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Abstract KS

—
Reactions in thin film and diffusion barriers are important for aﬁﬂications such as protective coatings,
electrical contact and interconnections. In this work the effect'efa barrier on the kinetics of the formation

\d{ both experimental and modeling point of

for a single phase by reactive diffusion is invé%t'g{

view. Two types of diffusion barriers are stu '?:‘CI‘)*&-J.hin layer of W deposited between a Ni film and
the Si substrate and (ii) Ni alloy films, WV)\an Ni(5%Pt), that form a diffusion barrier during the
reaction with the Si substrate. The e f the barriers on the kinetics of 3-Ni2Si formation is determined
by in situ X ray diffraction and c to models that explain the kinetics slowdown induced by both

types of barrier. A linear

contribution for incredsin

bolic growth is found for the deposited barrier with an increasing linear
al%thickness. On the contrary, the growth is mainly parabolic for the

barrier formed by se tioﬁ bet)/e n an alloy film and the substrate. The permeability of the two types of
barrier are determined and discussed. The developed models fit well with the dedicated model

experime |Qing to a better understanding of the barrier effect on the reactive diffusion and allowing

)

-

\J

to predict tl'y barrier behaviour in various applications.
Q& /
or

X

Y
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1. Introduction

Thin film reactions and diffusion barriers are of interest in numerous applications of protective coatings

in metallurgy, intermetallic control in aeronautics, interlayer in diffusion weld(iy, and contact formation

3\

In metallurgy, a diffusion barrier is a thin layer of metal usually placed between‘two other metals in order

and interconnections in microelectronics.

to protect either one of the metals from modifying the other [1]. In auties, the diffusion barrier may
come from the segregation of a impurities contained in one of the matérials‘and it could limit the growth

—-—
of intermetallic [2] [3]. 5

In microelectronics, barriers are usually introduced t chemieﬂly isolate semiconductors from metal

metal must surround every copper interconnectign in“modern copper-based chips, to prevent diffusion

interconnects, while maintaining an electrical connecti etiveen them. For instance, a layer of barrier

of copper into surrounding materials [4] [5]. \

In most of these cases, the growthsof p Q such as intermetallics occurs and reactive diffusion is
involved. This is also the case in.thin \Q: ns in which both diffusion and reaction are contributory.
Driven by the applications, a conm amount of work has been done on reactive diffusion both

from the experimental [6}{7] nd theoretical aspect [9] [10] [11] [12] [13] [14]. In microelectronics, the

s is/obtained by reaction between of a metal film and the Si substrate to

S mt?équilib ium phases, and sometimes by the growth of metastable phases, while the simultaneous
“parabalic ;owth of all the equilibrium phases is usually observed in bulk interdiffusion couples. It was

also s)own that after the nucleation and the lateral growth that leads to a continuous layer, the thickening

w QOe layer will occur by linear-parabolic growth [16]. This model of growth was first stated by Evans

[19] and then demonstrated by Deal and Grove [20] in the case of silicon oxidation. The growth of a
single compound layer combine two types of process: (i) the rearrangement of the atoms at the

interfaces required for the growth of the compound layer which may involve a reaction barrier and (ii)

2
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the diffusion of matter across the compound layer in which the diffusion flux slows down with increasing
the layer thickness. If the interfacial reaction barriers control the kinetics, it is termed interface controlled
(or reaction controlled) and the layer thickness increases linearly with time. If the diffusion process is
rate limiting and controls the growth, the corresponding kinetics is termed diffusion controlled and the
layer thickness increases proportional to the square root of time. Since the early works [19] [20], several
studies deals with the linear parabolic growth as well as with its implication_for the_sequential growth

both from experimental [21] [22] [23] or theoretical [24] [25] [26] point of view.

The Ni thin film reaction with silicon can be considered as a characteristic system for reactive diffusion
and presents a large interest for application. Most of the studies«on the reaction between a pure Ni thin
film and the Si substrate have shown the following sequence of phases during the reaction [27]: 6-Ni2Si
appears as the first phase and grows at low temperature (from.250°C) until full consumption of the Ni
metallic film. The NiSi phase then grows at the expense‘ef-the &-Ni.Si phase and is stable in a
temperature range up to 700-800°C. The third'ghaseNiSiz grows after NiSi at a temperature normally
higher than 700°C since it has difficulty in*aucleation [28]. With the downscaling of microelectronic
devices, NiSi is widely used as contactswin complementary-metal-oxide-semiconductor (CMOS)
transistors because of its low resistivity, lowsSi consumption and Ni diffusion controlled reaction [29].
However, its application is limited by«the*agglomeration of NiSi and the formation of the high resistivity
NiSiz at intermediate temperature (500°C~800°C) that leads to a degradation of the contact resistance.
In order to solve thesg iSsues, Nithas been alloyed with different elements to increase the stability of
NiSi.[30] [31] [32]. Mangélinck et al. [30] [31][31] have shown that the additive 5 at. % Pt in the Ni film
can increase thetemperature of NiSi2 nucleation and delay the agglomeration of NiSi by more than
100°C. Lavoie etial. [32]*have systematically investigated the role of alloy on the stability of NiSi: the
additions of Pt, Pd and Rh are most efficient to delay the formation of NiSi2 while elements such as W,
Mos Re, and Taare amongst the most efficient elements to delay the NiSi agglomeration. Adding alloying
element of Pt or W to Ni film could also significantly modify the Ni silicides formation at low temperature
[34] [35] [36] [37] . However a clear understanding of this effect is still not fully achieved [15]. A common
way-to introduce an alloy element is to place a thin metal layer (interlayer) between the Ni film and the
Si substrate instead to deposit an alloy [38] [39] [40] [41]: this was shown to change the stability of the

Ni silicide as well as their formation. The presence of a thin SiO2 layer can also modify greatly the
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reactive diffusion and in particular the kinetics of formation or the phase sequence of the Ni silicide [42]

[43].

The goal of this work is to investigate the effect of a diffusion barrier or an interlayer on the reactive
diffusion and more precisely on the kinetics of formation of a single phase by reactive diffusion. The
kinetics of the 8-Ni2Si phase formation has been measured by in situ X ray diffraction during isothermal
annealing of pure Ni film, Ni film with a W barrier, and Ni(5%Pt) films. fwo models*are developed to
explain the change in kinetics in the presence of a deposited barrier orof a diffusion barrier that is built
during the consumption of an alloy. A comparison between the model and the'experimental result allows
to validate the two models and to obtain experiment values forthe permeability of the barrier which is
the product of the diffusion coefficient and the atomic fraction of the diffusing species in the barrier.

These models should allow to design a barrier or an interlay€r.in a variety of applications.

2. Experimental procedure

Three types of samples were deposited ©n.Si(100) at room temperature by magnetron sputtering
system using Ni, W, and Ni(5at.%Pt) tafgets. Noteithat, in the following, the atomic fraction are given in
at.% but will be expressed as % to simplify the notation. The Si substrate was immersed into a 5% dilute
HF solution for 1 min to remove the.native oxide prior loading into the sputtering chamber. The deposition
was performed with a base pressure‘ef ~108 Torr using 99.9999% pure Ar gas flow. The two first types
of samples are 50nm thick pure*Ni films deposited either directly on the Si substrate or on a W barrier
with two thicknesses (0.5 or 1"am). The third type of samples consists of 50nm thick Ni alloys, Ni(1%W)
and Ni(5%Pt), on Si(100%.Thé Ni(1%W) film was obtained by co sputtering of the Ni and W targets while
the Ni(5%Pt) was depesited from the Ni(5%Pt) target. In order to avoid oxidation during the heat
treatment, a 20nm thick SiO2 layer was deposited by low pressure chemical vapor deposition on top of

all the samples.

In-situ XRDimeasurements were performed using a Cu Ka source, a rapid detector (PANalytical PIXcel)
and a chamber equipped with a heating stage under a vacuum of ~10-° mbar. During the in situ XRD
measurement, the temperature was increased from room temperature to 270 °C at a rate of 35 °C/min
and 4.6 min long XRD scans were then recorded continuously during various time at this temperature.
The XRD peak were then fitted using a pseudo-Voigt function in order to extract the variation of the XRD

peak intensity as a function of the time.
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3. Results

Figure 1 shows the XRD intensity as a function of the 2 theta angle and the time for (a) 50 nm Ni, (b)
50nm Ni/ 0.5 nm W, (c) 50nm Ni/ 1 nm W, and (d) Ni(5%)Pt films on Si(100) during the in situ annealing
at 270°C. The in situ XRD measurement for the Ni(1%W) samples is not presented here but they are
intermediate between the one of pure Ni and the one of Ni(10%Pt). In all ia/ s, the 5-NizSi phase is
growing at the extent of the metal film (Ni, Ni(1%W), or Ni(5%Pt)). e@hshel film has been
consumed, NiSi grows (this can only be seen in Fig. 1.b but it has n alsg observed for the other
cases in other in situ XRD experiments not shown here). Note th ttr%ime scale is not the same for all

T—

the measurements and that the time to complete the formatiofi of6-Ni2Si is largely increased in the case

of the presence of a barrier or the alloy metal film. The.difference in texture for the samples without

}

deposited barrier (50 nm Ni, 50 nm Ni(1%W) and Ni(5%Pt) film!)) and with deposited barrier (50nm Ni
/0.5 nm W, 50nm Ni/ 1 nm W) may be due to difference,in é‘h‘oying element concentration, intermixed

layer...

\
In order to compare the kinetics of 3-Ni2Si, theuintensity of the XRD peaks obtained by fitting with a

pseudo Voight function are reported‘as a tion“of time in Fig. 2. As the XRD intensity is proportional

to the volume of the phase and as tNr

treatment (Fig. 1), the intensity cahed as an estimate of the thickness of 3-Ni2Si. The XRD peak

is not changing noticeably during the isothermal heat

intensity was thus convérted int@ thickness by normalisation and multiplication by the thickness of -
Ni2Si expected from‘the ?tom olume change for 50nm of Ni (i.e. ~75nm) [7]. Figure 2.a shows the &-
Ni2Si thickness({ a funcii néf time and confirms that the W barrier or the presence of Pt in the Ni film

delays to ar§3

variation of the'thickness with time show a different behaviour for the samples with W barrier than for

£
i, NiQ‘%W), and Ni(5%Pt) samples. Indeed the pure Ni, Ni(1%W), and Ni(5%Pt) samples

e formation of 5-Ni2Si. Moreover the log-log plot in Fig. 2.b indicates that the

th r
e pure
show a pafabolic growth as indicated by the t'2 slope while the barrier samples have a more complex

—
behaSio close to a linear variation.

\ <

4. Modelling of the barrier effect on reactive diffusion for a single phase

In order to better understand the experimental results, two models for the kinetics of formation in the

presence of a barrier are now developed.
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iy . . . . L in Fig. 3: . . S=AB. i
Publlshmg We will consider the following situation illustrated in Fig. 3: an intermetallic compounds, pBg is

growing by diffusion between two ends phases, ¢ and y, in the presence of a barrier , £, located
between a and ¢ . The (X phase is either a pure element or an alloy A_,B, . Moreover we will consider
that atom A is the main diffusing specie and that the diffusion of B is negligible in all the phases. We will
further assume that the diffusion of A in the ends phases is negligible. T)Zsj ssumptions allow to
simplify greatly the equations. The first assumption is valid for 3-Ni2Si i wr@mses much faster
that Si. The diffusion of Ni in Si is fast but its solubility is very low in Si. of Ni in Si can thus be

consider as negligible compared to the ones in the barrier validating the second

—
" . &= , s
In these conditions, the growth rate of the o phatﬁ d to the flux of A atoms in the 6 phase, JA
, by the following relationship: \
\
Eq. 1
_ o
dt o }/JA
where L° and Jf\ are the thickn ﬁthe flux of A through ¢ . Qg,y is the volume of o

formed by atom of the m legszies (A'in this case) at the growing interface.
o

Since the reaction Q
g /
)+—B —,h;\
p ?)p

assumption.

rface is:

A(S

the volume of & fermed by atom of the mobile species is:

s_pPtq 5 _ o 1
s o
4

<
=

N
o

\ Q\ , 0%, xj ,and Ci are, respectively, the volume occupied by a formula unit, the atomic volume,

the atomic fraction and the concentration of the diffusing species.
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Eqg. 2
a’ s e _ 1 e a
dt SlyYA cf\ A

As many intermetallic compounds exist only within very narrow limits of composition, and, when this is

not precisely true, within poorly known limits of composition, growth kinetics cannot be properly

interpreted in terms of Fick's law. It is thus more appropriated to considt@ in terms of the

modified Nernst-Einstein equation: 3
1) ) Eq. 3
N —r Da |%a \
A~ TAIRT | oz ‘)
‘\‘\

—
where the flux of A atoms, Ja, is expressed as the product wentration of A atoms (cz ), their

D5 { o

mobility, —A and the gradient of chemical potential (ie. thejo;rge on these atoms), ﬂ.
RT 0z

a N

0 Au®
Furthermore, %, the gradient of chemic Ms taken equal to
Z

Ha
La

with Ay/‘z, the chemical

potential change per moving A ato [44]:\ .-

S S Eq. 4
x—ﬁ Dy |Auy

A'RT LS

Moreover, the use offthe hof chemical potential would require complete knowledge of the free

energies versus £0 sition/for the whole A/B system, and would become meaningful only if it was

possible to eterw varying value of Da as a function of the chemical potential of A within the

compound.
Similar! éfluyrough the barrier is expressed as :
-ﬁ

Eq.5

1)
where Apy = pu3 — po and A,u/'f = U9 — 1
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chemical potential), one obtains the following expression:

Yij Eq.6
J§ J,B & u _? /43 +(/7ﬂ/41
o+ /
50 BB \
_CaDy s _Cabx
where @ and ¢© = 7
Lo L ')
—~—
—
Eq. 7
dr’ 1 = r -
dt— (1/9° +1/9") R cf)A
\ jo
If the ends phases are the pure elements, e tion the chemical potential can be related to the
\

Gibbs energy of formation of te\pha per mole of atoms, AG(APBq)=AGg by

~
J’_
=3 =p—quG5. \

4.1 Fixed thickness and f;dncentration for the barrier

V.

thickness and a fixed concentration in several cases: for examples, when

The barrier maA&;e
a layer is p%d between A and B or when a thin oxide layer is present at the A/B interface. In this

case, {7, tﬁ, a Df are independent of time and Eq. 7 can be simplified to

w /

3 5 5 1 Eq. 8
. a’ [ 1] (-m)
$ d | p? K RT
A
Bnp
\vmereK_CADA
chﬂ
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Equation 8 is formally equivalent to the Deal and Groove law [20]. For isothermal heat treatment, Eq. 8

can be integrated to obtain a linear parabolic equation for the growth of the J phase.

The parameter K depends mainly on two factors: the thickness of the barrier and its permeability defined

as the product of the concentration and diffusion coefficient of A in the barrier/)f = xf Df .

In order to reduce the number of parameters, the permeability will be u d‘h)bb(owing instead of

the concentration and diffusion coefficient of A in the barrier. \

Figure 4.a show the variation of the thickness as a function of tim Qiﬁezqnt thickness. The following
%(t

—
typical values were taken for this figure and will be used alsoiin the n ragraph: (,u1 - y3)/RT =15

, 00 =P =0.010m3 /at., ¢ =2/3,and D} =1nm2Q ,)

\ .

Figure 4.a shows that the more the barrier i ﬁﬁd\a(udelay the diffusion, the more the growth kinetics

is slowed down and the more it becoméeg-inear. This is further more illustrated in Fig. 4.b where the K
Y

factor (Eq. 8) is plotted as a functign.of the barrier thickness. Note that the permeability and barrier

thickness have an inverse rol OKM ics (Eq. 8): decreasing permeability leads thus to a very

similar behavior than increasing barrieg thickness.

£

4.2, Formatior% g&as}’for a barrier built by consumption of an alloy

When the a%%d from an alloy, o = A1_Xo CX0 , the C element can be not incorporated in the
hase a

forming p accumulates at the a/J interface. As a first approximation, this case can be

- 4

modelled as arrier with a fixed concentration, xﬁ, i.e.ﬂ = AH,; Cx,; , and a thickness that increases

“when thickness of the & phase increases. If the amount of C in the 6 phase is negligible, the

ickness of the barrier is then given by the conservation of matter:

\ <

(PN
(o A% s
anf _Baa Eq. 9
Calc ~Cacc
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-1
o 1)
E_C_A 1 " Cg(CA)Z 1 (/‘1_/13) Eq. 10

dt [ Dj cg(cjcc—cfcg)Df Rch\

Since all the parameter in the parenthesis of Eq. 10 do not depend on time,/ btains:

5 Eq. 11

dL® _ D (w1 —3)
d [ RT \
om

Eqg. 11 shows that in the case of barrier coming from an alloy, th D\Am'r-iqversely proportional to the
—

thickness of the growing phase and is proportional to an effeetive coé?‘icient, peft-

1. D; &‘)

For isothermal heat treatment, @formation will thus be parabolic.

atomic fraction of 0.1,

Figure 5.a shows the kinéti f formation for the same parameter than the one used in Fig. 4. For an
thealloy a)d for different values of the barrier permeability: the kinetics is always

With}?ecreasing permeability. Figure 5.b shows also that the effective diffusion

parabolic but decrea
depends stron tho ic fraction of C in the alloy.

ﬂ
n order to&ompare these models to experiments, the XRD in situ measurements have been fitted by
ﬁ

I
Eq. 8¢for the Ni film with or without W barrier and by Eq. 11 for the Ni alloy film, Ni(1 at.% W) and Ni(5

at.% Pt). Figure 6 shows that the simulation reproduce well the experimental variation of 3-Ni2Si

thickness for the different sample. In the fitting procedure, the kinetics for the Ni film without W barrier

was first used to determine the diffusion coefficient of Ni in 5-Ni2Si (Dz =0.04 nm? /s). The permeability

of the barrier was then adjusted to fit the variation of 8-Ni2Si thickness for the samples with W barrier

10
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. . Eq. 8) and the NiPt sample (Eqg. 11). The permeability for each sample are reported in table | and the
Publishing (Eq. 8) ple (Eq. 11) p y P P

following values were used: T =270°C, % = »” =0.01nm3/at., AG® = —45kJ | at.gram .

f\

Table 1 shows that the value of the permeability are relatively clos to%m the three samples.

The similar value for the two samples with W barrier validates tha )insa.[,_term, K, in Eq. 8 is indeed
—

inversely proportional to the barrier thickness. It appears that the pesm bility (i.e. the “weakness”) of

the barrier is similar for W and Pt which is coherent with former Its concerning the formation of Ni

silicide from Ni(Pt) and Ni(W) alloy where the growthibehaviour of this phase were similar.

N
AN

sw\\ | B =xD] am?/s]
Qs

50nrN{b.~6.nm W 13102
N
<\501\57Ni/1nmw 1.0 102

/ 50 nm Ni1%W 0.8 102

4

NG
50 nm Ni5%Pt 0.9 102
£

Table: P eé)ility obtained from the fit of the experimental kinetics. The following parameters were

ken érthe fit: (s —p3)/RT =15, 0% = =0.01nm® /at., ¢; =2/3,and DS =1nm?/s.
‘\

)
NS

Figure 6.d also shows that the simulation fits less well the experiment when the thickness of 3-Ni2Si
becomes large in the case of the Ni(Pt) film. This is certainly an indication of the limitation of the model

for the alloy film. Indeed the assumption of a constant concentration and a constant diffusion coefficient

11
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is quite restrictive since the real situation may be more a gradient in the Pt concentration as indicated

by APT measurement [45].

Note that Eq. 8 and 11 do not take into account the usual reaction barrier in the linear parabolic growth
that account for the rearrangement of the atoms at the interfaces required for the growth of the
compound layer [20]. This term can easily be included in these equations but&hguld have a much lower
impact on the kinetics that the barrier. The alloy element or the barrier £lement may.also change the
diffusion in the growing phase by segregating at the grain boundaries [46]+and further work may be
needed to separate the two effects. Grain growth in the barrief might alse.induce a change in the

effective diffusion coefficient taking into account both inter and-intra grain diffusion in the barrier.

The relatively small change in P for the two W barriers.(30%.difference) may be attributed to the
intermixing that is usually observed when a metal film is-deposited on Si. This intermixing has been
observed to occur over on 1 or 2 nanometers fofllNi. For a refractory metal such as W, the intermixing
may be more limited but could explain the 30% differenee. Moreover a common assumption is that the
grain size scales with the thickness of the layer,One could thus expect a difference in the grain size of
the barrier layer. As diffusion is expectedyto Oceur via grain boundaries in the barrier, this change in

grain size would also contribute to theymeasured 30% change in P.

The models used in the simulation are_based on the assumption of one-dimensional growth. However,
nucleation at the interfa€e and/orat the triple junction, as well as the lateral growth along interface play
an important role indhe formatien‘of silicide. This is particularly true for very thin films [47] and may lead
to much more cémplex micrestructures. Anyway, for thickness larger than about 10 nm, the nucleation

and lateral growth end't@ a continuous layer which grows then essentially in a one-dimensional manner.

Nevertheless, even if the two models are simple, they allow to reproduce the experimental behaviour
and in.partieular the difference in kinetics regime: linear-parabolic for a deposited barrier and parabolic
for'a barrier resulting from an alloy consumption. Furthermore the similarity between the permeability
allows to validate the models. Further investigations are in progress to compare the permeability value

for‘ether alloy elements.

These models are the basis for a simulation method to interpret the barrier effect and they match well
with our dedicated model experiments that can be much more difficult to analyze for more complex

systems. They should enable to better understand and to predict the barrier behaviour both in

12
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fundamental studies and in some applications. They also allow to characterize the efficiency of a barrier
by simple parameters such as the barrier permeability. Even if these parameters may depend on the
barrier microstructure (for example grain size, grain structure, texture...), our first experiment shows
that, for a given process (sputtering in our case), these parameters could be materials constants and

our models may thus help to design and to process barriers or interlayers forzﬂplications in metallurgy,

microelectronics, aeronautics... 3\

6. Conclusi ‘)
oncilusion —~

—
The effect of a barrier on the kinetics of the formation for a single phﬁse y reactive diffusion has been

investigated from the experimental and modeling point @ew. T pes of diffusion barrier have been
studied: barrier deposited as a thin layer of W bet na I\L;}n and the Si substrate or barrier built
during the reaction between Ni alloy films, Ni(1 ) or Ni(5%Pt), and Si. The kinetics of 5-Ni2Si
formation have been measured by in situ Dwement for the two type of barrier and compared

to the one of pure Ni. Models have be Q%elo d for the two cases and fitted to experiments. The
-
barrier

main conclusion are: (i) the two typ a decreases the rate of the 5-Ni2Si phase formation (ii) the
linear contribution in the line :Elowth becomes more important for increasing deposited
barrier thickness while the growth is“mainly parabolic for a barrier coming from an alloy (iii) the two
model fit well the expe erm the measured permeability are similar for different thickness of the

barrier and for the §wo types arrier. The developed models make it possible to design barriers or

interlayers in a@ pﬁzations.
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Figure captions

Figure 1 : in situ XRD measurement at 270°C for (a) 50 nm Ni, (b) 50nm Ni/ 0.5 nm W, (c) 50nm Ni/ 1

nm W, and (d) Ni(5%)Pt films on Si(100). /

Figure 2 : Kinetics of 3-Ni,Si growth for the different samples (a) thick %\aﬁqction of time (b)
log(thickness) as a function of log(time) : only the part corresponding to t owth of &-Ni,Si is shown

and the linear (green line) and parabolic (yellow line) behavior are j ;Sat at the origin to interpret the

kinetics law. Note that the decrease in the 6-Ni,Si thickness obseiye D.,‘\IS due to the consumption

of 5-Ni. Si by NiSi. KS

Figure 3: Scheme of the growth of the O phase in the sence)ofa barrier layer, ,B ,

Figure 4: (a) Variation of the thickness with time inithe presence of a barrier of fixed composition and
fixed thickness for different barrier thicknesses fo ermeability equal to 0.01 nm?/s) (b) Linear

factor, K, (Eq. 8) as a function of the ba Mess. The following parameters were taken :

(11— 13)/RT =15, ©° = @” =0.01nm

ith&ﬁﬁ{
Wective coefficient of diffusion as a function of atomic fraction
of C in the alloy for a barrier permeability equal to 102 nm?/s). The following parameters were taken :

2/3,ande\ =1nm?/s.

Figure 5: Kinetics of formation sulting from an alloy (a) Variation of the thickness with

time for different barrier permeab

(11 - 3)/RT =15, £ —0001nm? at., ¢§ =2/3,andDj =1

Figure 6: Comparison betweén experience and simulation for (a) 50 nm Ni, (b) 50nm Ni/ 0.5 nm W, (c)
50nm Ni / gr)n%\{nd (d) Ni(5%)Pt films on Si(100). The following parameters were taken :

(11 — 13)/ RR=A5, 0 = &P =0.01nm3/at., ¢ =2/3,and DS = 0.04 nm? /s . The simulation of the

Ni film alé) re oduced in (b), (c) and (d) to show the change in kinetics due to the barrier.
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