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Abstract

The Ni monosilicide alloyed with Pt is widely used as contact material in advanced microelectronics
devices and a good knowledge of silicide formation kinetics is required for the process control. In this
work, the nature, and the growth kinetics of the first silicide obtained during the solid-state reaction
between the Nio.osPto.1 and the Si are studied for different pre amorphization implant (PAI) conditions as
well as for a reference sample without PAI. Reactions between a 10 nm thick Nio.oPto.1 film and Si (100)
substrate are analyzed after several rapid thermal anneals (RTA). The nature of the first silicide is
determined by Fourier Transform of TEM images and by chemical TEM-EDX analyses. The silicide
growth behavior is determined by measuring the silicide thickness by X ray reflectivity (XRR) after the
partial reaction induced by RTAs at different temperatures and times. To determine the growth law, the
linear parabolic model is first considered but a nonlinear reactive diffusion model must be developed to
accurately reproduce the experimental results. From this model, the effective diffusion coefficient as well
as its activation energy were determined for the three samples with PAI and the reference sample
without PAI. The influence of the driving force on the nonlinear diffusion for thin films is proved, and the
impact of the amorphous substrate on the kinetics parameters is quantified and compared to the

literature.

1. Introduction

Silicides are used in microelectronics devices as contacts and are obtained by solid state reaction
between a thin metal film and a Si substrate. For technology nodes below 65 nm, and even for the most
advanced planar geometry, the Ni silicide is the preferred material because of its low resistivity as well
as the low thermal budget and low Si consumption required for the NiSi formation [1]. Nevertheless, the
NiSi has two major drawbacks. Firstly, the resistive NiSiz phase nucleates at the expense of NiSi around
750°C. Secondly, NiSi thin films with thickness below 30 nm are not stable for temperatures around
600°C due to agglomeration issues. Moreover, agglomeration becomes more stringent when the silicide
thickness is decreased to follow the devices downscaling required in microelectronics. These issues are
partly solved with the addition of Pt to the Ni. Thereby, the Pt alloyed to the Ni allows to extend the
thermal stability up to 900°C [2], without drastically changing the Ni-silicides advantages. In addition,

Detavernier et al. [3] report that the addition of Pt to the Ni reduces the importance of the axiotaxy



between the NiSi and the Si and this modification of the silicide texture is assumed to reduce the
agglomeration. Consequently, for 28 nm FDSOI technologies node devices, the Nio.oPto.1 mono silicide
is the actual contact material [4,5]. The NiooPto.1 silicide phase sequence, kinetics parameters and
properties were extensively studied [6—14]. For thin thicknesses (~10 nm), the reaction between Nio.oPto.1
and the Si results in a sequential growth: the 6-Ni>Si phase grows first, and, once the Nio.oPto.1 layer is
totally consumed, the NiSi phase grows at the expense of the 8-Ni.Si layer. Even if the thermal stability
is improved with the addition of Pt, the agglomeration phenomenon is still an issue, particularly for thin

silicide layers around 10 nm.

The amorphization of Si before silicidation using Pre-Amorphization ion Implantation (PAI) has been
intensively employed to further improve the silicide properties. Van Stiphout et al. [15,16] have reported
that the PAI modifies the kinetics and the phase sequence of the Ni silicide depending on the
implantation parameters. Indeed, for Ar PAI, the NiSi nucleation temperature is reduced while it is
increased for N PAI with increasing fluence. In addition, an improvement in thermal stability has been
related to a NiSi axiotaxy loss due to a high incorporation of N into the silicide layer. Furthermore, it was
observed that, for the highest fluences of nitrogen, the phase sequence changes since the 8-Ni2Si phase
is no longer formed but an amorphous phase, a-Ni1xSix, grows instead. A similar change in phase
sequence has also been reported by Guillemin et al. [17] for a dual Ge/C PAI. Guillemin et al. [17] and
Lachal et al. [18] have also shown that carbon has significant effects on the growth kinetics of the first
silicide during in-situ annealing. Moreover, Guillemin et al. [17] , Lachal et al. [18] , and Ozcan et al. [19]
have put forward the influence of the amorphous silicon (a-Si) thickness on the silicide properties and
kinetics. In particular, Lachal et al. [18] have shown that the silicide roughness, the thermal stability and
the resistivity can be improved depending of the PAI process used. Moreover, a clear dependence with
the a-Si thickness formed during the implantation was evidenced [18].

These improvements and kinetics changes indicate that the damaged or amorphous Si has an
influence on the silicidation process. However, the kinetics and mechanisms related to these changes
have not been deeply investigated. In particular, the kinetics of formation of the first silicide is of great
importance when a patrtial silicidation is performed during the silicide process since it allows to precisely
control the final thickness of the contact. Indeed, in the self-aligned silicide process (salicide) with partial
silicidation, a given thickness of first silicide is formed during the first rapid thermal anneal (RTA) by
selecting the thermal budget and, after selective etch of the unreacted metal, is converted in NiSi with
the desired thickness during the second rapid thermal anneal. In this work, the nature of the first phase
to grow is studied for different PAI conditions. The growth kinetics of the first silicide is investigated in

detail and a new model considering nonlinear diffusion is proposed for the growth law.

2. Experimental procedure

300 mm diameter p-type Si (100) blanket wafers with a resistivity of 20-40 Q.cm were used. The
different steps involved in the sample preparation and analysis are summarized in Fig. 1. To determine

the effect of the PAI on the growth kinetics of the first silicide, three different kinds of PAIl were performed



and compared to a reference sample (without PAI). Prior to the PAI step, the samples were deoxidized
using a HF/HCL solution. Then, Ge and C implantations were performed in a high current ion implanter,
with the following conditions: current intensity of 2 mA for the Ge implantation and 1.4 mA for the C
implantation with a static ribbon shape of approximatively 100 cm?, 35 cm width and few centimeters
height. Fig. 1 describes the three different implantation conditions carried out to study the growth kinetics
of the first silicide. The amorphous silicon (a-Si) thicknesses were estimated by TCAD simulation with
the KMC model using the Synopsys Sentaurus process simulator [20]. The three PAI conditions were
chosen to induce an amorphous thickness (a-Si) of 25 nm. The as implanted samples were then
characterized by TEM analyses to control the coherence between the targeted and measured
thicknesses. TEM analyses show that a-Si is ~ 26 nm thick for all the samples (not shown here).
Therefore, for all the samples, the silicide formation takes place with the a-Si (i.e., the a-Si is not

completely consumed during annealing).

The first Ge PAI (1x10* at/cm?3, 20 keV) induces a layer partially amorphized with crystalline islands
on the surface while the second Ge PAI (9x10* at/cm?3, 13 keV) induces a homogeneous amorphous
layer. Finally, the third PAI condition chosen is a germanium (9x10* at/cm3, 13 keV) then carbon
(4x10%5 at/cm?, 3 keV) co-implantation. This Ge+C PAI was chosen based on the studies of Lachal et
al. [18] and Guillemin et al. [17]. The goal of this Ge+C PAI is to highlight and quantify the effect of C on
the kinetics of formation of the first silicide during rapid annealing (RTA). The PAI parameters and
characteristics of the induced amorphous layer are detailed in appendix A. In addition to the PAI

samples, a sample without PAI was also used as reference.
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Fig. 1. Step sequence used to develop and characterize the samples including the details of the
PAIl and annealing conditions. Three PAI conditions were chosen to compare the growth kinetics of the
first silicide. For each of these PAI conditions, all the annealings were applied individually. Thus, each
implantation condition involves 20 different samples that were characterized by X-ray reflectivity (XRR)

after selective removal of unreacted metal.



Prior to the film deposition, the Si wafers were cleaned using a HF/HCL solution followed by an in
situ chemical etch and anneal process (Siconi™ Process [21]). A 10 nm Nio.oPto.1 layer and a capping
layer of 7 nm thick TiN were then both deposited by magnetron sputtering (Endura equipment of Applied
Materials) without vacuum breaking between the two depositions. The NiPt deposition was performed

from a Ni(Pt10%) target and the TiN from a titanium target and nitrogen-controlled environment.

The TiN/Nio.oPto.1 layers deposited on the different samples were then submitted to rapid thermal
anneals (RTA) for five different times at temperatures ranging from 200 to 230°C (Fig. 1). These times
were chosen to keep the reaction partial (i.e., the NiPt layer not fully consumed) and then to be able to
measure thickness variations depending on the RTA process. To ensure that all the reactions are partial,
each sample was analyzed by X-ray reflectivity (XRR) after each RTA to verify the presence of a layer
of NiPt between the TiN and the silicide. However, the unreacted NiPt and TiN capping were finally
removed by wet selective etching for the precise determination of the silicide thickness since the XRR
curves for a single layer are much less complex and easier to simulate. Then the JVXRSS software was
used to simulate the XRR curves with a model considering the gradient of Pt distribution found by
Panciera [22]. The silicide thickness was precisely determined (+ 0.1 nm) for each sample (the model
used, and an example of the fitted data are given in appendix B). The nature of the first silicide was
determined by TEM analysis. A Fourier transform applied on the TEM images was used to determine
the crystallinity of the silicide. A chemical analysis carried out by EDX (Electron Dispersive X-Ray)

spectroscopy was also performed to complete the analyses of the first silicide.

3. Results

Fig. 2.a shows a TEM micrograph of the reference sample after a RTA at 230°C for 20 s. The silicide
forms a homogeneous thin film about 8 nm thick in agreement with XRR measurements (not shown
here). The contrast in the silicide indicates an amorphous nature of the silicide film. This is confirmed by
the fast Fourier transform shown in Fig. 2.b and by diffraction patterns (not shown here) that show
concentric rings characteristic of an amorphous phase. Similar results were obtained for samples with
PAI. Fig. 2.c shows the result of the chemical analysis carried out by EDX spectroscopy. As the
quantification is biased by the chemical environment, in particular by the oxygen at the surfaces of the
TEM slides, the atomic percentages indicated on the graph should not be considered as absolute value
but as relative ones. The shape as well as the relative distributions of Ni, Si and Pt were similar for all
the samples (with or without PAI) and showed the same characteristics. First, the Pt is not uniformly
distributed, it is localized closer to the surface in the first half of the silicide. This observation agrees with
the analyses carried out using APT by Panciera et al. [22]. Furthermore, the Si concentration shows that
the silicide becomes richer in Si when going from the surface towards the interface: the silicide
composition is therefore not constant, in accordance with APT measurements [11,22]. Thus, the silicide
presents a non-stoichiometric composition, which would be consistent with the presence of an

amorphous phase but could also correspond to the non-stoichiometric crystalline phase, 8-Ni2Si [23].
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Fig. 2. a) TEM micrography for the reference sample without PAI after the RTA b) Fourier
transform of the region corresponding to the silicide c¢) Distribution of the chemical elements of the
silicide measured by X-ray spectroscopy (EDX) carried out from the TEM slides of the

reference sample.

To conclude, our results show that, in our experimental conditions, the silicide which forms during
RTA corresponds to a non-stochiometric amorphous phase. This amorphous silicide will be denoted as
a-Ni1xSix in the following even if it contains some Pt. Its formation instead of the 8-Ni.Si phase will be

discussed later.

The growth kinetics of the first silicide during RTA type annealing was determined by XRR
measurements of the silicide thickness. These measurements were performed after the different
annealing duration and temperatures listed in Fig. 1 for the three samples with different PAI conditions

as well as for the reference without PAL.
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Fig. 3. X-ray reflectivity curves (XRR) for the reference samples having undergone a thermal
budget of 230°C for 10, 30, 55, 80 and 100 seconds.

Fig. 3 shows the XRR curves for the reference samples having undergone an RTA at 230°C for 10,
30, 55, 80 and 100 s respectively. The period of the oscillations gradually decreases with the annealing
duration, illustrating the evolution of the thickness according to the applied thermal budget. For each

sample, the thickness of the first silicide was determined by simulation of the XRR curves.

Fig. 4 shows the evolution of the silicide thickness as a function of the temperature and the
annealing duration for the samples with the different PAI conditions as well as for the reference sample
without PAI. The silicide thickness logically increases with annealing duration. For all the samples with
or without PAI, the growing rate (slope of the curve) is slowing down with increasing time as expected
for a parabolic or linear-parabolic growth rate. This slowing-down is more pronounced at lower
temperatures than at higher temperatures. The silicide thickness of the samples with low and high Ge
PAI fluences is greater than that of the reference samples without PAI and with the Ge+C PAI. This
difference widens with the annealing duration. Moreover, for Ge PAI processes, the silicide thickness is
slightly greater for the sample with the lowest concentration of implanted ions during the PAI. This
suggests that the kinetics formation could depend on the Ge concentration, the defect concentration
and/or on the amorphous layer properties (partial amorphization for the lowest fluence). These
observations are consistent with the variations in the rate of formation of the first silicide observed as a
function of the amorphous thickness and the concentration of Ge ions implanted in our previous work
[24]. Finally, the Ge+C PAI induces lower thicknesses than those obtained with Ge PAI and the
thicknesses are almost equal to those of the reference sample. Therefore, the Ge+C PAI sample

appears to slows down the rate of formation of the silicide as reported previously [17,18].
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Fig. 4. Thickness obtained by XRR for different times at temperature of a) 200°C, b) 210°C, c)
220°C, d) 230°C for the reference and PAI samples.

4. Discussion

Our results for the reference sample (Fig. 2) and other TEM analysis for the PAI samples (not shown
here) show that the silicide is mainly amorphous after RTA and selective removal. In situ XRD
measurements (not shown here) are also in agreement with the formation of an amorphous silicide as
the first growing phase since no new diffraction peak is observed while there is consumption of the metal
(disappearance of the diffraction peak of the metal). Concerning the composition of the first silicide, the
analysis by TEM-EDX (Fig. 2.c) indicates the presence of a composition gradient ranging from
approximately 30 to 48% of Si (note that these concentrations are determined by including the oxygen
coming from the contamination of the TEM lamella). This Si gradient is in agreement with an amorphous
phase and/or the B-Ni.Si phase since these two phases are non-stoichiometric phases [23] whereas the
other phases usually observed (5-Ni2Si and NiSi) are stoichiometric. Moreover, the Pt atoms, present
mainly towards the surface of the sample, are strongly incorporated since there is up to 20% of Pt in the
silicide. This concentration is much higher than the initial 10 at. % in the Ni(Pt) alloy (note that due to
the presence of Si in the silicide, this concentration corresponds to a Pt/(Ni+Pt) ratio of about 30%). This
strong incorporation and the strong Pt concentration gradient are two characteristics of the 6-Ni2Si phase

[10,25] and could also be explained in an amorphous phase which is characterized by significant



disorder and therefore a possibility of "accommodating” different atoms. On the contrary, Pt is poorly

soluble in the stoichiometric 8-Ni2Si phase [26].

4.1. Amorphous Ni silicide

It appears thus that the first phase to grow in our case is an amorphous silicide in contrast to the 8-
Ni2Si phase usually found as first silicide during the reaction of Ni(10% Pt) film with (100)Si [7,11-
13,25,27]. Note that by first silicide we refer to the first phase which grows during the annealing. It should
also be specified that the nature of the first Ni silicide which grows in a thin film is difficult to determine
by: (i) the number of possible phases (8-Ni2Si, 8-Ni2Si, Niz1Sii2, NizSi2, amorphous...) (ii) the relative
complexity of the crystalline phases which gives many diffraction peaks close to each other (iii) their
close composition (iv) their texture which is generally strong including the possibility of epitaxy (v) the
variability of the nature of the phases according to the thickness of the metal deposited as well as the

presence of alloying elements and/or impurities.

In the studies in which 8-Ni2Si was detected[7,11,13,25,27], the Pt percentages were between 10
and 13% and the NiPt thicknesses between 3 and 25 nm. According to these studies, for our samples
with 10 nm of Ni(10%Pt), the first silicide should be the 6-Ni.Si phase. Thus, the percentage of Pt and
the thickness of NiPt do not explain why the nature of the first silicide differs in our samples from what

was reported previously.

Indeed, the nature of the first silicide that grows results from thermodynamic and kinetics
competition between the different phases likely to form. To win this competition, the silicide must first
nucleate and then grow faster than the others. The nucleation barrier of a phase depends on the
nucleation driving force and the energy needed to create the new interfaces, but a necessary condition
is also that the local composition corresponds to the nucleating phase. This usually requires the
transport and reorganization of atoms. Therefore, the mobility and the ability of atoms to rearrange
during silicidation is an important parameter. After nucleation, the growth is characterized by two stages
[28]: (i) lateral growth which allows the formation of a continuous layer from the seeds formed at the
interface and (ii) normal growth during which the thickness of the phase increases. The kinetics of these
mechanisms depends on the driving force and on the atomic transport [28]. This transport is mainly
along interfaces for lateral growth and mainly through the forming phase for normal growth (in both
cases transport through the forming phase plays a role). In polycrystalline thin films, grain boundary

diffusion plays a major role.

The case of amorphous silicides is more special because a condition for forming an amorphous
phase by reaction in the solid state is that one of the species must be highly mobile over a large distance
relative to the other species which has a very low mobility [29]. This asymmetry leads to a diffusion flow
of the dominant species which maintains a rapid growth at the growth front. Thus, the growth front leaves

behind an amorphous silicide since the low mobility of the less mobile species prevents their



reorganization necessary to allow the formation of a crystalline phase [29]. The formation of a crystalline
silicide layer is therefore inhibited.

After recalling these basic notions on the formation of the first phase, we will consider the influence
of silicidation processes considering thermodynamics and kinetics to identify the different elements likely
to influence the nature of the first silicide and promote the growth of an amorphous silicide. Indeed,
several aspects related to the processes used during the silicidation could influence the nature of the
first silicide such as the thermal budget, the thickness of Ni consumed [15,16], the TiN encapsulation,

the surface preparation before the metal deposition [12] [30] or the metal deposition itself.

The surface preparation before the metal deposition and the metal deposition are steps of the
silicide elaboration that can exert an influence on the nature of the first silicide. For example, Imbert et
al. [30] have shown that the surface preparation before Ni(5%Pt) deposition can alter the phase
sequence. Indeed, the first silicide was found to depend on the surface preparation : in situ argon
sputtering etch, in situ remote plasma and standard wet HF clean. For these three different surface
preparations, the first induces the formation of the 6-Ni2Si phase, the second NizSi2 and no XRD peak
was detected for the third ones indicating the formation of either an epitaxial phase or an amorphous
phase [30]. This last observation is like the Ni(10%Pt) case and suggests that surface preparation could

induce the formation of an amorphous silicide.

Moreover, the physical and chemical surface preparation can have the effect of modifying the
surface composition of the substrate. Some atoms, originating from the plasma or from the native oxide,
can be implanted on the surface of the substrate and modify the composition of the mixing layer. This
effect was demonstrated by El Kousseifi et al. [12] who showed that the incorporation of Pt in the mixing
layer influences the formation of the first silicide. By changing the composition near the interface using
different deposits, this study has shown that the first growing phase depends on the composition of the
mixing layer. When the mixed layer contains Pt, the 6-Ni.Si phase is formed, otherwise the 6-Ni.Si phase
grows. This behavior was explained by considering nucleation and the difference in solubility of Pt in 8-
Ni2Si and &-Ni2Si that changes the driving forces of nucleation. This example illustrates that the
composition of the mixing layer, which can depend on the surface preparation, can determine the nature
of the first silicide. Therefore, the type and the characteristics of the deposition can modify the

composition of the mixture layer and influence the nature of the first silicide.

In addition to the thermodynamic aspect on the driving forces, the presence of impurities or alloying
elements can influence the kinetics by creating a diffusion barrier at the interface and/or by modifying
the diffusion in the growing phase. Indeed, as explained above, the formation of the amorphous phase
by solid state reaction generally results from a large diffusion asymmetry between the two species
because the rapid growth due to the diffusion of the fast species does not allow the reorganization
necessary for the formation of a crystalline phase, this reorganization being linked to the mobility of the

less mobile species. Factors that increase the diffusion asymmetry can therefore also induce the



formation of the amorphous phase. For example, the Xe implantation at 200°C in a stack was shown to
lead to the formation of an amorphous phase during a solid-state reaction by accelerating the migration
rate over a long distance of the more mobile species [31]. In the Ni silicides, it is generally the Ni atoms
that diffuses mainly, and this also seems to be the case during the reaction between NiPt and Si [25].
Thus, a mechanism which increases the diffusion of Ni atoms and/or slows down that of Si atoms could

favor the formation of the amorphous silicide.

Van Stiphout et al. [15,16] have recently shown that nitrogen implantation at the interface leads to
the formation of an amorphous phase by reaction between Ni films with thickness equal to 13 to 35 nm
and Si(100) films. These results confirm the effect of impurities at the interfaces and were interpreted

using a Time-Temperature-Transformation (TTT) diagram [15,16].

In Fig. 5, a similar TTT diagram is drawn for the Ni(10%Pt) case. In this diagram, the transformation
curve of the amorphous phase into the crystalline phase (i.e., the temperature required for a thin layer
to crystallize is plotted as a function of time) is represented with a dotted line. The “C” shape of this
curve is due to two mechanisms governing the phase transformation. For low temperatures, the low
mobility of the atoms limits the transformation of the amorphous phase into the crystalline phase: the
kinetics factor is thus the main barrier to nucleation. On the other hand, for high temperatures, it is the
thermodynamic factor that limits the nucleation since the nucleation barrier decreases with the driving
force (the driving force becomes zero at the melting temperature). During a heat treatment
(corresponding to a specific curve in the TTT diagram), the amorphous phase can continue to form as
long as it does not meet the transformation curve. In Fig. 5, the curves in solid lines represent different
heat treatments that have been performed for Ni(10%Pt) films on (100)Si substrate: the curves without
points correspond to heat treatment for which the amorphous phase was found at the end of the heat
treatment while, for the curves with points, the crystalline 6-Ni2Si phase was reported. In Fig. 5, the
transformation curve was modified to reproduce these experimental observations: i.e., the
transformation curve should be above the curves corresponding to the heat treatments keeping the
silicide in the amorphous state and should cut the curves corresponding to the heat treatments leading

to a crystalline silicide.

The shape of the transformation curve was obtained by analyzing the kinetics of the amorphous-to-
crystalline silicide transformation in terms of the classical theories of nucleation and growth [32-34] as
detailed in Appendix C. Since large grains were found for the 8-NizSi phase [11], the amorphous-to-
crystalline silicide transformation was considered as a two-dimensional phase transformation process.
In this case, the time to obtain a given volume fraction (f) of transformed Ni2Si at a given temperature

can be expressed by (see Appendix C for details):

t = (=In(1 - f) /K(T))“/? Eq. 1

10



where K(T) depends only on the temperature and is given by:

K(T) =c¢, (—) exp T

AGy\? ( c;Ac3 /AGE + 3Qg> Eq. 2
kT

2
With the ¢, constant is (Eq. A.8): ¢, == Q%n3 af w®

The Gibbs free energy change per unit volume of NizSi, AGy,, can be approximated by [34]:

1L Eg. 3
AG, = ——(T - T,
v Q Tm ( m)
where Ao is the effective interfacial energy change accompanying nucleation, T, is the melting point
of the Ni2Si phase, ¢, and c, are constants, L is the latent heat of fusion, Q is the atomic volume and @,

is the activation energy for atomic migration required during incoherent growth.

Eq. 1-3 were used to build the transformation curve in Fig. 5 by selecting the following parameters
to usual values since their actual values are not known: Ac = 0.1]/m? [34], L/T,, = 10 J/(mol.K) [35],
and Q, = 0.8 eV [28]. As the ¢, term should depend on several unknown interface energies, its value
was chosen to the one for homogeneous nucleation site (i.e.: ¢, = 16m/3).The melting temperature was
set to the congruent point for the 8-Ni2Si phase (i.e. T=1306°C) in the Ni-Si phase diagram [36] since it
is not known for the Ni-Pt-Si ternary phase diagram [37]. In Fig. 5, the ¢, constant was varied to fit the
experimental data. From the expression of ¢, (Eg. A.8) and by taking w = 10'2Hz, a, = 0.3 nm and, Q =
1 10729m3, the number of nucleation site is found to be around n = 1022m~3. This value corresponds to
107 time the number of atoms per unit volume (= 1/Q) and indicates that nucleation should occur at

specific nucleation sites.

From the knowledge of the transformation curve in the TTT diagram, the heat treatment can be
designed to obtain either the amorphous or the crystalline silicide. Indeed, amorphous phase can
continue to form as long as it does not meet the transformation curve if the amount of metal (proportional
to the thickness of the Ni(Pt) film) is sufficient. A maximum critical thickness for the formation of the
amorphous can be thus defined depending on the heat treatment and the kinetics of the amorphous
silicide formation. The TTT diagram drawn in Fig. 5 shows that the faster the rise in temperature is, the
more the nucleation of the first silicide, at a given temperature, will take place from a greater thickness
of amorphous silicide formed. In other words, the amorphous silicide will be more stable when the

temperature rises rapidly, and the thickness of the silicide is small.
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Fig. 5. Schematic time-temperature-transformation (T-T-T) diagram for the nucleation and growth
of 6-Ni;Si crystalline phase starting from the amorphous phase (dotted line). The curves in solid lines
represent different heat treatments that have been performed for Ni(10%Pt) films on (100)Si substrate:
the curves without points correspond to heat treatment for which the amorphous phase was found at
the end of the heat treatment while, for the curves with points [7,25] , the crystalline 6-Ni,Si phase was

reported.

Thus, variations in the thermal budget (rate of temperature rise and/or temperature of the annealing
stage) exert an influence on the nucleation of the first silicide. It is therefore more likely to observe the
amorphous phase for RTA type annealing (short times and relatively high temperatures) than for in situ
XRD annealing and/or conventional annealing which are longer and at relatively lower temperatures.
This may explain the difference between previous studies based mainly on in-situ annealing where the
6-Ni2Si phase was observed and our study where the amorphous phase is observed after RTA. This
difference is also linked to the small thickness of metal deposited for the contacts (10 nm) that will be
consumed by the growth of the amorphous phase before the critical thickness is reached. Consequently,
the rapid thermal annealing (RTA) and the low thickness of metal deposited (total silicidation) or
consumed (partial silicidation) used in our study lead to the growth of a first amorphous silicide and do
not make it possible to obtain nucleation of the 8-NizSi phase. Further experiments with thicker films and
longer annealing together with TEM characterization could help to confirm this point but are beyond the

goal of this paper.

The schematic diagram in Fig. 5 has been established from estimated parameters using the
classical nucleation and growth law [33,34,38]. More complex models considering the specificities of the

growth of the amorphous silicide such as diffusion asymmetry and/or the epitaxial growth of the 6-Ni2Si
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phase may lead to a better description of the TTT diagram. The effect of Pt on the parameters could
also be more accurately considered. Indeed, Pt can have a thermodynamic effect by changing the
driving forces of nucleation and/or growth of the amorphous and crystalline phases. It can also have a
kinetics effect by changing the diffusion asymmetry in the amorphous phase, the kinetics barrier to the
nucleation of the 6-Ni-Si phase and/or the diffusion in 8-Ni>Si. Other factors can also influence the
formation of the amorphous as the first phase such as the presence of impurities linked to the surface
preparation, the TiN encapsulation and the mechanical stresses which can also influence the kinetics

and/or thermodynamics.

4.2. Kinetics of the amorphous Ni silicide

In our work, the first phase to grow is the amorphous silicide instead of 8-Ni2Si whose kinetics has
been studied previously [25,39]. As the kinetics of the amorphous silicide is not known, it’s important to
determine the law that defines the mechanisms and the parameters that govern its formation. Indeed,
the thickness of the first phase formed in the RTA will determine the final thickness of the NiSi contact
since the silicidation is partial during the RTA and the selective etch is used to remove the unreacted
metal. Therefore, a good control of the salicide process requires the control of the growth rate of the

amorphous phase.

In order to quantify and understand the variations in the growth kinetics of the amorphous silicide,
several RTA were performed, and the thicknesses of the silicide were measured by XRR as a function
of time for several temperatures for the reference sample without PAI as well as for the three different
PAI samples (Fig. 3). This precise determination of the evolution of the silicide thickness will allow us
comparing the experimental results to different growth models to determine the mechanisms linked to
the growth of the first silicide during RTA. In the following, different growth models are thus confronted
with our results to identify the mechanisms and to estimate the kinetics parameters which govern the
growth of the amorphous silicide during an RTA for the reference sample and for the samples with PAI.
The formation law that governs the growth of the first silicide is discussed by comparing the experimental
results to the linear parabolic model, as well as a model considering nonlinear diffusion. The influence

of the amorphous substrate is also discussed, and the silicide’s kinetics are compared with literature.

The growth kinetics of the first silicide obtained by reaction between Ni films with a Pt content equal
or superior to 10% Pt and a Si(100) substrate has been previously studied for samples without PAI
[25,39]. Ehouarne et al.[39] studied the growth kinetics of the first silicide for 25 nm and 50 nm films of
Ni(13%Pt) on Si(100). The kinetics of the first silicide was determined thanks to a combination of in-situ
measurements based on XRD, XRR and Rs. These results were fitted by considering a growth limited
by diffusion of Ni (Eq. B.11). Later, Panciera et al. [25] have studied the growth kinetics of the first
silicide for an 11 nm thin film of Ni(10%Pt) deposited on Si(100). The kinetics of the first silicide was
determined using in-situ XRD [25]. In these studies, the kinetics parameters were obtained by simulation

of the XRD intensity of the metal alloy Ni(10%Pt)) assuming also a growth controlled by diffusion (Eqg.
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B.11). For these two studies, a growth controlled only by diffusion (Eg. B.11) was used for the
simulations because the agreement between simulations and experimental results were close enough
to neglect the reactions at the interfaces and thus the number of fitting parameters is reduced. These
studies [25,39] have thus allowed to determine the kinetics parameters of growth of the first silicide for
in situ measurements. However, they are based on total silicidation, and relatively large thermal budgets
(due to in situ measurement) compared to the RTA used in the salicide process. The present study
addresses the growth kinetics of the first silicide during partial silicidation and with RTAs at temperatures

ranging from 200 to 230°C that correspond to the conditions used for the salicide process in the industry.
4.2.1.Linear-parabolic model

As discussed before, the model used by Ehouarne et al. [7,39] and Panciera [25] to fit the
experimental results considers only diffusion through the silicide and neglects the reactions at the
interfaces. However, the thickness evolution obtained in Fig. 4 cannot be simulated by this simple model
since it appears to become more and more linear when the temperature increases (coefficient of
determination R2 is 0.90£0.02 for 200°C and 0.98+0.01 for 230°C). As the linear behavior is usually
attributed to reactions at the interfaces, one should consider the reactions at the interfaces in the model
in addition to the diffusion (for an isotherm, linear-parabolic model instead of the parabolic model). The
linear-parabolic model or Deal and Grove law was initially established for the growth of oxides [40].
Nemouchi et al. [41] have shown that the growth of Ni silicides can be described by this model that takes
into account the diffusion of Ni atoms as well as the reactions at the interfaces and gives a linear-
parabolic law for an isotherm. Nemouchi et al. [41] have also shown that the activation energy for
diffusion is larger than the ones for reaction leading to a more linear behavior at high temperatures
compared to low temperatures. This finding seems to be in accordance with our results obtained by RTA
(Fig. 4) for which a more linear behavior is observed with increasing annealing temperature. Thus, the
Deal and Grove model seems to be a good candidate to describe the growth kinetics of the first silicide

and to interpret the observed variations.
For isothermal annealing, the Deal and Grove model gives the linear-parabolic law:

12 —1% L—Lo_t Eq. 4
2K, K

where Kb is the growth rate related to diffusion and K is the growth rate related to the reactions at
the interfaces. L is the thickness of the phase. Lo is the thickness of the silicide at the start of the
annealing stage and thus corresponds to the silicide which is formed during the metal deposition or
during the RTA temperature rise ramp. Ki and Kp are both the product of the variation of chemical
potential across the growing phase (Ap/ksT) and a kinetic term being the interface velocity (K) and the

diffusion coefficient of the Ni atoms in the growing phase (Dni).

14



Eqg. 4 can be rearranged to express the time as a second-degree polynomial of the thickness to fit

the data more easily:

L (L5 L Eq.5
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Fig. 6. Evolution of time as a function of silicide thickness for RTA annealing at 200°C. The
symbols represent the experimental values, and the black lines represent the modeling of the
experimental results by a second-degree polynomial. The coefficients A, B and C correspond to the
coefficients of equation 5 which describes the evolution of the annealing duration as a function of the

thickness of silicide formed by a second-degree polynomial.

Fig. 6 illustrates the results of simulations with the linear-parabolic law for annealing at 200°C. The
curves represent the modeling of the experimental results by a second-degree polynomial. The good
agreement between the curves and the experimental points seems to indicate that the linear parabolic
model describes well the phenomena involved during silicidation. However, the negative values of the
coefficient B show that the results are not consistent (inconsistent values were also obtained for the
other temperatures). Indeed, according to Eq. 5, the coefficient B is equal to the inverse of the growth
rate linked to the reactions at the interfaces. This growth rate cannot physically correspond to a negative
value. Similarly, the coefficient A; which depends on the initial silicide thickness (~nm) that is formed
during the metal deposition and the anneal ramp induced to reach the rapid thermal anneal temperature
(~13s); cannot correspond physically to a positive value. Thus, the simulation with the parabolic linear
model is mathematically valid but physically inconsistent. Several simulation methods based on different
expressions of the linear parabolic law have been tried but all of them lead to bad agreement with
experimental results. Therefore, the model of growth by diffusion and reactions at the interfaces (Deal

and Groove law) does not allow to describe our experimental results. In the work of Nemouchi et al. [40]
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in which the linear parabolic model was successfully applied, thicker samples (50 nm of Ni) were studied,
and longer annealing which induces a total consumption of the metal, while in our study, we use a 10 nm
thick NiPt layer and RTA that induces a partial consumption of the metal.

4.2.2.Nonlinear reactive diffusion model

This finding led us to develop another model by considering the nonlinear diffusion induced by the
strong gradient of chemical potential across the growing layer. Indeed, in our study, the growth takes
place over a few nanometers because the thickness of the phase remains below 20 nm. This leads to
large gradient in composition and/or chemical potential for which the linear diffusion assumption at the
basis of the Deal and Groove law is no longer valid. Therefore, the nonlinear diffusion should be used
[42,43]. More precisely (see details in the Appendix D), when diffusion is described by Nernst-Einstein's
law, the atomic flux, J, is considered to be directly proportional to the driving force of diffusion
(concentration gradient or chemical potential gradient) and is then referred to as linear diffusion [42,43].
On the other hand, when the diffusion distance is small and the concentration gradient is large, the
diffusion can become nonlinear [42,43]. In the latter case, the nonlinear diffusion induces a nonlinear
kinetic effect for the growth of one phase (Appendix D). In the case of a chemical driving force

(i.e., gradient of chemical potential), the growth rate can be expressed as (see Appendix D):

i 2 Esmh [Zk_TT = ag,Sinh [T]
With A the jump distance. The parameters ash and bsh are defined as:
2D Eg. 6.a
a=—
A
b AAu Eg. 6.b
SR 2 kT

Note that Eq. 6 has been obtained by considering that a local equilibrium prevails at the
interfaces of the growing phase. Under this assumption, the chemical potentials are fixed by the
equilibria at the interfaces: therefore, Au is constant and the chemical potential gradient varies as the

inverse of the phase thickness (3_5 ~ AT”) For relatively large thicknesses (i.e., when L > bg,), the

term inside the hyperbolic sine is small, and the limited development of sinh can be used:

x3 Eq. 7
sinh[x] = x + 37 g
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Where x = T

bg
L

=|g

For larger thickness (L >> bsn), Eq 7 becomes sinh[x] = x and the flux is proportional to the driving force

(linear diffusion). The growth rate (dL/dt) can be expressed by:

dL Aul Eq. 8

—_ = *
dt KTL

The integration of Eq. 8 classically leads to a thickness proportional to the root of time, which
corresponds to the parabolic law (Eg. 9):

Kp Eq. 9

Ap
— 2 _ g2 Db, _ 1/2
LdL = qdt = L* — Lj zt DZth:Loct
When the thicknesses are smaller, the linear approximation is not valid anymore and the x3
term is required. The growth rate is thus generally given by Eq. 6 but can also be approximated by:

dl (Al 22 AP 1\ Kp | by Eqg. 10
dt ~ \kTL ﬁ(k_T)L_3 AR

Where bn corresponds to the kinetic coefficient of the nonlinear approximation

It should be emphasized that Eq. 6 is the more general law and that Eq. 9 and 10 are only
approximations of Eq. 6. Thereafter, Eq. 6 will be called “nonlinear reactive diffusion law” while Eq. 9
and Eqg. 10 will be called linear approximation and nonlinear approximation respectively. Whereas the
equations for nonlinear diffusion (Eqg. B.12 to B.16) are well established [42,43], the application to phase

growth by reactive diffusion (Eq. 6) has not been previously established to our knowledge.

To determine the validity of the linear and nonlinear approximation, the experimental thicknesses
for the reference sample. after RTA at 200°C have been fitted by Eq. 6 (nonlinear reactive diffusion law),
Eq. 9 (linear approximation) and Eq. 10 (nonlinear approximation) in Fig. 7.a. The parabolic law (linear
approximation) is not fitting the data well while the good match with Eq. 6 and 10 indicates that the
nonlinear reactive diffusion law should be applied either through the sinh variation (Eq. 6) or through the

approximation (Eq. 10).

The nonlinear reactive diffusion law (Eq. 6) with the sinh is more general than its approximations
and should thus be preferably chosen for the fit. However, the approximations (Eq. 9 and 10) are simpler
and can be integrated to have analytical expressions for the phase thickness as a function of time (see
Appendix D). It is thus interesting to estimate the validity of the approximations to describe the sinh

function.
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In Fig. 7.b, the variation of sinh[b,/L] as a function of the thickness is compared to the two
approximations of the sinh[bg,/L]: i.e. the linear approximation (first order) and the nonlinear
approximation (3 order, Eq.7), The value of by, was taken to be 25 nm from the fit with Eq. 6 of the
reference sample annealed at 200°C (Fig. 7.a). For thicknesses below 15 nm, there is a significant
difference between sinh[bg, /L] and its approximations. This difference is very large for the linear
approximation but is also large for the nonlinear approximation. Therefore, the two approximations
cannot be used to describe the kinetics of the silicide growth and the fit will be performed with Eq. 6
(sinh[bgy /L)) in the following.

Fig. 7.b shows that the nonlinear reactive diffusion law (Eq. 6) should be taken for thicknesses lower
than 15 nm. This is in accordance with the b, value of 25 nm since for thicknesses larger than 25 nm,
x will be smaller than 1 and therefore the approximations (Eq. 7) start to be valid. For thicknesses much
larger than by, the parabolic law can be applied for the silicide growth. Note that the by, value should
depend on the nature of the silicide since the variation of chemical potential and the diffusion distance
depend on the silicide.
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Fig. 7. (a) Fit of the experimental thickness for RTA annealing at 200°C of the reference sample
Using Eg. 6 (nonlinear reactive diffusion law), Eq.9 (linear approximation) and, Eq.10 (nonlinear
approximation). The symbols represent experimental values. (b) Comparison of the sinh function (blue
curve) using the value of bsy obtained in (a) with the one term expansion (magenta curve) and the two
terms expansion (red curve) in Eq. 7.

Nonlinear reactive diffusion model for the reference sample

The experimental data for the different RTA annealing of the reference samples and the samples
with the three PAI conditions were thus fitted by simulation with the nonlinear reactive diffusion law
(Eg. 6). Fig. 8 shows the simulations performed for the reference sample without PAI. The experimental
results represented with the red symbols, correspond to the silicide thickness measured by XRR as a
function of time for several temperatures. The simulations represented with the blue lines show the very

good agreement between the experimental values and the nonlinear reactive diffusion model.
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Fig. 8. Simulation with the nonlinear reactive diffusion model of the evolution of the silicide thickness
as a function of time for several temperatures of the RTA obtained experimentally for the reference

sample without PAL.
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Table 1. Parameters (asn, bsh, Lo) obtained from the fit using Eq. 6 of the experimental results obtained
for the reference sample without PAI. For the bsy, parameter, the fit was performed for the RTA at
200°C and was modified to consider the variation of temperature: bsn (T)=473/T bsn (200°C) where T is
the temperature in K. The last column gives the coefficient of determination, R2. The errors for asn and
Lo are +2%.

T [°C] ash [nm/s] bsh [nm] Lo [nm] R?
200 0.000702 25 4.5 0.9992
210 0.00125 24 5 51 0.9985
220 0.00255 24 55 0.9997
230 0.0051 23 .5 6.2 0.9989

Table 1 shows the parameters (agy, , bsp, L) resulting from the fit with Eq. 6 of the experimental
results obtained for the reference sample without PAI. The coefficients of determination (last column)
are all larger than 0.99 showing the good fit. The initial thickness of the silicide (LO), which corresponds
to the silicide thickness formed during the metal deposition and annealing ramping of the RTA, is
coherent since it increases with the thermal budget (the annealing ramp to reach the temperature of
annealing induces that the thermal budget increases with the temperature). For RTAs at 200°C (473K),
the best fit is obtained for a by, value equal to 25+2 nm. For the other temperatures, Eq. 6.a can be
used to calculate by, using the following relationship bgy, (T) /b, (473K) = 473 /T since Au and A
should be independent from T. Eq. 6.a also shows that bg;, is proportional to Au/kT. Although Au/kT
is not known for the amorphous silicide, it can be estimated to be around 23 [44]. From this estimation
and the value by, (473K) = 25 nm, one obtains, through Eq. 6.a, a diffusion distance, A, of around 2.1
nm. This value is relatively high compared to the usual distance between atoms and indicates that the
fitted bgy, is larger than expected. This may be due to a complex diffusion mechanism in the amorphous
silicide since diffusion in an amorphous phase may involve thermally activated, highly collective atomic
processes [45]. Another reason for this high value of bg, may be a complex variation of the chemical

potential due to the gradient of composition in the amorphous silicide [43].

Eqg. 6.a shows that the other fitting parameter, ay, , is the product of A and D . The value of A has
been already discussed above and might be overestimated. However, the product ag, by, is interesting

since it is equal to the effective diffusion coefficient [46] and allows to eliminate A:

Au Eq. 11
De = asnbsy = D7 = Ko |

where D is the Nernst-Einstein diffusion coefficient [46], AWKT the thermodynamic factor, and K, is

the parabolic growth rate, (Eg. 9). In the following, for the sake of simplicity, the effective diffusion

20



coefficient will be called diffusion coefficient while D will be explicitly named Nernst-Einstein diffusion

coefficient.

Eqg. 11 shows that the effective diffusion coefficient is also equal to K, [46] and thus allows to
compare with the literature. Indeed, the usual laws used to fit the kinetics of silicide formation are the

parabolic or linear-parabolic laws that determine Kp.

Table 2 summarizes the diffusion coefficients obtained for the reference sample as a function of
annealing temperatures. The values obtained are consistent with each other since the coefficients
increase with temperature. The values of the PAI samples are also reported in Table 2 and will be

compared with each other and with the reference sample.

Effect of the PAI on the kinetics parameters

Table 2. Effective diffusion coefficients (Eq. 11) in nm?/s obtained for the different conditions of

PAI and annealing temperatures. The errors for De are +2%.

T[°C] 200 210 220 230
De (Q1) [nm?/s]: Ge PAI 1x10%* 20k 1.9x10? 4.0x102 7.5x10? 1.3x101
De (Q2) [nm?/s]: Ge PAI 9x10%4 13k 1.7x10? 3.3x10? 6.2x102 1.2x101

De (Q3) [nm?/s] : Ge PAI 9x10%4 13k
and C PAI 4x10%5 3k
De (Q4) [nm?/s]: Reference (without PAI) 8.9x103 1.5x10? 2.7x10? 5.0x10?

6.7x1073 1.4x102 2.5x102 5.0x102

Similar to the reference sample, a very good agreement with the experimental values is reached by
Eq.6 for the three other samples: Q1, Q2 and Q3. Indeed, the coefficient of determination, R?, is greater
than 0.99 for all the adjustments and greater than 0.999 for most of them. This agreement allows
extracting a coherent diffusion coefficient for each sample. Table 2 shows that the samples with Ge PAI
(Q1 and Q2) have a greater diffusion coefficient than the ones of the reference sample without PAI and

the samples with co-implantation of Ge and C.
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Fig. 9. Arrhenius diagram for the effective diffusion coefficients as a function of the inverse of the
temperature for the samples with PAI: Q1 = PAI Ge 1x10'4 20k; Q2 = PAI Ge 9x10'* 13k; Q3 = PAI Ge
9x10%* 13k + PAI C 4x10% 3k; as well as for the reference samples without PAI (Q4). For comparison,
the values from previous works are also reported: LE1 = Ehouarne et al, 50 nm [39]; LE2 = Ehouarne

et al, 25 nm [39]; FP = Panciera [25].

Moreover, the coherence of the fit is reinforced by Fig. 9 which presents the Arrhenius diagrams for
the diffusion coefficients for the three samples with PAI (Q1, Q2, Q3) and for the reference sample
without PAI. Indeed, the experimental values follow an Arrhenius behavior which makes it possible to

determine the activation energy for the three PAI conditions and the reference sample without PAI.

Table 3 summarizes the kinetics parameters (pre-exponential factor and activation energy) obtained
for each sample. The kinetics parameters of the samples with PAI differ from those of the reference
sample without PAI. For the samples with PAI, the pre-exponential factor and the activation energy are
greater than for the reference sample without PAI. This result shows that the growth kinetics of the first
silicide in contact with an amorphous substrate differs from those in contact with a crystalline substrate.
A similar effect was obtained by Delwail et al [24] that shows an increase of the silicide thickness for
Ge PAl samples. Those results were obtained by comparing the influence of different Ge PAls after the
salicide process. Eq. 11 shows that the effective diffusion coefficient (Fig. 9 and Table 2) contains two
terms: the self-diffusion coefficient D, and the thermodynamic factor AuKT. Delwail et al [24] have
estimated the difference of the thermodynamic factor (difference of Ap) for the formation of the first
phase from an amorphous or a crystalline Si substrate (a-Si and c-Si). Since the free energy of a-Si is
greater than the free energy of c-Si, the estimated driving force (Au) for the growth of amorphous silicide
is greater by about 35% when in contact with a-Si (- 110 kJ/at.gram) than with c-Si (- 85 kJ/at.gram).
Note that Delwalil et al [24] have reported the values of the Gibbs free energy of the formation instead
of Ap. If the driving force is greater for the samples having an a-Si substrate, the effective diffusion

coefficient will be higher for these samples.
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However, Table 1 shows that the diffusion coefficient is about 2 times higher for the Ge PAI samples
than for the reference. Therefore, the change in driving force cannot fully explain the increase in growth
rate. In addition to the driving force or thermodynamic factor, the effective diffusion coefficient (and the
growth rate) of the first silicide also depends on the self-diffusion coefficient (Eq. 11). In the case of Ni
silicides, it has been shown that Ni is the dominant diffusing species during silicidation [47]. Ni is also
expected to be the main diffusion species in the amorphous silicide [48]. The Ni self-diffusion coefficient
in the amorphous silicide may be influenced by several factors. The change in equilibrium (a-Si versus
c-Si) may change the amorphous silicide composition and thus its integrated diffusion coefficient. D can
also be increased by the presence of Ge since the growth kinetics of the Ni germanides were found to
be faster than the ones of the Ni silicides [49]. The PAI conditions and, in particular, the Ge fluence may

also influence the nature of the a-Si and possibly modify the self-diffusion coefficient [45].

The sample with Ge+C PAI induces effective diffusion coefficients almost equal to those of the
reference sample and thus smaller than those obtained with Ge PAI. Therefore, the Ge+C PAI sample
slows down the rate of formation of the silicide and cancels the effect of the Ge PAI. This effect can be
of chemical nature by changing the driving force for the phase growth and/or the diffusion. However, the
addition of carbon increases the quantity of atoms (Ge and C) implanted in Si, so there could also be a
physical effect related to the concentration of atoms implanted independently of their nature. It has been
argued that carbon atoms can segregate at the grain boundary and slows down the diffusion of Ni [50].
This effect cannot operate in amorphous phase since there are no grain boundaries. However, the
carbon atoms could accumulate at the silicide/Si interface if they do not incorporate into the silicide. This
could slow down the progression of the growth front by decreasing the interface velocity and/or the

diffusion.

Table 3. Kinetics constants of the normal growth of the first silicide obtained with the nonlinear
model for the three samples with PAI (Q1, Q2, Q3) as well as the reference sample without PAI (Q4).
The values from Ehouarne et al. [7,39] and Panciera et al. [25] obtained by the parabolic law are also

reported. The sample characteristics and the experimental conditions are given.

Metal ) Activation
) ) Pre-exponential
Film thickness PAI Thermal budget energy Ref
factor (cmz/s)
(nm) (eV)
) Q1: PAI Ge this
Ni(10%Pt) 10 RTA, 200-230°C 0.31 1.40
1x10%* 20k work
) Q2: PAI Ge this
Ni(10%Pt) 10 RTA, 200-230°C 0.40 1.41
9x10%* 13k work
Q3: PAIGe
) 9x104 13k this
Ni(10%Pt) 10 RTA, 200-230°C 0.29 1.44
and PAIC work
4x10% 3k
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this
Ni(10%Pt) 10 Q4: none RTA, 200-230°C 0.021 1.32 c
wor

Isotherms 220°C
Ni(13%Pt) 50 None and 270°C 14 1.48 [39]

Rampes 5°C/min

Isotherms

) 195 and 270°C
Ni(13%Pt) 25 None 35 1.48 [39]
Rampes 3 and

25 °C/min

Isotherms
Ni(10%Pt) 11 None 150°C up to 0.21 1.35 [25]
230°C

Comparison of the kinetics parameters with literature

To compare with former results, the effective diffusion coefficients determined for Ni(13%Pt)/Si(100)
[7,39] and Ni(10%Pt)/Si(100) [25] are also reported in Table3 and Fig. 9. The diffusion coefficients are
lower for our samples than those reported previously [7,25,39].The values reported from the literature
consider only the diffusion through the growing silicide since the interface reactions are negligible for
larger thicknesses. Therefore, the difference could be due to the models used but the two models should
be equivalent for relatively large thicknesses. Nevertheless, the greatest contribution to this difference
undoubtedly come from the nature of the silicide: amorphous for our study and crystalline in the literature
[7,25,39]. Indeed, the two terms entering in the effective diffusion coefficient (self-diffusion coefficient D,
and thermodynamic factor AykT) should depend on the amorphous or crystalline nature of the growing
phase. The thermodynamic factor for the first phase is proportional to the Gibbs free energy of formation
of that phase: as the amorphous silicide is metastable, it should be smaller for the amorphous silicide
than for the crystalline silicide. The Nernst-Einstein self-diffusion coefficient should also be different in
the amorphous and crystalline silicide but it is difficult to know which one is the higher considering that
grain boundary diffusion is dominant in crystalline thin films [47] while only bulk diffusion should be acting

in an amorphous phase.

Application for microelectronics contacts

On a more industrial consideration, it is important to know the kinetics of the first silicide for the salicide
process since it not only determines the thickness of the silicide after the first RTA (RTAL) but also the
final silicide thickness after the second RTA (RTA2) as the selective etch between RTA1l and RTA2
removes the unreacted metal. To control the salicide process, the knowledge of the kinetics law is thus
crucial, and the nonlinear reactive diffusion law gives quite a different behavior from the linear parabolic

law. The former seems to be related to the amorphous silicide layer while the latter could be appropriated
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for crystalline phases. The formation of amorphous or crystalline silicide could thus lead to different

thickness of NiSi.

In conditions leading to the formation of the amorphous silicide, the nonlinear reactive diffusion law
should be used to determine the silicide thickness after RTAL at least if its thickness is small . It is thus
important to know when the nonlinear reactive diffusion law must be used. A numerical evaluation of
sinh(x) and its expansion (Eq. 7) has been performed and shows that the linear approximation and the

nonlinear approximation differs by 10% of the sinh(x) for x~0.75 and x~2 respectively. It means that

the parabolic law should be valid for L > %bsh. For the amorphous silicide with by, around 25 nm, this

means L > 40 nm. On the other hand, the nonlinear reactive diffusion law must be used for L < b;—h ,

this means L < 12.5 nm for the amorphous silicide (since the nonlinear approximation differs by more

than 10%).

However, as already discussed above, by, should depend on the growing phase and may be
smaller for crystalline phase. Since by, is not known ‘a priori’, it might be useful to have a practical way
to determine if the nonlinear reactive diffusion law should be applied. Annex B shows that the nonlinear

approximation can lead to a thickness proportional to time at the fourth root (Eq. B.22 and Eq. 12):
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Fig. 10. Fit of the experimental silicide thickness for RTA annealing at 200°C and 230°C of the
reference sample. The symbols represent experimental values. The red and blue lines correspond to a
fit with t¥2 (Eq. 8) and t¥4 (Eq. 12) respectively.

Fig. 10 shows the fit of the experimental thicknesses by Eq. 8 and Eq. 12 for the reference sample.

The closer match with the t¥# dependency indicates that this dependency can be used to reveal the
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nonlinear reactive diffusion. However, this t¥# dependency is only a rough approximation and the

parameters deduced from the fit (b,,;) can be substantially different from the one determined using Eq. 6.

For crystalline phases, by, may be smaller and, thus more difficult to measure. Moreover, for
crystalline phases, the growth can be not planar and thus the nonlinear reactive diffusion may not be
relevant. Indeed, crystalline phases (e.g. 8-Ni2Si) usually nucleate first and then grow laterally [28]. As
these two growth steps occur usually over a thickness of about 10 nm [28], the nonlinear reactive
diffusion cannot be applied and observed for these first 10 nm on which it should have the strongest
effect. For amorphous silicide, there is neither nucleation nor lateral growth since it already forms during
the deposition. That could explain why we were able to observe the nonlinear reactive diffusion in our
work while it may be difficult for the crystalline silicide due to a smaller bsh and to the nucleation/lateral
growth.

Furthermore, for the industry, besides the problem with agglomeration, the variation in phase
sequence has been an aggravating source of difficulty. In the Ni-Si system, the presence of multiple
metal-rich phases often ensures a variable and complex path to the monosilicide. The last phase present
before NiSi determines the energy available for the formation of NiSi, affects the formation temperature
and can bring in important nucleation effects, if that energy is too small. Different substrates and
preparation conditions will thus lead to different phase sequences and different formation temperatures
for the monosilicide. Because a microelectronic wafer represents multiple substrates, as each of the
source and drain regions can be Si, SiGe (sometimes Si(C)) with variable dopant types and
concentration in each (n, p regions and at times undoped regions or even n+p regions depending on
design), the phase sequence varies with the regions of a chip and the process needs to be optimized
for all regions simultaneously. This was one of the biggest engineering challenges of this material set.
The process optimization is further complicated by possible variation in cleaning steps, in queue time
before deposition, in in-situ cleans before metal deposition and, importantly, in deposition parameters
during sputtering. Fortunately, the addition of 10% Pt in the Ni film appears to lead to more uniform NiSi
growth on the different part of the wafer. In this case, the first phase to grow is either the amorphous
silicide or 8-Ni2Si. These two phases, although having a different structure, are similar for some points:
they are non-stochiometric with a similar range in Ni/Si concentration and they seem to easily
incorporate elements such as Pt, W, Ge. The better behavior of the Ni(10%Pt) silicidation might thus be
related to extended solubility of elements (Ge, dopants) contained in the substrate. The incorporation of
these elements could also favor the growth of the amorphous silicide as Pt is doing. Furthermore, the
growth competition between amorphous silicide and 8-Ni2Si could be due to relative similar formation
energies leading to a similar driving force for NiSi nucleation. However, the final properties of NiSi
contacts, such as agglomeration, roughness, electrical resistance, could also depend on the structure,

microstructure, and texture of the first phase.

5. Conclusion
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In this work, the nature and the growth kinetics of the first silicide obtained during the solid-state
reaction between a 10 nm Ni0.9Pt0.1 film and a Si substrate have been studied for heat treatments by
RTA similar to the ones used for the salicide process. The effect of the amorphization of the Si substrate
has also been examined for three different PAI conditions to be compared to the reference sample
without PAI.

The first silicide to grow is amorphous for all our samples in contrast with previous studies based
on similar Pt percentage and NiPt thickness for which the first silicide is the crystalline 8-Ni2Si phase.
Several aspects related to the processes used during the silicidation were considered to explain this
difference: the thickness of consumed metal and the use of RTA appear to be the main factors that
inhibit the nucleation and growth of the 8-Ni2Si phase. A TTT diagram allows comparing the influence
of the thermal anneals used in this study and former ones as well as pointing out the influence of our

RTAs on the inhibition of the silicide’s crystallization.

The silicide thickness of this amorphous silicide has been determined by XRR after each RTA to
obtain the kinetics of the silicide formation for each sample at four temperatures. In order to quantify and
identify the mechanisms of formation, the silicide kinetics was firstly modelized with the linear parabolic

model, but non-physical parameters were obtained for all samples and all temperatures.

This result is attributed to the nanometric thicknesses (< 18 nm) of the amorphous silicide that lead
to strong gradient of driving force (chemical potential). To consider these nanometric thicknesses and
strong driving forces, a nonlinear reactive diffusion model is developed in which the growth rate is
proportional to the hyperbolic sinus of the gradient of chemical potential. This behavior reflects the
influence of the nonlinear effects related to the strong gradient of chemical potential due to the small

silicide thickness.

The nonlinear reactive diffusion model allows us to determine the effective diffusion coefficient and
its activation energy for each sample. The differences in effective diffusion coefficients (and activation
energy) provide some understanding of the PAI influence on the growth kinetics of the silicidation
process. The influence of the amorphous substrate on the silicide growth is discussed qualitatively and
guantitatively. The Ge PAI has an accelerating effect on the silicide formation that could be related to
thermodynamic (driving force) but also kinetics (self-diffusion coefficient). However, the Ge+C PAI

seems to cancel the influence of the Ge PAI.

Compared to previous works, the effective diffusion coefficients are lower for our samples than
those reported previously. The greatest contribution to this difference comes certainly from the nature
of the phase: amorphous for our study and crystalline in former studies. The validity and applicability of
the nonlinear reactive diffusion, considering the application for microelectronics contacts, are also

discussed.
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Appendix A: Characteristic of the amorphous layer according to the PAI parameter.

The PAI parameters were determined by TCAD simulation with the KMC (Kinetic Monte Carlo)

model using the Synopsys Sentaurus process simulator. For each sample, the a-Si thickness, and the

concentration at the Rp are calculated by simulation. Table A-1 gives an overview of the PAl parameters,

and the characteristics of the amorphous layer induced.

Table A-1 : Overview of the PAI parameters and characteristics of the induced amorphous layers
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PAI parameters Characteristic of the amorphous layer
Implanted Fluence Energy a-Si Rp (nm) | Concentration
Sample specie (at/cm?) (keV) thickness at Rp (at/cm?)
(nm)
Q1 Ge 1x10%4 20 25 16 4.5x10"°

Q2 Ge 9x10™ 13 25 1" 6x102°
Ge 9x10™ 13 1" 6x102°
Q3 C 4X10'® 3 25 8,5 2x10%!

Appendix B: XRR model and fits used to determine the silicide thickness.

For this work, the silicide thickness accuracy needs to be extremely high (~0.1 nm). Such accuracy
of the layer thickness can be reached by XRR analyses thanks to the layered structure, the silicide
morphology, and the knowledge of the reference silicide composition (i.e., Pt gradient determined by
Panciera et. al by APT [11] [22]). Indeed, the XRR measurement is realized after the metal etching, thus,
the layered structure is only composed of the silicon substrate, the silicide, and the native oxide.
Moreover, as the silicide is amorphous, it is less rough than a crystalline silicide layer. By considering
these layers and the Pt gradient in the silicide, a very good fit can be obtained and the accuracy in the

layer thickness is high (0.1 nm).

For example, fig. 2 shows the XRR model (red curve) and the experimental result (blue curve)
obtained for the reference sample. Fig. 2, b shows that a shift of 0.1 nm of the silicide thickness induces
a horizontal shift of the model. The periods of the oscillation are no longer superimposed. However, fig.
2, ¢, d e show that if the silicide density, roughness or even the thickness of the native oxide are slightly
modified, the oscillations are shifted but the angles corresponding at the period of the oscillation remain
the same. In conclusion, for our sample, the XRR measurement is efficient to precisely determine the
silicide thickness but is less efficient to precisely determine the silicide density or roughness due to the

multiplication of the modelized layers and to the induced parameters.
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Fig. 1. X-ray reflectivity curves (XRR) for the reference sample (blue curve) and the model used
(red curve) to determine the silicide thickness. a) represents the result of the simulation for the
reference sample, while the influence of a slight variation of the silicide b) thickness (0.1nm), ¢)
density, d) roughness, and also e) the thickness of the native oxide; are represented to illustrate their

impact on the shape of the XRR curve.

Appendix C: Transformation curve for the Temperature Time Transformation diagram

The kinetics of the amorphous-to-crystalline silicide transformation was analyzed in terms of the
classical theories of nucleation and growth [32—34]. Since large grains (larger than the APT sample size,
i.e., larger than 20nm) were found for the 8-Ni:Si phase [11], the amorphous-to-crystalline silicide
transformation was considered as a two-dimensional phase transformation process. In this case, the

volume fraction (f) of transformed 6-Ni=Si can be expressed by [32,33]:

f=1-exp(—c,851U?t%) Eq. Al

where § is the thickness of the amorphous silicide film, ¢, = ©/3, I the nucleation rate, U the growth
rate, and t the time. According to classical nucleation theory [32—34], the steady-state nucleation rate

for ©-Ni2Si nucleation can be written as:

2 Eq. A.2

= e (D oy () Sy (D (2

Where I, is the number of atoms in contact with nucleation sites per unit of volume, n is the number
of potential nucleation sites per unit volume, k the Boltzmann’s constant, T the temperature, and @, is

the activation energy for atomic migration required during nucleation. w is a characteristic frequency
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that should be in the order of the Debye frequency. The nucleation barrier, AG*(T), is given by the
expression AG*(T) = c,Ac3/AGE, where ¢, is a geometrical term [38]. Ao is the effective interfacial
energy change accompanying nucleation [38]. AGy, is the Gibbs free energy change per unit volume of

B-Ni2Si formed and can be approximated by [34]:

1L Eqg. A3
AGy = aa(T —Tn)
where T, is the melting point of the 8-Ni.Si phase, L is the latent heat of fusion, and Q is the atomic

volume.

The average growth rate (U) for 6-Ni2Si growing laterally into the amorphous silicide can be
approximated by [32,33]

_aywAg, exp( Qg) Eq. A4

where a, is the distance across the growing interface, Q, is the activation energy for atomic
migration required during incoherent growth. Ag, is the driving force for transformation per reacting atom

and can be approximated [32,33] as Ag, = AG,Q .

Combining Eq. Al - A4, we define the following function:

Agq\* AG*(T) + Q, + 2Q Eq. A5
f=1—exp (—c3 ( k%") exp <— o g) t3)

In first approximation, @,, can be considered equal to @, since they both correspond to an energy

for atoms to cross the amorphous/crystalline interface. Within these assumptions, Eq. A.5 becomes:

AG\? 003 /MG +3Q,) s Eq. A6
f=1—exp (—C4 (k_T) exp <— T t° ) =1—exp(—K(T)t>)
Where the term K(T) that depends only on temperature is given by:
AG,\? c,Ac®/AGE + 3Q, Eq. A7
(12 o218
Where the c, constant is expressed as:
2
€y = i 0?n3 a2 w? Eq. A8

3
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By setting f to a given value (for example, 1% that is the usual resolution limit for phase

detection), the time at a given temperature is expressed as:

t=(—In(1-f)/K(T)/3 Eq. A9

Appendix D: Nonlinear reactive diffusion

Fig. B.1 [43] schematically describes diffusion with or without a driving force gradient. This figure
represents the potential energy in a crystal lattice: this energy is periodic with the periodicity of the lattice,
the minima corresponding to the atomic positions of equilibrium and the maxima to the neck positions
that the atoms must cross to diffuse (Fig. B.1.a). The difference between these minima and maxima
corresponds to the diffusion activation energy (AG,,). Without a driving force gradient (= energy
gradient), all the minima are at the same energy but when a driving force gradient is applied, the energy
of the minima depends on the position (Fig. B.1.b).

Fig. B.1. Diffusion (a) without or (b) with driving force gradient (reproduction from [43])

In a material, the atoms vibrate with a frequency, v,, of the order of the Debye frequency around
their equilibrium position. The jump probability between an equilibrium position and the next position is

proportional to the neck energy according to the law of thermally activated phenomena:
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—AGm] Eqg. B.1

=S

With, k the Boltzmann constant, and T the temperature of the system.

The jump frequency I is then the product of this probability by the attack (vibration) frequency:

—AGm] Eqg. B.2

F=v0p=v0exp[ T

The net frequency between two adjacent atomic positions, I;,, is expressed by:
[,=T*—T" Eqg. B.3

where I't et I'™ represent the jump frequencies to positive and negative x-axis respectively.

In the absence of gradient, these two frequencies are equal, the net frequency is zero and there is

no net transport.
On the other hand, if a driving force gradient is present, the net frequency is expressed by:

—AG,, + AF /2 —AG,, — AF /2 AF
=rt_r-= —m IR —m TR inh |——
L,=r r Vo exp T ] Vo exp [ T ] 2T sinh [ZkT]

Eq. B.4

where, I, is the net transport frequency, I' the probability of finding a defect multiplied by the
jumping atoms frequency, 4 the jump distance, F the driving force. According to the limited development
and the values of the hyperbolic sine function the transport frequency can be simplified according to the
following relations.

x3 Eq. B.5
sinh[x] = x + — a

3!
When the driving force is small compared to A/kT (x very small), the term in x3 becomes negligible

and the net frequency is proportional to the driving force.

_ AF Eq.B.6

In this case (linear approximation), the net frequency therefore varies linearly with the driving force,

and we find the Nernst-Einstein equation considering that the diffusion coefficient is D = A%T.
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= Cv = CAL _CFAZF_CDF Eq. B.7
J=Cr= 0= =%
where, J is the diffusion flux, C the concentration of atoms, v the migration velocity. In the usual

case where the driving force is of chemical origin, we have:

du M Eq. B.8

F=—— =
dz L

where du/dz is the chemical potential gradient.

€D du Eq. B.9

[>T

In addition, the growth rate (dL/dt) depends on the molecular volume 2 and the diffusion flux

according to the following equation:

dL 1 Eq. B.10
Y=

Therefore, in the case of the linear approximation, the growth rate of the thin film can be

expressed as:
b _ D du D Aw_Kp Eq. B.11
dt  kgTdz kgT L L

Eq. B.11 corresponds to the classical law of growth controlled by diffusion.

In the general case, the flux and growth rate can be expressed as:

CD  [AF CD [ A Au Eq. B.12
] = CA[;I = ZTSll’lh I:m = ZTSlnh [WT
dL D [AF Eq. B.13
E = ZISll’lh I:m

. _ D [LA_# ar _ Sinh[@] Eq.B.14
B 2kT L1 dt— " L
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where, ag;, et by, are the nonlinear coefficients.

Eqg. B.14 can be called nonlinear reactive diffusion law. While the equations for nonlinear
diffusion (Eqg. B.12 to B.16) are well established [43], the application to phase growth by reactive

diffusion has not been previously established to our knowledge.

If the driving force gradient is large, the second term of the limited expansion of the hyperbolic
sine can no longer be neglected. Therefore, the net frequency (I;,) is related to the driving force (F) by

the following relation:

P +1(/1F )3 Eg. B.15
n 2kT ~ 6 \2kT

Therefore, the diffusion flux (J) can be expressed as:

2 FN3 Eq. B.16
(kT)

F
=cv=cri(—+=
J=cv <kT+24

If the driving force is equal to the chemical potential gradient, the diffusion flux (J) is:

Aul 22

]=Cv=CD(——+—<ﬁ =

A3 1 Eq. B.17
kTL = 24 )

From equation 4. B.10, the growth rate (dL/dt) s then expressed by:

dL.  (Aul  A° (Ay)3 1\ Kp by Eq. B.18
dt ~ ~\kTL 24\kT) 13) L ' I3
where, a,,; et b,; are the kinetics coefficients of the nonlinear coefficient.

From Eq. B.17, two limit cases can be defined depending on whether the chemical potential gradient
is high or relatively low. As the chemical potentials are fixed by the equilibria at the interfaces, Au is

constant and the chemical potential gradient only depends on the inverse of the phase thickness.

If the thickness (L) is large (low gradient), the term inversely proportional to the cube of the thickness

(Eq. B.17) becomes negligible and the growth rate can be expressed according to the following

relationship:
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dL_D Au1+/12(Au>31 Ml K Eq. B.19
dt ~ “\kTL 24\kT) 13)  “kTL L

We find again the classic equation of formation controlled by “linear” diffusion.

The integration of Eq. B.18 classically leads to a thickness proportional to the square root of time,

which corresponds to a parabolic growth:

K Ay Day
LdL = Kpdt > I? —[2 = 2t =D ——t = —2
D 07 2 2kT 2

oL w12 Eq. B.20

The nonlinear reactive diffusion therefore leads us to the same conclusion as the linear diffusion

when the thickness of silicide is important (parabolic growth).

If the thickness (L) is small (strong gradient), it is the term inversely proportional to the thickness

which becomes negligible in the equation Eq. B.17:

dL Apl 2% A1 2 A\ 1 by Eqg. B.21
- () 5) =22 ) 5=

dt ~ T\kTL " 24\kT/) I3 24\kT) I3~
Integrating the equation gives a thickness proportional to time at the fourth root :

b Eq. B.22
PdL = byde = 1* = 1§ = =t = L oc ¢1/* d

Eq. B.22 is only a rough approximation and should be used carefully since Eq. B.14 is the general
law. However, Eqg. B.22 provides an easy way to estimate if the nonlinear reactive diffusion law should

be used as detailed in the discussion.
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