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We report on the effect of Pt on the growth kinetics of d-Ni2Si and Ni1�xPtxSi thin films formed by

solid phase reaction of a Ni(Pt) alloyed thin film on Si(100). The study was performed by real-time

Rutherford backscattering spectrometry examining the silicide growth rates for initial Pt

concentrations of 0, 1, 3, 7, and 10 at. % relative to the Ni content. Pt was found to exert a drastic

effect on the growth kinetics of both phases. d-Ni2Si growth is slowed down tremendously, which

results in the simultaneous growth of this phase with Ni1�xPtxSi. Activation energies extracted for

the Ni1�xPtxSi growth process exhibit an increase from Ea¼ 1.35 6 0.06 eV for binary NiSi to

Ea¼ 2.7 6 0.2 eV for Ni1�xPtxSi with an initial Pt concentration of 3 at. %. Further increasing the

Pt content to 10 at. % merely increases the activation energy for Ni1�xPtxSi growth to

Ea¼ 3.1 6 0.5 eV. VC 2013 AIP Publishing LLC [http://dx.doi.org/10.1063/1.4802738]

I. INTRODUCTION

For decades, the importance of silicide contact layers in

CMOS-technology has triggered major interest in the growth

mechanisms and properties of silicide thin films.1 NiSi con-

tact films alloyed with Pt are currently applied due to Ni

being the dominant diffusing species, the outstanding electri-

cal properties, decreased silicon consumption and reduced

thermal budget compared to formerly applied disilicides.2

NiSi films are essentially grown by thermal annealing of a

thin Ni film on Si(100). This results in a sequential phase for-

mation, i.e., Ni ! d-Ni2Siþ h ! NiSi ! NiSi2, in which

NiSi2 is a high resistivity phase that nucleates at tempera-

tures above 800 �C.3–5 The growth of d-Ni2Si and NiSi, on

the other hand, is diffusion controlled with Ni as dominant

diffusing species.6–8

The addition of Pt to the initial Ni film prior to annealing

was shown to increase the thermal stability of the Ni1�xPtxSi

thin film against degradation processes, such as (i) thin film

agglomeration and (ii) the nucleation of high-resistive

NiSi2.9–11 Recent investigations in this field focus on

addressing the role of Pt in this stabilization effect. Earlier

work indicated that the erratic and complex redistribution

behavior of Pt during the silicide formation governs the

growth properties of the solid phase reaction, even for small

initial Pt concentrations.12 More specifically, Pt appears

highly concentrated in the NiSi layer in the early growth

stages, affecting the texture selection. As a consequence, the

Ni1�xPtxSi films exhibit a reduction of those axiotaxial tex-

ture components, which are more prone to agglomeration.13

On the other hand, the insolubility of Pt in NiSi2 compared

to its solubility in Ni1�xPtxSi shifts the NiSi2 nucleation

towards elevated temperatures. Besides thermodynamical

considerations, it has been shown that Pt has a large influ-

ence on the growth kinetics as well.14 Alloying Ni with

Pt influences the d-Ni2Si growth properties by forming a

diffusion barrier15 and decorating the d-Ni2Si grain

boundaries, which constitute the dominant Ni diffusion

paths.16 Moreover, since Pt appears highly concentrated at

the reaction interface during the early stages of NiSi growth,

Pt can have a large effect on the Ni1�xPtxSi growth kinetics

as well. Therefore, in this paper, we report on the influence

of Pt addition on the growth properties of both d-Ni2Si

and NiSi.

II. EXPERIMENTAL DETAILS

A. Sample preparation and data acquisition

Several Ni(Pt)/hSii alloy thin films containing a Pt con-

centration of 0, 1, 3, 7 and 10 at. % were prepared by simul-

taneous sputter-deposition of Ni and Pt in Ar plasma on

Si(100) substrates. All substrates were chemically cleaned

(RCA) and dipped into a 2% HF solution prior to deposition.

The total metal alloy thickness is fixed at 75 nm. The refer-

ence sample without Pt is slightly thicker (85 nm) and is

capped with 3 nm of Si to prevent oxidation. Real-time

Rutherford backscattering spectrometry (RBS) was applied

to study the solid-phase reaction, i.e., acquiring RBS spectra

at periodic time intervals in situ during the thermal treatment

of the sample. The real-time RBS experiments (and thus the

annealing) were executed in vacuum better than 10�7 mbar

while ramp-annealing the sample(s) in 2 stages. A fast ramp

rate at 20 �C/min to 240 �C was used to reduce the measuring

time, whereas the solid-phase reaction was captured at a

slower ramp rate of 2 �C/min from 240 �C until the comple-

tion of the Ni1�xPtxSi growth. During annealing, RBS dataa)e-mail: Jelle.Demeulemeester@fys.kuleuven.be
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were acquired with a 2 MeV He-beam of 50–75 nA at a

backscattering angle of 165�. The sample normal was tilted

at an angle of 35� with respect to the incident beam, to

enhance depth resolution. Every 2 min, an RBS spectrum

was assembled, which results in a temperature resolution of

4 �C during the solid-phase reaction.

RBS is a powerful and well established technique in thin

film research. It is fully quantitative in composition analysis

and resolves depth information with a sensitivity of a few

nanometers. Moreover, the quadratic increase in sensitivity

to heavy target elements renders RBS extremely suitable to

investigate the involvement of small quantities of Pt in the

Ni silicide solid-phase reaction. Performing RBS in situ in

real time thus allows to accurately probe the full atomic dif-

fusion process, whereas the depth sensitivity enables to

probe the thickness evolution of the growing and shrinking

phases as a function of the annealing. Hence, real-time RBS

is in principle well suited for dedicated kinetic studies.

However, real-time RBS is not conventionally used to disen-

tangle the growth kinetics since it requires a time-consuming

analysis of a vast amount of RBS spectra (i.e., typically

several hundreds per real-time RBS experiment). More con-

ventional techniques such as real-time sheet resistance or

real-time XRD provide a much less time-consuming way of

extracting the kinetics parameters for simple thin film growth

mechanisms. On the other hand, these methods — in contrast

to real-time RBS — rely on an indirect relation with the

grown thickness and lack the elemental and depth sensitivity

of RBS. This could render the kinetic analysis ambiguous or

even virtually impossible to interpret since other effects have

to be taken into account. To investigate the growth kinetics

in complex growth mechanisms, e.g., ternary systems such

as Ni(Pt) silicide growth, one thus benefits of having access

to the direct thickness versus annealing temperature or

annealing duration, readily available via real-time RBS, to

yield a reliable analysis.

Recently, groundbreaking progress has been achieved in

real-time RBS by applying artificial neural networks (ANNs)

to the data analysis.17 This approach is based on pattern

recognition and allows one to automatically link acquired

RBS spectra to the quantitative information of interest, e.g.,

thickness of the growing or shrinking phases, stoichiometry,

roughness, etc.18 With this approach, huge RBS data sets can

be analyzed quasi instantaneously, without deteriorating the

quantitative accuracy. Once a network is trained to analyze

RBS data on a specific type of system, the amount of spectra

that can be analyzed is virtually unlimited, which makes

real-time RBS much more appealing to apply in dedicated

systematic investigations such as kinetic studies. Therefore,

all RBS data were analyzed by an artificial neural network.

The ANN results were visually checked by overlaying the

NDF-simulation of the ANN output and the real data in an

automated way.19

III. RESULTS

Real-time RBS data sets are conveniently displayed as

contour plots. The real-time RBS contour plot of the pure Ni

reference sample is shown in Fig. 1. Each horizontal slice in

such a contour plot corresponds to a single RBS measure-

ment captured at the temperature indicated at the y-axis. The

x-axis represents the backscattering energy, whereas a color

scale is used to represent the backscattering yield (z-axis). In

Fig. 1, two main regions in backscattering energy, associated

with the elemental distribution of Si and Ni, can be distin-

guished and are represented with an arrow. For each element,

the highest backscattering energy (i.e., at the tail point of the

arrow) corresponds to He-scattering from that specific ele-

ment located at the sample surface. Lower backscattering

energies correspond to scattering from atoms located deeper

in the sample. Hence, the arrows directly represent a depth

scale for Si and Ni.

A transition of one phase to the next phase is visualized

by a transition in color (backscattering yield) and bending

contour lines. Those contour lines that separate the two color

regions depict the position of the interface between the grow-

ing and the shrinking phase as a function of temperature. As

such, the curvature of the contours is a measure for the

growth rate. Two such phase transitions are seen in Fig. 1.

The bending contour lines between 250 �C and 330 �C, both

in the Si and the Ni signal, represent the growth of d-Ni2Si at

the expense of Ni. The subsequent bending in contours

between 330 �C and 390 �C is related to the transition of the

fully grown d-Ni2Si layer to NiSi. Our results thus confirm

the generally accepted Ni silicide formation sequence.3 The

transient crystalline transition from d-Ni2Si to h is however

not observed due to the similarity in stoichiometry of these

phases and the fact that this transition requires merely local

atomic rearrangement.5

The real-time RBS measurements on the alloyed films

with Pt concentrations of 1, 3, 7, and 10 at. % are shown in

Fig. 2. The Si and Ni signal in these contour plots show the

same phase transitions as in the reference sample, i.e.,

Ni! d-Ni2Si and d-Ni2Si!NiSi. However, the systematic

change in shape, curvature, and temperature window of these

contours as a function of initial Pt concentration indicates

that Pt has a large and systematic influence on the silicide

growth kinetics, both for the Ni-rich silicide and for the

FIG. 1. Real-time RBS measurement on a 85 nm thin Ni film deposited on

Si(100) and capped with 3 nm Si, performed during a ramped annealing at

2 �C/min. The elemental depth scales for Si, Ni, and Pt are added for the

sake of clarity.
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monosilicide growth. Additionally, these contour plots con-

tain a third region at higher backscattering energies repre-

senting the Pt depth profile. It is clear from the complex Pt

contour shapes that Pt redistributes in an erratic way during

silicide formation. Pt is expelled towards the surface during

d-Ni2Si formation, whereas Pt subsequently appears highly

concentrated at the Si interface when the monosilicide starts

to grow. This phenomenon can be assigned to the low solu-

bility of Pt in d-Ni2Si compared to NiSi, and the high mobil-

ity of Pt in d-Ni2Si compared to pure Ni.12 More detailed

information on the established Pt redistribution profile during

Ni(Pt) silicide formation can be found in Ref. 14.

In the following subsections, we will discuss the effect

of Pt on the d-Ni2Si growth and on the Ni1�xPtxSi growth

kinetics for which activation energies have been extracted as

a function of the initial Pt concentration. These results are

discussed and compared with literature in Sec. IV.

A. d-Ni2Si growth

In all of these real-time RBS measurements, d-Ni2Si is

the first silicide phase observed to grow, irrespective of the

Pt content, at least for Pt concentrations up to 10 at. %. It has

been established in recent studies that this d-Ni2Si growth

triggers a redistribution of the initially homogeneously dis-

tributed Pt.20 Pt has a very limited solubility in the d-Ni2Si

lattice and gets expelled at the Ni/d-Ni2Si interface as Ni

atoms diffuse out of the as-deposited mixture to form

d-Ni2Si. As such, a Pt-rich diffusion barrier for Ni gains

thickness — and thus effectiveness — during the d-Ni2Si

growth in a mechanism referred to as the snowplow effect.15

Moreover, it has been observed by atom probe tomography

that the majority of Pt embedded in the d-Ni2Si layer deco-

rates the d-Ni2Si grain boundaries.16 These grain boundaries

comprise the dominating diffusion paths for Ni during d-Ni2Si

growth.21 An apparent small Pt content in the growing

d-Ni2Si could thus have a fairly sizable effect on the d-Ni2Si

growth kinetics, additionally to the effect of the growing

Pt-rich diffusion barrier.

The effect of Pt on the d-Ni2Si growth kinetics is clearly

observed in the real-time RBS measurements (Figs. 1 and 2).

The shape and curvature of the contours characterizing the

d-Ni2Si growth evidence a deceleration in d-Ni2Si growth

kinetics, which is far more pronounced for increasing Pt

FIG. 2. Real-time RBS measurement on a 75 nm thin Ni film alloyed with 1, 3, 7, and 10 at. % Pt on Si(100), performed during a ramped annealing at 2 �C/min.
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concentrations. The slowed down d-Ni2Si growth kinetics

result obviously in a shift of the temperature at which the Ni

is completely consumed to higher temperatures for increas-

ing Pt concentrations, whereas the onset temperature of

d-Ni2Si growth remains the same for each Pt concentration.

These values for the Ni consumption temperature are listed

in Table I as a function of initial Pt concentration to give a

quantitative estimate of the effect of Pt on the d-Ni2Si

growth kinetics. Incorporating 10 at. % Pt in the Ni film thus

delays the Ni consumption temperature from 334 �C to

408 �C when applying a slow ramp rate of 2 �C/min as a ther-

mal treatment. It should be pointed out that the pure Ni sam-

ple has a slightly thicker Ni layer. A Ni film of the same

thickness as the alloyed films would thus have completed

d-Ni2Si growth at a temperature lower than 334 �C.

Recently, it has been shown that for an initial Pt concen-

tration of 7 at. %, once a d-Ni2Si film of a certain thickness

has grown, these Pt-induced slower growth kinetics result in

the simultaneous growth of d-Ni2Si and monosilicide in the

presence of an undepleted Ni reservoir.14 In thin film binary

diffusion couples, simultaneous growth of two phases is nor-

mally not observed unless the growing phase has exceeded a

critical thickness before depletion of the metal reservoir.22 In

binary Ni/hSii thin film diffusion couples in particular, the d-

Ni2Si critical thickness is so large that in practice it will not

be reached. Annealing a thin Ni film on a Si substrate thus

results in a sequential phase growth as observed in this real-

time RBS measurement (Fig. 1). However, restricting the

supply of one of the diffusing species can lower the critical

thickness sufficiently to allow simultaneous growth, even in

a thin film solid phase reaction.23 In this study, we have

observed the simultaneous growth of d-Ni2Si and NiSi for

initial Pt concentrations as low as 1 at. %. This further indi-

cates that the presence of Pt at the d-Ni2Si grain boundaries

and Ni/d-Ni2Si interface could be a huge impediment to Ni

diffusion.

Because of the many simultaneously ongoing processes

(e.g., growth of d-Ni2Si, expulsion of Pt during d-Ni2Si

growth, and growth of Ni1�xPtxSi), it is virtually impossible

to unambiguously obtain or interpret extracted activation

energies. Therefore, activation energies for the growth of

d-Ni2Si were omitted for this paper.

B. Monosilicide growth

The monosilicide phase is denoted as Ni1�xPtxSi since

the Pt concentration varies as a function of depth throughout

the solid-phase reaction. For each of the Pt concentrations,

the Ni1�xPtxSi layer was observed to grow in two stages, in

agreement with the growth model suggested in Ref. 14 as

described below. First, a thin Pt-rich monosilicide seed layer

grows simultaneously with d-Ni2Si before the depletion of

the Ni reservoir (as mentioned above). Once the Ni reservoir

is depleted Ni1�xPtx, Si commences to grow at two fronts. (i)

d-Ni2Si dissolves as d-Ni2Si ! NiSiþNi at the d-Ni2Si/

Ni1�xPtxSi interface. The freshly formed monosilicide can

directly incorporate the small amounts of Pt that were pres-

ent in the d-Ni2Si and thus form Ni1�xPtxSi with a moderate

Pt concentration on top of the Pt-rich monosilicide seed

layer. (ii) At the same time, Ni released from the d-Ni2Si dis-

sociation diffuses to the Si interface to form monosilicide at

the Si interface. Due to limited diffusion of Pt in Ni1�xPtxSi,

this interface layer contains an extremely low Pt concentra-

tion. The growing Ni1�xPtxSi layer thus contains 3 regions

with a different Pt concentration: (1) a region with a very

low Pt concentration at the Si interface, (2) a Pt-rich region

originating from the seed layer in the middle, and (3) a

Ni1�xPtxSi region with a moderate concentration above the

Pt-rich region. However, we want to emphasize that these

three monosilicide regions cannot be seen as physically sepa-

rated layers. They comprise a single Ni1�xPtxSi layer with

three distinct regions in Pt concentration.

Full quantitative analysis of the RBS spectra however

requires to include three Ni1�xPtxSi layers with variable Pt

concentration in the simulation to enable fitting of the spec-

tra. Such an analysis of a full real-time RBS measurement

(the 7 at. % Pt sample ramped at 2 �C/min was taken as an

example) by artificial neural networks is displayed in Fig. 3.

At lower temperatures, the ANN analysis reveals the thick-

ness as a function of temperature, for the shrinking Ni and

the growing d-Ni2Si layer, respectively. At 350 �C, the

monosilicide seed layer (Ni1�xPtxSi (2) in Fig. 3) starts to

TABLE I. Overview of numbers that characterize the silicide growth as a

function of Pt concentration. The temperature at which the Ni is fully con-

sumed and the Ni1�xPtxSi phase is formed completely are shown in column

TNi and TNiSi, respectively. The last column lists the activation energies for

the Ni1�xPtxSi growth, for which the activation energies obtained at a slower

ramp rate of 1 �C/min are indicated with an asterisk.

TNi (�C) TNiSi (�C) Ea (eV)

0 at. % Pt 334 400 1.34 6 0.06

1 at. % Pt 344 400 1.6 6 0.5
*1.8 6 0.1

3 at. % Pt 373 412 2.9 6 0.4
*2.7 6 0.2

7 at. % Pt 392 423 2.9 6 0.5

10 at. % Pt 408 428 3.1 6 0.5

FIG. 3. Artificial neural network analysis of the real-time RBS measurement

on the 7 at. % Pt alloy, performed at a ramp rate of 2 �C/min. The thickness

of the Ni (squares), d-Ni2Si (circles), and three Ni1�xPtxSi regions (triangles,

diamonds, and reversed triangles) are displayed as a function of annealing

temperature.
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grow simultaneously with d-Ni2Si. Once the Ni reservoir is

depleted at 392 �C, the much faster formation of Ni1�xPtxSi

at two fronts commences. The Ni1�xPtxSi region moderate in

Pt concentration (Ni1�xPtxSi (1) in Fig. 3) grows clearly at

an equal pace as the Pt deficient Ni1�xPtxSi region

(Ni1�xPtxSi (3) in Fig. 3) at the Si interface, as one would

expect from the suggested growth model. The ANN results

on the thickness of those three Ni1�xPtxSi regions were

summed up to the total Ni1�xPtxSi thickness to perform the

kinetics studies. An overview of the total Ni1�xPtxSi thick-

ness evolution during the 2 �C/min ramped annealings is dis-

played in Fig. 4 for all studied Pt concentrations. The

temperatures at which the Ni1�xPtxSi growth is completed

are listed in Table I.

Figure 4 shows how the onset of this bulk Ni1�xPtxSi

growth is delayed towards higher temperatures as a function

of Pt concentration. This is most probably a direct conse-

quence of the decelerated d-Ni2Si growth for increasing Pt

concentrations. The temperatures of the depletion of the Ni

reservoir listed in Table I can be taken as onset temperatures

for the bulk of the Ni1�xPtxSi growth. Since there is a large

scattering on the formation temperatures of this phase, it is

no longer evident to study the effect of Pt on the Ni1�xPtxSi

growth kinetics by comparing the growth rates. To under-

stand how Pt addition influences the Ni1�xPtxSi growth

kinetics, it is essential to extract the apparent activation ener-

gies as a function of the initial Pt concentration.

1. Extraction of activation energies Ea

Binary NiSi thin film growth is classified in literature as

diffusion controlled growth. In a diffusion controlled growth

mechanism, the square of the thickness is proportional to

time L2 ’ Dt when an isothermal annealing is applied, with

D the diffusion coefficient. When dealing with diffusion con-

trolled growth — also known as parabolic growth — activa-

tion energies (Ea) characterizing the growth kinetics are

often assessed via ramped annealings and subsequent

Kissinger analysis, or via isothermal annealings and the con-

struction of an Arrhenius plot.24 Both approaches are not re-

stricted to a single technique and merely require the

measurement of a quantity related to the thickness of the

growing film, such as done in real-time x-ray diffraction25 or

real-time sheet resistance measurements.26

However, the direct thickness information readily avail-

able from the ANN analysis of a single real-time RBS mea-

surement enables one to extract the activation energy by

fitting the following equation to a plot of the squared thick-

ness versus temperature:27

x2 ¼ x2
0 þ 2

pn

pn� mq

ðmþ nÞ2

mn

jDHR
NiSij

kB

D0

u

ðT

T0

exp �Ea

kB

� �

T
dT:

(1)

This formula, describing the growth process during a

ramped annealing at ramp rate u, is directly derived from the

Nernst-Einstein relation for diffusion driven by a chemical

potential.28 D0 is defined as the pre-exponential factor, Ea is

the activation energy, kB is Boltzmann’s constant, DHR
NiSi is

the reaction enthalpy, and p, n, m, and q depend on the stoichi-

ometry of the reaction via mApBq þ ðpn� mqÞB! pAmBn.

In principle, a non-linear least square fitting of Eq. (1)

through the data is sufficient to obtain a good initial estimate

of D0 and Ea. However, the fitting algorithm can easily get

trapped in local minima while moving Ea and D0 through pa-

rameter space, which results in a seemingly good fit but incor-

rect values for the activation energy and pre-exponential

coefficient. Therefore, the sum of the squared errors between

the data and the fitting function (a figure of merit for the good-
ness of the fit) should be calculated as a function of the two

parameters, Ea and D0. The goodness of these fits, displayed

as a contour plot in a grid of Ea and D0, allows to determine

the global minimum and thus the correct kinetic parameters.

Such a contour plot obtained during the grid-search fitting of

the NiSi growth in the binary diffusion couple is shown in

Fig. 5. The grid-plot clearly reveals the presence of various

local minima that could yield a seemingly good fit. An over-

view of the grid-search fits through the data acquired during

the 2 �C/min ramps is shown in Fig. 6.

Note that the kinetic parameters obtained are only valid

for the Ni1�xPtxSi growth once the Ni reservoir has been

depleted. Preceding data points of the Ni1�xPtxSi thickness

were not included in the fit. In this examined regime, only

single phase growth is observed in contrast to the earlier

stages where the Ni1�xPtxSi seed layer and the Ni-rich sili-

cide phase are growing simultaneously. For all samples, it

has been confirmed that the growth process is parabolic—

and that Eq. (1) can be applied to extract the activation

energy—by performing real-time RBS during an isothermal

annealing an plotting the squared thickness as a function of

annealing time (not shown).

2. Ni12x Ptx Si growth kinetics

The activation energies obtained are plotted in Fig. 7

along with the statistical error bars and are listed in Table I

FIG. 4. Overview of the thickness evolution of the total Ni1�xPtxSi layer

during 2 �C/min ramped real-time RBS measurements of Ni(Pt) alloy thin

films on Si(100) containing 0 (squares), 1 (circles), 3 (triangles), 7 (reversed

triangles), and 10 (diamonds) at. % Pt.

163504-5 Demeulemeester et al. J. Appl. Phys. 113, 163504 (2013)



as a function of initial Pt concentration. To extract the activa-

tion energies, all samples were subjected to an identical

2 �C/min ramp (circles in Fig. 7), while an additional slower

ramp at 1 �C/min was performed for the samples containing 1

and 3 at. % Pt (squares in Fig. 7). The variation in height of

the error bars mainly arises from the different number of rele-

vant data points available on the ramp for fitting. As such, the

activation energies obtained for lower Pt concentrations or the

1 �C/min ramps in which Ni1�xPtxSi growth proceeds slower

are more precise. The slower ramps confirm and further refine

the results obtained from the 2 �C/min ramps.

Figure 7 illustrates that the activation energies for

Ni1�xPtxSi growth clearly increase as a function of Pt con-

centrations between 0 and 3 at. %. Even a small Pt content of

merely 1 at. % already induces an increase in activation

energy from 1.34 eV to 1.8 eV, whereas including 3 at. % Pt

raises the activation energy to a quite large value of 2.7 eV.

Further increasing the Pt content to 7 or 10 at. % Pt does not

result in a remarkable increase of Ea compared to 3 at. % Pt.

Activation energies of 2.9 eV and 3.1 eV characterizing the

Ni1�xPtxSi growth were determined for the 7 and 10 at. %

samples, respectively.

IV. DISCUSSION

We have shown that fairly low Pt concentrations of 1 to

10 at. % exert a large effect on the d-Ni2Si growth kinetics.

The d-Ni2Si growth is slowed down increasingly for larger Pt

concentrations. It is suggested that this growth deceleration is

achieved by the complex redistribution of Pt during d-Ni2Si

formation, in which Pt appears highly concentrated in the Ni

diffusion paths. (i) Pt is expelled and forms a diffusion barrier

between the Ni supply and the growing d-Ni2Si phase15 and

(ii) Pt blocks the Ni diffusion paths in the d-Ni2Si grain boun-

daries (for which Ni diffusion has the largest diffusion coeffi-

cient in the pure Ni/Si systems).16 The Pt-induced

deceleration in d-Ni2Si growth in turn influences the subse-

quent Ni1�xPtxSi growth. First, Ni1�xPtxSi and d-Ni2Si are

observed to grow simultaneously, which is most probably

invoked by the hindered/limited Ni diffusion. Hence, a thin

Ni1�xPtxSi seed layer is able to grow before the Ni reservoir

is depleted, and the fast Ni1�xPtxSi single phase growth kicks

in. Second, the slower d-Ni2Si growth shifts the point at which

the Ni reservoir is depleted toward much higher temperatures.

As a consequence, the onset temperature of the Ni1�xPtxSi

single phase growth (which coincides with the temperature at

which Ni is depleted) is delayed toward elevated temperatures

for larger Pt concentrations.

It has been argued in literature that the more stable

texture of Ni1�xPtxSi arises from a slight Pt-induced increase

in lattice parameter, which steers the texture selection.13 PtSi

and NiSi share the same orthorhombic PnM prototype crystal

structure, though with a larger lattice parameter for PtSi.29

This renders Pt soluble in the NiSi phase and allows Pt to

occupy Ni lattice sites to form the Ni1�xPtxSi phase with a

slightly expanded lattice. Moreover, the fact that Pt appears

highly concentrated in the NiSi seed layer during the initial

stages of monosilicide growth further strengthens this idea.12

On the other hand, recent findings by Mangelinck et al.30 show

FIG. 5. Variance between the data on the growth of NiSi and the kinetic fits

(using Eq. (1)) while moving Ea and D0 through parameter space in a grid

search. The data on the growth of the NiSi layer are extracted from real-time

RBS during a ramped annealing at 2 �C/min of the Niþ 0 at. % Pt thin film

on Si(100).

FIG. 6. Overview of the kinetic fits (using Eq. (1)), depicted by the red

curves, to extract the activation energies for the Ni1�xPtxSi growth. The data

on the growth of the Ni1�xPtxSi layer (data points) were obtained from real-

time RBS during a ramped annealing at 2 �C/min.

FIG. 7. Activation energies for Ni1�xPtxSi growth as a function of Pt

concentration. The activation energies are extracted from annealing at a

ramp rate of 2 �C/min (circles) or 1 �C/min (squares).
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that the Pt content in the NiSi seed layer is prominently located

at NiSi grain boundaries during the first stages. This could

diminishes the argument that the reduced axiotaxial texture is a

direct result of a Pt induced lattice expansion. Our results indi-

cate that kinetic considerations should be taken into account as

well. First, the slower d-Ni2Si growth kinetics imply that the

bulk of the Ni1�xPtxSi growth starts at elevated temperatures

(delayed by at least 74 �C) where lattice diffusion gains impor-

tance over the grain boundary diffusion in NiSi. Since lattice

diffusion is highly anisotropic in NiSi, altered kinetics as such

can promote the growth of different texture components at

higher temperatures. Second, thin film agglomeration requires

diffusion to reshape the grain envelope. This might require ele-

vated temperatures due to reduced kinetics of Ni in Ni1�xPtxSi.

Additionally, Pt diffusion in the Ni1�xPtxSi phase requires

largely elevated temperatures as well. This is clearly reflected

in the inhomogeneous Pt profile in the Ni1�xPtxSi phase, which

barely changes after 30 min of annealing at 600 �C.14 This indi-

cates that higher temperatures will be required to generate

enough atomic mobility to initiate the agglomeration. Such an

interplay between slower growth kinetics and an increased

morphological stability was also found for NiSi in the presence

of W, Ti, and Ta alloying elements.31

Furthermore, texture or interface energy is not the only

parameter that influences the film stability against agglomera-

tion upon high temperature annealing. The fact that the major-

ity of the Pt is located in between the initial NiSi grains

indicates that the addition of Pt can limit the lateral growth of

the monosilicide grains. From a theoretical point of view,

reducing the grain size/film thickness ratio is expected to

induce a large decrease in the critical thickness above which

no agglomeration can occur.32 As such, a Pt induced reduction

in Ni1�xPtxSi grain size could indeed yield agglomeration re-

sistant Ni1�xPtxSi films down to a certain critical film thick-

ness, lower than in the case of a pure Ni=hSii system.

Activation energies for the Ni1�xPtxSi growth kinetics

have not been reported yet. However, we can compare our

findings on the growth kinetics for pure NiSi to literature val-

ues. These reported activation energies vary between

1.2 – 1.8 eV.3,33–35 Our extracted activation energy for NiSi

growth (Ea¼ 1.35 6 0.06 eV) thus agrees well with the lower

range of activation energies. Colgan and d’Heurle however

remarked that the apparent activation energy determined

with the Kissinger method is usually larger than the values

obtained from isothermal data and an Arrhenius plot.36 They

argued that the initial linear growth of the thin film is filtered

out in isothermal annealing and not in the Kissinger method,

which relies on ramped annealings. In that respect, it is thus

obvious that Ea values obtained via our method, where the

direct thickness information is used and the first data points

are excluded from the fitting, result in lower apparent activa-

tion energies compared to values obtained from Kissinger

analysis. Moreover, our results are in agreement with iso-

thermal data, i.e., 1.23 eV.34

The observed trend of an increase in activation energies

for larger Pt concentrations up to 3 at % is clearly visible.

The activation energy for Ni1�xPtxSi growth is increased

from Ea¼ 1.35 6 0.06 eV to Ea¼ 2.7 6 0.2 eV for 3 at. % Pt,

which is a rather large increase of 1.35 eV. This increase can

be related to many factors, such as (i) a change in the relative

importance of grain boundary diffusion over lattice diffusion

or (ii) a change in activation energies for both individual dif-

fusion mechanism.

With respect to the diffusion mechanism, delaying a solid

phase reaction to higher temperatures (which is the case) can

alter the diffusion mechanism by enhancing the role of lattice

diffusion, over grain boundary diffusion. Lattice diffusion is

usually characterized by a larger activation energy, leading to

a larger overall activation energy for the combined diffusion

mechanism. Additionally, there is an indication that the high

Pt content in the initial monosilicide seed layer limits the lat-

eral grain growth, and thus reduces the size of the Ni1�xPtxSi

grains.30 Increasing the initial Pt concentration could thus alter

the relative densities of the grain boundary and lattice diffu-

sion paths in the monosilicide. However, from this type of

experiments, it is impossible to decouple lattice diffusion

from grain boundary diffusion in order to study the influence

of Pt on either mechanism.

On the other hand, Pt could also influence the individual

activation energies for Ni diffusion in the lattice or grain

boundaries. Pt might affect the activation energy by hamper-

ing the Ni diffusion from the shrinking Pt-containing d-Ni2Si

layer. Ciccariello et al. for instance showed that the Ni grain

boundary and lattice self-diffusion in d-Ni2Si play a major

role in the growth of the monosilicide.37 Since Pt resides

mainly at the d-Ni2Si grain boundaries, Pt can influence the

Ni supply to the growing monosilicide and increase the acti-

vation energy for Ni diffusion. Moreover, Pt at the

Ni1�xPtxSi grain boundaries, or in the Ni1�xPtxSi phase

itself, might obstruct the Ni grain boundary diffusion or lat-

tice diffusion respectively, causing an extra increase in acti-

vation energy. Hence the increase in activation energy for

monosilicide growth most probably originates from a com-

plex interplay between several Pt-induced effects.

Further increasing the initial Pt content from 3 at. % to 7

or 10 at. % Pt merely results in a larger activation energy, tak-

ing the error bars into account. This suggests that for initial Pt

concentrations above 3 at. %, saturation effects are involved.

Detailed analysis of the individual RBS spectra reveals that

the amount of Pt that gets expelled during the d-Ni2Si growth

is much larger for higher initial Pt concentrations. Once the Ni

has diffused completely through this diffusion barrier and the

fast Ni1�xPtxSi single phase growth can actually start, the

expelled Pt is located at the surface. It is thus suggested that

the expelled Pt cannot effectively influence the diffusion proc-

esses at the reaction interface. Thus, increasing the initial Pt

concentration above 3 at. % does not result in a remarkable

increase of the Pt content effectively present at the reaction

interface. The diffusion process and consequently the activa-

tion energy thus remain basically unaffected. It does, how-

ever, still delay the onset temperature of the Ni1�xPtxSi single

phase growth slightly by increasingly slowing down the d-

Ni2Si growth for higher initial Pt concentrations.

V. CONCLUSIONS

Real-time RBS in combination with artificial neural net-

work analysis was successfully applied to disentangle the
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growth kinetics during the complex growth of Ni(Pt) silicides.

We showed that activation energies can be extracted from a

single ramped real-time RBS measurement. Small additions

of Pt clearly have a huge effect on the d-Ni2Si growth

kinetics. Simultaneous growth of Ni1�xPtxSi and d-Ni2Si is

observed because of the limited Ni diffusion — even for ini-

tial Pt concentrations as low as 1 at. %. Additionally, the tem-

perature of Ni depletion is shifted towards elevated

temperatures for larger Pt concentrations because of the

slower d-Ni2Si growth kinetics. This consequently delays

Ni1�xPtxSi growth to higher temperatures as well.

The activation energies for the Ni1�xPtxSi growth were

observed to increase from Ea¼ 1.35 6 0.06 eV for pure NiSi

to Ea¼ 2.7 6 0.2 eV for 3 at. % Pt. A possible explanation

for the large increase in activation energy is that Ni diffusion

is hampered by Pt residing along the diffusion paths.

Alternatively, the delay towards elevated temperatures could

increase the contribution of lattice diffusion in the monosili-

cide, which is usually characterized by a larger activation

energy than that of grain boundary diffusion. Above 3 at. %

Pt, the increase in activation energy stalls and reaches

Ea¼ 3.1 6 0.5 eV for 10 at. % Pt. The saturation effect is

attributed to the fact that initial Pt concentrations above 3 at.

% do not result in a remarkable increase of the Pt content

that effectively takes part of the Ni1�xPtxSi formation.
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