 77. Temperature dependence of sheet resistance for Co(350 A)/Si08Ge02(1000 A)/Si and Co/Si samples. 
{Taken from Ref. 624. With permission.) 
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tractive for contact metallization of SiGe devices, 
if no improvements are made to lower the fonna­
tion temperature for CoSi2. 

3. Ni 

Studies on the solid-state interaction between 
Ni and Si 1_,Ge, have been relatively few com­
pared with those on Ti and Co, but recently an 
increased interest is being observed.450,651 - 655 The 
fonnation of ternary solid solutions is expected 
between the silicide-germanide pairs Ni3Si-Ni3Ge, 
Ni2Si-Ni2Ge, and NiSi-NiGe (see Table 6). The 
fonnation of ternary solid solution NiSi 1_,Ge, of 
the MnP structure has now been confirmed and 
the lattice parameters a, b, c vary linearly with 
x655 following Vegard' s law. The facts that NiGe2 

does not seem to exist 1md that the ternary solu­
tion NiSi 1_,Ge, does fonn have been shown to 
hinder the nucleation of NiSi2.450,65 5 The funda­
mental causes for this observed retardation of the 
NiSi2 fonnation are identical to the earlier dis­
cussed ones for the enhanced fonnation of the 
ternary solution C54 Ti(Si 1_YGey)2 from C49 TiSi2 

and Ti6Ge5 or the increased difficulties for the 
fonnation of CoSi2 and CoGe2 from the ternary 

I 

Si 

Ni 

solution CoSi 1_,Ge., that is, Gibb 's free energy 
gain for the temay alloys due to the entropy of 
mixing. An approxiamte ternary phase diagram 
depicting the composition domains directly con­
cerning the fonnation ofNiSi 1_,Ge, as well as its 
interaction with Si 1_,Ge, is shown in Figure 79. 
Four composition domains are found: (I) two­
phase domain Si 1_,Ge,-NiSi2, (2) two-phase do­
main Si 1_,Ge, -NiSi 1_uGeu, (3) three-phase domain 
Si053Ge047- NiSi0_95Ge005- NiSi2, and (4) two-phase 
domain NiSi 1_uGeu-NiSi2, when counting counter­
clockwise from the lower-left comer. Experimen­
tal results showed450•655 that after annealing of Ni 
on poly-Si 1_,Ge, (x=0.29, 0.58), NiSi 1_,Ge, fonned 
at 450°C and above. However, severe out-diffu­
sion and segregation of Ge forming Ge-rich 
Si 1_,Ge, (z>x) precipitates and simultaneous Si­
ehrichment in the ternary solution NiSi 1_YGeY (y<x) 
were found between 600 and 650°C RTP for 30 
sec. As a result, drastic increases in sheet resis­
tance at these temperatures were found, as shown 
in Figure 80, indicating the occurrence of ag­
glomeration of the NiSi 1_,Ge/ poly-Si 1_,Ge, struc­
ture. Also shown in Figure 80 are the results for 
Ni reacting with poly-Si for comparison. The 
compositional changes vs. annealing temperature 
for these samples, detennined by means of XRD 

T=600°C 

FIGURE 79. Ternary phase diagram at 600°C for Ni-Si-Ge. (Taken from Ref. 450. With permission.) 
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(Taken from Ref. 655. With permission.) 

and EDS in Refs. 450 and 655, are reproduced in 
Figure 81. In the figure, the changes are quanti­
fied with u in NiSi 1_uGeu and z in Si1_2Ge,. Ag­
glomeration of the NiSi 1_"Ge11 layer and diffusion 
of the NiSi 1_"Geu grains along the grain bound­
aries within the Si 1_xGex matrix are identified as 
the cause for such rapid changes in the composi­
tions (see Figure 82 for a cross-sectional TEM 
picture taken at 650°C.)450 And all experimental 
observations in Refs . 450 and 655 can be quanti­
tatively accounted for based on the calculated 
phase diagrams. 

As it is NiSi or NiSi 1_xGex that is wanted for 
the device contact fonnation due to its low resis­
tivity, this retarded formation ofNiSi2 is actually 
an observation favoring its practical device appli­
cations. This situation is entirely different from 
the Co-Si-Ge system, where the disilicide or di­
gennanosilicide is desired. Although the morpho­
logical instability with the NiSi 1_xGex continues 
to pose a challenge, the comparable fonnation 
temperatures for both NiSi and NiSi 1_xGe., in 
fact, leave a practical process temperature win­
dow for the integration of the Ni-based SALICIDE 
process with the Si 1_xGex electrodes.655 On com­
pressively strained, heavily B-doped single-crys-
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ta! Si0_8Ge0_2, it has been found656•657 that the mor­
phological stability of the NiSi0_8Ge0_/Si0_8Ge0_/ 

Si(l 00) structure greatly improves when com­
pared with that of the NiSi 1_,Ge/ poly-Si 1_xGex 
structure (see Figure 83 for the sheet resistance 
results vs. RTP temperature). Also shown in Fig­
ure 83 are the results for Ni reacting with Si ( I 00) . 
A recent comparative study on Ni and Co reacting 
with single-crystal Si0_3Ge0_7 also shows a clear 
advantage with Ni because a continuous NiSi 1_ 

xGex layer was found yielding the desired low­
resistivity contact material. 654 With Co, annealing 
at low temperatures yielded a very high sheet 
resistance, presumably due to the fonnation of 
CoSi 1_YGeY and the retarded fonnation of the low­
resistivity CoSi2. At high temperatures at which 
CoSi2 would form , for example, 900°C, the 
gennanosilicide layer became severely agglomer­
ated. 

V. FUTURE TRENDS 

The down-scaling trend of device dimensions 
will continue well into the next decade.1 New 
elements and therefore materials are incorporated 
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FIGURE 81. Comparison between XRD and EDS data for the atomic composition of NiSi,_uGeu as well as Si1_xGex 
and Ge-rich Si 1_

2
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for the annealed Ni/poly-Si042Ge0 58 samples. (Taken from Ref. 450. With permission.) 
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FIGURE 82. XTEM of the Ni/poly-Si042Ge0 58 sample at 650°C. (Taken from Ref. 450. With permission.) 
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in each coming generation of devices in order to 
help realize the dimensional down-scaling. This 
action is also referred as "material-scaling". The 
demand for device performance improvements 
has not only revived some old ideas with new 
approaches but more importantly motivated search 
for non-classical MOSFETs that provide a path to 
scaling CMOS to the end of the Roadmap using 
innovative device structures and architectures. 
Some scenarios of how metal silicides could find 
their positions in coping with such developments 
are discussed in this final section. · 

A. Mechanical and Metallurgical Aspects 

As shown by Steegen and Maex,46 mechani­
cal stress can become increasingly important in 
devices of decreasing dimensions. Silicide fonna­
tion induced stress may influence the electrical 
characteristics as well as reliability of MOS de­
vices. Inversely, stress may affect the silicide for­
mation in terms of the formation temperature, 
morphology, and phase.525•656- 658 Examples have 
been shown for an increased drain current due to 
the silicide-induced stress in the channel.46 On the 
other hand, detrimental effects of stress on device 
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perfonnance that can be anticipated are the gen­
eration of undesirable defects that can trap carri­
ers, decrease carrier mobility and cause current 
leakage. Hence, stress management is crucial for 
desired device perfonnance. The systematic study 
of Steegen and Maex provides a useful guide 
toward modeling and understanding how and 
where stress is built up during silicide fonnation 
as well as how it affects the electrical character­
istics of devices. Refinements of the existing 
models are, however, anticipated for effective 
stress management for future generations of de­
vices with even more demanding material and 
dimensional requirements. These include, of 
course, the stress induced by silicide fonnation. 

Acceptance of a new element in the estab­
lished CMOS technology requires the full under­
standing of its consequences based on intensive 
fundamental research. To begin with, the metal­
lurgical aspects should be investigated in order to 
interpret and even predict the silicide phase for­
mation. As shown earlier, intended alloying can 
be a useful solution to overcome silicide fonna­
tion difficulties, for example, Ti alloys for C54 
TiSi2, 39 1•398-40I Mo-, Ta-, or Nb-interlayer for C54 
TiSi

2
, 11 s ,388- 390,396,408,409,41 2-424 Co-Ni alloys for 

CoSi2,340•440•443 and Ni-Pt alloys for NiSi.449•460,530-536 



Search for such alloys can be purposeful under 
the supervision of thennodynamics. Unintended 
alloying encountered during silicide fonnation, 
for example, during contact metallization to SiGe 
alloys that are, however, vital for improvements 
of device perfonnace, could impose on the exist­
ing silicide system(s) for contact integrity. For the 
three silicides in question, TiSi2, CoSi2, and NiSi, 
our understanding of the Ge incorporation has 
greatly improved through thennodynamic ap­
proaches.50•632·645 The quest of higher perfonnance 
for future generations of devices may lead to the 
incorporation of C in Si along with Ge.659 The 
amounts ofC incorporated are usually rather low, 
on the same order of magnitude for an ordinary 
dopant such as P, As, and B, that is, around I at.%. 
Yet, its influence on the fonnation of silicides/ 
germanosilicides can in some cases be signifi­
cant, according to a few recent studies ofTi,660,661 

Zr,661 Co,644 and Ni662,663 interacting with Si 1_,_YGe,Cy, 
where y is typically around 0.0 I. For this particu­
lar case with C incorporation in SiGe alloys, pre­
vious knowledge from related studies on metal­
SiC interactions104•664·665 can be especially useful. 
Of particular concern here are how C behaves 
during annealing and how it affects the contact 
integrity in tenns of interface morphology and 
contact resistivity. The phase formation and there­
fore the electrical properties can be modified if C 
also becomes part of the formed silicides or 
gennanosilicides. If C tends to become graphite pre­
cipitates dispersed in the silicide or gennanosilicide 
films, the sheet resistivity of the films is expected to 
increase. If segregation of C occurs preferentially at 
the interface between the silicide/gennanosilicide and 
Si/SiGe, an increase in contact resistivity is also an­
ticipated. Whether these increases can be tolerated 
depends on the relative importance of the contact 
resistivity compared with the overall source/drain 
series resistance as an example. 

In order to choose a metal for eventual con­
tact formation with its silicide or gennanosilicide 
in the presence of a fourth element (e.g., C, B, As, 
etc.) , one should begin by consulting relevant 
equilibrium phase diagrams, if available. Now it 
involves at least four different elements. Phase 
diagrams are few or incomplete for ternary sys­
tems 70 and rarely available for q·uaternary ones. 
One such quaternary phase diagram is shown in 

Figure 84 for Al-Ni-Si-C 666 to show the complex­
ity of the problem. When the corresponding qua­
ternary phase diagrams are unavailable, a look at 
the related binary and/or ternary diagrams can be 
very helpful. 

B. Metal Gates and Schottky Source/ 
Drain 

The poly-Si gate-depletion poses a serious 
perfonnance limitation for small devices with an 
ultrathin gate dielectric of about 2 run SiO2. It 
arises from the use of a poly-Si gate. If the poly-
Si region immediately above the gate dielectric is 
not sufficiently doped due to a too shallow ion 
implantation and/or too low activation/diffusion 
annealing, it becomes depleted under the influ­
ence of a gate potential for nonnal transistor op­
eration. The depleted region then acts like a para­
sitic dielectric being added to the gate dielectric, 
resulting in a thickening of the overall gate di­
electric. Thus, it weakens the control of the gate 
over the channel as it adds a parasitic capacitance 
in series with the gate capacitance due to the gate 
dielectric.667 Figure 85 illustrates (a) the electrical 
gate-dielectric thickening (shown as tpoly-dep) and 
(b) the gate-capacitance lowering ( depicted by 
Cpoly-dep in series with C0.), as a result of the gate­
depletion effect. Replacing the poly-Si gate with 
a metal gate can lead to elimination of the gate­
depletion effect, provided that the technological 
challenges with the introduction of metal gates in 
CMOS technology are overcome. These chal­
lenges include the physical properties of the met­
als chosen as well as their integration into device 
processing. For the former, a low specific resis­
tivity and an appropriate work function are two 
major concerns. In addition, two metals are nec­
essary to replace n+ and p+ poly-Si for CMOS 
devices (Figure I), that is, the so-called dual metal­
gate technique.1·668-67° For the latter, the chemical, 
thennal, and mechanical stability of the metals in 
contact with the underlying gate dielectric , depo­
sition, and etching ·of the metals, etc. are all im­
portant integration questions. Additionally, the 
gate dielectric is to be changed from the tranditional 
SiO2 to a high- K" dielectric material , for example, 
HfO2, in order to suppress the tunneling (leakage) , 

101 



C 

Ni 

SI 
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FIGURE 85. Schematic pictures showing gate-depletion (a) and its contribution as a series capacitance (b) in a gate 
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current through the gate dielectric, thereby keeping 
pace with the down-scaling.1•67 1 The consideration of 
a metal silicide in place of poly-Si as the gate elec­
trode material has to take all these issues into account. 

For Ohmic contacts to the p-n junctions in the 
source/drain regions, metal silicides are likely to 
remain as the main player when the poly-Si gates 
are being replaced with metal gates. Low specific 
resistivity and low contact resisitivity are still 
valid requirements for the contact materials; see 
the discussions above in Section IV.B. The choice 
of metal silicide for source/drain contact metalli­
zation can be dependent on the detailed device­
making procedure. Now there exist two alterna­
tives for the fabrication of future MOS devices. 
One alternative is the traditional "gate-first" route 
to have the gate first defined (Figure 86a) fol­
lowed by the source/drain regions. The other al­
ternative reverses the procedure by having a 
dummy gate first in order to retain the self-align­
ment processing.672 After the source/drain regions 
are defined, the dummy gate is replaced with the 
actual one at the end, that is, "gate-last" (Figure 
866). Obviously, a metal with its silicide fonned 
at low temperature, for example, NiSi, is desireable 
in the traditional "gate-first" approach, with the 
consideration of retaining the integrity of the metal­
gate/high- K" gate structure. For the other alterna­
tive "gate-last", a silicide of high-temperature sta­
bility, for example, TiSi2 or CoSi2, may become 
more interesting unless all the processing steps 

(a) (b) 

thereafter are executed at temperatures well be­
low that causing agglomeration of the silicide 
thin films in the source/drain regions. 

The intensive research on transition-metal 
silicides over the years has also led to revisits of 
an "old" idea of using Schottky junctions instead 
of p-n junctions in the source/drain regions.673 

Shallow junctions and low parasitic source/drain 
resistances can be achieved with the silicide 
source/drain. Using metal silicide(s) for Schottky 
source/drain is also attractive for the integration 
of metal-gate and high- K" dielectric, because there 
will be no dopants in the source/drain regions so 
that the high-temperature step for dopant activa­
tion is eliminated. The silicide fonnation can be 
realized using a low thennal budget processing 
with, for example, NiSi or PtSi. An extension of 
the use of PtSi as the source/drain terminals for p­
channel MOSFETs has been implemented on SOI 
substrates yielding 35- nm gate-length devices.674 

A different approach is to use the allotaxy tech­
nique (Figure 35) to grown high-quality epitaxial . 
CoSi2 .675 •676 Making use of the facts that a high 
stress is present at the edge of isolation4D--42.46 and 
that high-temperature thennal oxidation ofCoSi/ Si 
yields a protective SiO2,23- 28•677 Schottky source/ 
drain MOSFETs of down to 40- nm gate-length 
could be made.675 •676 A more exciting device con­
cept is the use of two different silicides as the 
Schottky contacts to the channels of CMOS de­
vices . 678 On a 14-nm-thick SOI material , 
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FIGURE 86. Schematic process sequence for gate-first (a) and gate-last {b) approaches for future device making. 
(Taken from Ref. 672 . With permission .) 
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MOSFETs of 15 to 20 nm gate- length were fab­
ricated using ErSi 17 and PtSi for the n-channel 
and p-channel devices, respectively. These two 
silicides were chosen with the consideration that 
ErSi 17 has a low barrier height678 •679 of around 0.3 
eV ton-type Si (for the p-channel MOSFET) and 
PtSi a low barrier height 172 of0.21 eV top-type Si 
(for the n-channel MOSFET). Note the difference 
between the traditional approach with the use of 
high-barrier metals or silicides673 and the present 
ingenious approach with the use of dual low­
barrier silicides678 to boost the drain current for 
both types of MOSFETs. 

C. New Device Structures 

With the conventional planar MOSFET struc­
ture built on bulk Si substrates, SCEs is severe 
and difficult to control for transistors of 20- nm 
gate-length and below. To effectively combat the 
SCEs, several new device structures have been 
studied, especially those made on SOI substrates. 
A comparison has been done by Wann et al.680 

Both planar68 1 and vertical682 MOSFETs with sur­
rounding-gate have been demonstrated. Intensive 
research on different device structures has gradu­
ally led to a focus on two major kinds of innova­
tive devices that attract most attention today: 
double-gate (DG) with a thin Si body ( channel) 
mostly built on SOI683•684 and FinFet.685 ,686 There 
are three different solutions to realizing the DG 
structure with respect to the direction drain cur­
rent, as summarized in a schematic fonn in Figure 
87.683 The concept and fabrication sequence of a 
FinFet are shown in Figure 88.686 A FinFet actu­
ally has a three-side gate from the top and the two 
sides but not from the bottom of the "Fins". The 
fabrication of FinFets completely relies on the 
established planar technology. Using the conven­
tional spacer technique, the FinFet concept al­
lows for devices of very thin body, much below 
100 run, to be fabricated without recourse to elabo­
rated lithography means.686 . 

Low-temperature processing is crucial for both 
DG and FinFet because they are extremely small 
with the gate-length as well as the source-to-drain 
distance much below 100 run. Making good Ohmic 
contacts to the source/drain regions can be de-
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manding for the DG structures. For the Type-III 
DG structure shown in Figure 87, it would also 
need confonnal deposition of metal films on the 
vertical sidewalls if the established SALICIDE 
technology is to be directly applied. For the FinFet, 
fine-lines are present not only in the gate but also 
in the source/drain areas. Therefore, NiSi that can 
be fonned at low temperatures, free from fine­
line effect and free from bridging, is a serious 
candidate for contact metallization for these new 
MOSFET structures. 
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FIGURE 88. Schematic diagrams of FinFet fabrication. (Taken from Ref. 686. With permission.) 
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