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First stages of the formation of Ni silicide by atom probe tomography
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Atom probe tomography assisted by femtosecond laser pulses has been performed on a Ni(Pt) film
on (100)Si. Two phases with different compositions were found to form during deposition at room
temperature: a NiSi layer with a relatively constant thickness of approximately 2 nm and a particle
of Ni,Si. The shape of the Ni,Si particle is in accordance with nucleation followed by lateral growth
formation. This confirms the growth model deduced from calorimetric measurement of silicides and
intermetallics and from atom probe tomography studies of the Al/Co system. A nonuniform

redistribution of Pt was also observed. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2370501]

The study of thin film reactions has been mainly devel-
oped around silicides due to their application as contacts in
microelectronic devices. The reactions in thin films' are
characterized by a sequential growth, the lack of some equi-
librium phases, and sometimes the growth of metastable
phases while the simultaneous parabolic growth of all the
equilibrium phases is usually observed in bulk interdiffusion
couples. Recently, even more complex behavior’ with the
formation of “transient phases” (phases that ap];ear and dis-
appear very rapidly) has been found. Nucleation” plays also a
crucial role in the formation of some phases (in particular,
the silicon rich silicide: NiSi,, TiSi,, etc.). The addition of
alloying elements can influence the nucleation of silicides.
For example, the addition of 5% Pt to a Ni film increases the
temperature of formation of NiSi, by approximately
150 °C.*

For the formation of the first phases it may be argued
that nucleation should not be limiting because the driving
force should be very large. However, several studies indicate
that nucleation is an important and limiting step during the
formation of intermetallics. In particular, scanning calorim-
etry experiments of different systems (Ni/Si, Al/TL®
Al/ Co,7 etc.) have shown that the formation of a unique
phase is characterized by two exothermic peaks: the first one
corresponds to nucleation and lateral growth, which contin-
ues until a continuous layer is formed, while the second one
is linked to the thickening of the phase.

Advanced characterization methods with very high spa-
tial resolution are required to analyze the reaction at the
nanoscale. Atom probe tomography (APT) has been applied
in the analysis of precipitation” or thin film formation® of
nanometric phases. Indeed, atom probe tomoglraphy10 has
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unique capabilities to characterize internal interfaces and
layer chemistry with subnanometer scale resolution in three
dimensions. APT has long been limited to materials with
good electrical conductivity because fast high voltage pulses
were required for field evaporation. However, it has recently
been shown that the use of ultrafast laser pulses (<1 ps)
enables to analyze specimens with poor conductivity.” These
innovations in instrumental technology and sample prepara-
tion have allowed the characterization of the dopant redistri-
bution in Si'? and metallic multilayers on Si substrate.'? Very
recently, Thompson et al. ' have reported the observation of
the NiSi and Ni,Si phases after heat treatment at 350 °C for
10 min.

In this letter, we report atom probe observations of the
early stages of silicide formation. We produce a direct obser-
vation of the nucleation and lateral growth of Ni,Si at the
interface between a phase with a composition close to NiSi
and the Ni layer at room temperature.

80 nm thick films of polycrystalline Ni containing
5 at. % Pt were deposited at room temperature by cosputter-
ing of Ni and Pt targets on (100)Si p-doped (resistivity of
0.01 Q cm) substrates. The Ni(Pt) films were deposited si-
multaneously on (i) blanket substrates for characterization by
x-ray diffraction (XRD) and x-ray reflectivity (XRR) and on
(ii) high aspect ratio flattopped (100) silicon posts for the
atom probe tomography analyzis. In the APT technique, a tip
is evaporated atomic layer by atomic layer and analyzed by
time-of-flight mass spectrometry, allowing a small volume of
material (typically 15X 15X 100 nm?) to be reconstructed in
the three dimensions of space, atom by atom on a nearly
atomic scale.'® For this study, the region of interest was
transformed"” into a tip with a 30 keV Ga* focused ion beam
system. XRD and XRR were performed using the Bragg-
Brentano geometry and a Cu K« source. The atom probe

© 2006 American Institute of Physics

Downloaded 06 Nov 2006 to 195.221.220.3. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.2370501
http://dx.doi.org/10.1063/1.2370501

181905-2 Hoummada et al.

analysis direction

Volume : 18 x 18 x 39 nm

FIG. 1. (Color online) 3D images an obtained from the laser assisted TAP
analysis of a Ni-5%Pt film on (100)Si without heat treatment for (a) Ni, (b)
Si, and (c) Pt with schematic of sampling boxes A (volume of 1X1
X 8nm) and B (volume of 1 X 1 X 8nm).

tomography characterization was performed using the laser
assisted tomographic atom probe (LATAP). The laser system
is an amplified ytterbium doped laser (Amplitude System s
pulse, A=1030 nm). Analyses were performed using an
~6 uJ/350 fs pulse focused onto an ~0.1 mm? spot.

Figure 1 shows the APT reconstructions of the as-
deposited sample. The reconstructed volumes were oriented
in order to image the interfaces perpendicular to the plane of
view. From the Ni distribution [Fig. 1(a)] and Si distribution
[Fig. 1(b)] four different regions are detected: a region with
almost no Ni corresponding to the Si substrate (region 4), a
region with almost no Si corresponding to the metal layer
(region 1), and two regions containing both Ni and Si (re-
gions 2 and 3).

In order to determine the composition of these regions,
two sampling boxes A and B were used [Fig. 1(b)]. Several
ways of determining the compositions were tried and it was
found that the use of integral concentration give the most
precise determination (Fig. 2). The slope of these curves
gives the atomic fraction. Regions 1-4 were identified, re-
spectively, with slopes of 0.01, 0.31, 0.45, and 0.97 for Si
and with slopes 0.96, 0.63, 0.50, and 0.03 for Ni leading to a
composition close to NiSi for region (3) and to Ni,Si for
region (2). The redistribution of Pt in the sample is relatively
complex and follows neither the Ni nor the Si.

In order to estimate the shape of regions 2 and 3, the
local Si concentrations were measured within a sampling box
of 8 nm® and compared with two different ranges: (i) 47%—
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FIG. 2. Integral concentration profiles: cumulated number of Ni, Si, and Pt
as a function of the total cumulated number of atoms for sampling box A.
The slopes of the curve are indicated and give the concentration.

53% and (ii) 30%-36%. The corresponding volumes were
then reconstructed for the first [Fig. 3(a)] and second [Fig.
3(b)] ranges. Figure 3 shows that region 3 (NiSi) has a rela-
tively constant thickness of about 2 nm while region 2
(Ni,Si) has a shape of a part of a cut lens. One can see in Fig.
3(c) that there might be another layer between Ni and Ni,Si.
However, it was not possible to clearly determine the com-
position and thickness of this layer.

To obtain complementary information, XRR and XRD
measurements (not shown here) were performed on the thin
film as-deposited sample. The XRR spectrum clearly indi-
cates two types of oscillation that correspond to the Ni layer
and to a layer with a thickness of about 2 nm. An XRD
experiment with a large statistic (12 h counting time) did not
reveal any XRD peaks other than the ones of Ni and Si.

The present results indicate that after deposition of a
Ni-5%Pt film at room temperature, two silicides are present:
a roughly constant thickness layer with a composition close
to NiSi and a cluster with a composition close to Ni,Si. The
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FIG. 3. (Color online) Reconstructed volume with a concentration of Si
within a sampling box of 8 nm® comprised between (a) 47%-53% and (b)
30%-36% with all the Si atoms are drawn.
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XRD and XRR results seem to indicate that an amorphous
phase is formed during de‘})osition of the metal alloy as re-
ported in several cases,'®! including Ni/Si.

Our XRD results did not reveal the presence of Ni,Si.
We reject a local heating of the tip during the sample prepa-
ration and/or the APT analysis. Indeed the temperature rise
during focused ion beam milling is estimated to only be on
the order of 10 °C and, very recently,18 the maximum tem-
perature during LATAP investigations has been measured to
be less than 160 K just after laser pulses and to decrease in a
few hundreds of nanoseconds down to the usual investiga-
tion temperature (70 K). The absence of an XRD peak re-
lated to Ni,Si is certainly due to the detection limit.

At first glance, one might think that the Ni,Si particle
corresponds to a nucleus of Ni,Si. However, the size of the
Ni,Si particle is relatively large as compared to the typical
critical size of a nucleus. Indeed the formation of a critical
nucleus requires fluctuations in compositionw’zo and this
should limit the critical size to a few nm®. An estimate with
typical Gibbs free energies (a few tens of kJ/mol) and typical
interface energies (a few hundreds of mJ/m?) gives also a
few nm?. In the present case, the interface energies and driv-
ing force are not known and it is not possible to give the
critical size for nucleation. Some difficulties in nucleation
may have been expected due to the formation of the first
phase (with the composition close to NiSi). Indeed the for-
mation of this phase should reduce the driving force for the
formation of NiZSi.3 The sharp gradient of concentration may
also limit the nucleation.”"** However, the presence of Ni,Si
at room temperature indicates that the nucleation certainly
occurs during deposition. During the deposition, the situation
is quite different than during solid state reaction.” The situ-
ation observed in Fig. 2 is thus certainly not the first stage of
nucleation but a later stage where the growth of the nucleus
has already started. Our results provide a direct observation
and give evidence that the formation of nickel silicides, and
certainly of silicides in general, starts by nucleation and lat-
eral growth. Our results are in accordance with the calori-
metric studies of reactive diffusion in thin films: these stud-
ies have demonstrated that the formation of the first product
often proceeds via two well distinct steps (two calorimetric
peaks), starting by nucleation and lateral growth along the
interface and followed by a growth in the normal direction.*
The quantitative evaluation of the differential scanning calo-
rimetry peak corresponding to nucleation and lateral growth
usually gives a thickness of the first layer of about 10 nm, a
value significantly larger than the critical size of a nucleus.
Vovk et al.’ have also found, by APT investigations of
Al/Co bilayers, particle and layers after the first step with
thickness ranging from about 5 to 15 nm. Following Klinger
et al** and Lusenko and Gusak,” they have proposed a
model of growth where the minority elements diffuse along
the interphase boundaries and allow the growth of the inter-
metallic without diffusion in the growing phase. According
to these models the precipitates can grow well above the
critical nucleus size before forming a continuous layer. These
models can also explain the nonsymmetrical shape of the
growing phase observed in the Al/Co system and in our
work for Ni,Si (Fig. 3). This shape should be due to an
anisotropy of diffusion at the interphases: in the Al/Co sys-
tem, the intermetallic particles were always on the Al side of

Appl. Phys. Lett. 89, 181905 (2006)

the interface and this was explained by faster growth at the
AlyCo,/ Al interface. It seems that the Ni(Pt)/Si system be-
haves relatively similarly to the Al/Co system since the
Ni,Si particle is much more developed at the Ni,Si/Ni
interface.

To conclude, the early stage of silicide formation was
investigated by laser assisted atom probe tomography of an
Ni (5% Pt) film on (100)Si without heat treatment. It has
been shown that

(1) the formation of silicide begins during deposition,

(2) two regions with composition corresponding to NiSi and
Ni,Si are present,

(3) while NiSi forms a film with a relatively constant thick-
ness, the shape of the Ni,Si particle is in accordance
with a nucleation and growth process by diffusion along
the interphase boundary (This is a direct evidence that
the formation of silicides starts by nucleation and lateral
growth and confirms the former results obtained by calo-
rimetry.), and

(4) the Pt redistribution has been measured at the nanomet-
ric scale and is relatively complex.
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