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Silicides

The NiSi silicide that forms by reactive diffusion between Ni and Si active regions of nanotransistors is
used nowadays as contacts in nanoelectronics because of its low resistivity. Pt is added to the Ni film in
order to stabilise the NiSi phase against the formation of the high-resistivity NiSi, phase and
agglomeration.

In situ X-ray diffraction (XRD) experiments performed on material aged at 350 °C (under vacuum)
showed the complete consumption of the Ni (5 at% Pt) phase, the regression of Ni,Si phase as well as the
growth of the NiSi phase after 48 min. Pt distribution for this heat treatment has been analysed by laser-
assisted tomographic atom probe (LATAP). An enrichment of platinum in the middle of the NiSi phase
suggests that Pt is almost immobile during the growth of NiSi at the two interfaces: Ni,Si/NiSi and NiSi/

Nisi Si. In the peak, platinum was found to substitute for Ni in the NiSi phase. Very small amounts of Pt were
also found in the Ni,Si phase close to the surface and at the NiSi/Si interface.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The formation of nanometric phases by reactive diffusion
between a thin film and a substrate is a fundamental problem that
has considerable interest for applications. This is particularly true
for silicides due to their use as contacts in microelectronic devices.
These silicides are formed through the self-aligned salicidation
process.

Thin film reactions [1] are mainly characterized by sequential
growth, the lack of certain equilibrium 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. Nucleation [2] has been shown to play a
crucial role in the formation of some phases and, in particular, the
silicon-rich silicides (NiSiy, TiSi;). The addition of alloying
elements may influence the formation and nucleation of silicides.
For example, the addition of 5% Pt to a Ni film was shown to
stabilise the low-resistivity NiSi phase through an increase of
approximately 150 °C of the temperature of formation of NiSi; [3].
As NiSi; has a higher resistivity, this Pt addition allows for a better
integration of NiSi as contacts for nanometric transistors [4]. Over
the last few years, there has been an extensive work on
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determining the effects of alloying element on the formation
and stability of Ni silicides [5]. However, the redistribution of alloy
elements during the formation of silicide is not well understood.
One of the reasons is the difficulty of mapping out the distribution
of alloying elements at the nanometric scale. Advanced character-
ization methods with very high spatial resolution are thus
required to analyse the redistribution at the nanoscale. Laser-
assisted atom probe tomography (APT) has been developed in this
goal [6-9]. Thompson et al. [10] reported the observation of the
NiSi and Ni,Si phases after heat treatment at 350 °C for 10 min.
Phase formation and platinum redistribution were previously
studied in Ni (5% Pt) films after deposition [11] and after heat
treatment at 290 °C [12]. The first study corresponds to silicide
formation during deposition and the second to the simultaneous
formation of Ni,Si and NiSi. To complete the study of platinum
redistribution, it is important to look at another step in silicide
formation, namely the growth of NiSi at the expense of Ni,Si.

In this paper, we thus studied the redistribution of Pt after a
heat treatment at 350°C for 48 min using the laser-assisted
tomographic atom probe (LATAP), X-ray diffraction (XRD) and
transmission electron microscopy (TEM) techniques.

2. Experimental

Films of polycrystalline Ni, 80 nm thick, containing 5 at% Pt
were deposited at room temperature (RT) by co-sputtering of Ni
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and Pt targets on {100} p-doped Si substrates (resistivity 0.01 Q
cm). The Ni; 4Pty films were deposited simultaneously on
(i) blanket substrate for characterization by XRD and conventional
TEM and (ii) high aspect ratio flat-topped {10 0} silicon posts for APT
analysis. XRD were performed using the Bragg-Brentano geometry
[13] and a CuKo source. An isothermal heat treatment was
performed in a vacuum chamber attached to the XRD diffractometer.
The temperature of 350 °C was reached with a ramp of 30 K/min and
the vacuum in the chamber was in the range of 10~*Pa. During
annealing at 350 °C, XRD scans of duration 16 min were continuously
recorded with a scan rate of 0.6°/min. This made it possible to follow
the temporal evolution of peaks diffraction and thus to study in situ
silicide formation. Heat treatment was stopped when the Ni,Si peak
intensity started to decrease. In the APT technique, a tip is
evaporated atomic layer by atomic layer and analysed by time-
of-flight mass spectrometry, allowing a small volume of material
(typically 15 x 15 x200nm>) to be reconstructed in the three
dimensions of space, atom by atom, on a nearly atomic scale.
A protective layer of Cr (200 nm) was first deposited on the surface
of posts to prevent damage due to Ga irradiation. Then the region of
interest of silicon posts was transformed into a tip with 30keV Ga*
focused ion beam milling. Tips were finally cleaned with a 2 keV
gallium beam. The APT experiments were carried out using
femtosecond laser pulses (wavelength 515 nm, duration 350 fs) and
with the energy of about 0.3 pJ.

3. Results and discussion

Fig. 1 shows the XRD results after deposition and after
isothermal annealing at 350°C for various times. The XRD
spectrum for the as-deposited samples shows a peak for Ni; ,Pt,
and a small bump at 47.3° that may correspond to the (211) NiSi
reflexion. This suggests that the NiSi phase is formed during
deposition of the nickel alloy on silicon wafers in accordance with
our previous results by APT [11]. The phase that forms during
deposition at ambient temperature has been reported to be
amorphous [16,17]. The low XRD intensity can be in agreement
with an amorphous phase but it is very difficult to draw
conclusion from such a bump. The formation of this phase can
be explained by the large driving force for nucleation during
deposition added to the presence of the condensation heat of Ni
on Si substrate (approximately 420 k]J/mol [14,15]).
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Fig. 1. XRD spectra (CuKo source; Bragg-Brentano geometry) of NigosPtoos/
Si(100) as deposited and annealed at 350 °C for different times: 16, 32, and 48 min.

After 16 and 32 min of annealing, the XRD spectra show peaks
for Ni,Si, NiSi, and Ni; ,Pt,. The simultaneous presence of Ni,Si
and NiSi together with the Ni; 4Pty solid solution implies a
simultaneous growth of these two phases. This confirms the
results obtained by APT for a 290 °C heat treatment [12].

Finally, after 48 min of annealing, the intensities of Ni,Si (211)
and Ni,Si (02 0) decrease. Ni,Si silicide is consumed to form NiSi
silicide and the complete consumption of Ni; ,Pt, is observed. In
order to study the redistribution of Pt during the growth of NiSi at
the expense of Ni,Si, the heat treatment was stopped at this stage.

The TEM image (Fig. 2) obtained for the blanket substrate show
that the silicide layers are not uniform and that they exhibit rather
large roughnesses. In particular, the Ni,Si layer varies from a few
tens of nm to a few nm in thickness. It is therefore difficult to
determine precisely the thickness of Ni,Si and NiSi phases. The
diffraction pattern shows spots belonging to Ni,Si and NiSi. At this
stage, NiSi is thus not anymore amorphous but polycrystalline.

Several tips were extracted from different posts in this sample
and analysed by APT. Figs. 3 and 4 show typical LATAP
reconstructions obtained for this sample. The distribution of Ni
and Si atoms (Fig. 3) exhibits the presence of two intermixed
regions: the first region is richer in Ni than the second region.
Depth profiles derived from these images (Fig. 3b) reveal that
Ni,Si and NiSi phases formed as a consequence of the reactive
diffusion between Ni (5 at% Pt) and the Si substrate at 350 °C. The
average concentration of Ni, Si, and Pt elements in the Ni,Si and
NiSi phases is given in Table 1.

The first and second interface, Ni,Si/NiSi and NiSi/Si (not
shown here), appear curved, suggesting a rather large roughness
of interfaces in agreement with the TEM images (Fig. 2).

Fig. 3a indicates that Pt is accumulated near the surface of the
Ni,Si phase. The concentration of Pt in Ni,Si is around 1 at% close
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Fig. 2. Conventional TEM image of NiggsPtos/Si (100) silicided at 350°C for
48 min and corresponding diffraction pattern.
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Fig. 3. (a) LATAP elemental maps of silicon (green), nickel (red), and platinum (blue) in the entire volume analysed (17.6 x 17.6 x 138 nm>). Pt enrichments in NiSi phase are
clearly exhibited. The interface between Ni,Si and NiSi phases is rough (dashed line); (b) concentration profiles of Ni, Si, and Pt showing the presence of both Ni,Si and NiSi
phases (from left to right). The depth profiles were drawn by moving a small box (1 nm thick and 17.6 nm wide).

to the surface and decreases to 0.1 at% in the bulk of Ni,Si. This
latter value corresponds to the background noise and the
concentration is thus certainly lower than 0.1 at%. Almost all Pt
is found in the NiSi phase. Moreover, the Pt is not uniformly
distributed in NiSi but is concentrated close to the middle of the
NiSi layer. The maximum concentration of Pt in NiSi is around
12 at%.

Also, Fig. 3b shows that the concentration of Ni in NiSi
decreases at the cost of Pt concentration whereas the Si
concentration remains almost constant. This suggests that
platinum substitutes for Ni in NiSi. Note that both NiSi and PtSi
have the same ordered structure so that Pt is much likely to
substitute for Ni in NiSi.

A very small amount of Pt was found at the NiSi/Si interface
(not shown here). The Pt level in Si (not shown here) appears to be
very low, close to zero (the background noise for Pt in mass
spectrum was estimated to be 0.1at%) in accordance with the
solubility of Pt in Si [21].

The reconstruction in Fig. 3 shows a region where Ni,Si is still
present but APT analyses on some silicon posts of the same
sample also revealed zones where the phase Ni,Si was completely
consumed. A typical LaWATAP (laser-assited wide-angle tomo-
graphic atom probe) reconstruction for a post where there is no
further Ni,Si is shown in Fig. 4. This is in accordance with TEM
image (Fig. 2) where the thickness of Ni,Si was found to vary.
Indeed the typical extent of APT volume presented in Figs. 3 and 4
corresponds to the continuous line square and, respectively,
dashed-line square drawn on the TEM image. The small volume
analysed may feel in a region where the Ni,Si layer is very thin
(or even does not exist) or in a region where Ni,Si is still present.

Note that the redistribution of Pt in Figs. 3 and 4 is similar. Pt is
concentrated in the middle of the NiSi layer and the maximum
concentration is around 12%. The Pt is also found to substitute
for Ni.

Present results and previous studies make it possible to derive
the evolution of the redistribution of Pt during the formation of Ni
silicides. A compilation of results at RT, 290 and 350 °C is proposed
in the schematic diagram shown in Fig. 5. The redistribution of Pt
is intimately linked to silicide formation. Pt is shown to have very
different behaviours when the temperature of annealing increases
from RT to 350°C. Increasing the temperature is thought to be
equivalent to increasing the ageing time. The assumption is that
the driving force for transformation does not change, only the
mobility. This equivalence is to be kept in mind in the following.

Silicide formation after deposition was studied by Hoummada
et al. [11]. The APT analyses showed the presence of two regions
with different compositions between Si and Ni; ,Pt,. These two
regions correspond, respectively, to a constant thickness layer of
NiSi and to a particle of Ni,Si. A weak accumulation of Pt was
observed at the interface Ni/NiSi and Pt is distributed homo-
genously in Ni, Ni,Si, and NiSi. At 290 °C for 1h, Ni,Si and NiSi
were found together with Ni; Pty [12]. The simultaneous
presence of three phases during silicide growth is rarely observed
in thin films. Usually phases appear sequentially [19]. The
addition of 5% of Pt in Ni may favour this simultaneous formation.
For example, Ma et al. [18] found that Ni,Si and NiSi form
simultaneously when Ni reacts with an amorphous film of Si
contaminated with C. For this heat treatment (290°C, 1h), Pt
was found to accumulate at the Ni; ,Pt,/Ni,Si and Ni,Si/NiSi
interfaces. The redistribution of Pt at the Ni; ,Pt,/NiySi interface

Please cite this article as: O. Cojocaru-Mirédin, et al., Ultramicroscopy (2009), doi:10.1016/j.ultramic.2009.02.001



dx.doi.org/10.1016/j.ultramic.2009.02.001

4 0. Cojocaru-Mirédin et al. / Ultramicroscopy u (nian) nsa-mm

NiSi I si

Analysis direction

100

|
Volume : 17.6 x 17.6 x 158 nm? |

90
80
70
60
50
40
30
20
10

0+

Concentration Ni or Si (at. %)

14
12
D
10§
a
8 =
2
-6§
€
4 8
c
[<]
2 ©
T 0

0 20 40

60 80 100 120 140 160

Depth [nm]

Fig. 4. (a) LAWATAP elemental maps of silicon (green), nickel (red), and platinum (blue) in a small selected volume (17.6 x 17.6 x 158 nm?). Pt enrichments in NiSi phase are
clearly exhibited; (b) concentration profiles of Ni, Si, and Pt showing the presence NiSi and Si phases (from left to right). The depth profiles were drawn by moving a small

box (1 nm thick and 17.6 nm wide).

Table 1
Concentration values of Ni, Si, and Pt in Ni,Si and NiSi phases.

Phase Cni (at%) Csi (at%) Cpt (at%)
Ni,Si 63.0+0.08 36.940.08 0.11+0.006
NiSi 43.0+0.09 52.95+0.09 4.05+0.03

(Fig. 5b) is a clear illustration of the so-called “snowplow effect”.
This effect consists in rejecting an alloy element during the
growth of a phase. Impurities are pushed away by the moving
interface and accumulate at one side of the interface. The rejection
of Pt in Ni; ,Pt, when Ni,Si grows means that the interface
Ni; xPt,/Ni,Si moves towards the Ni; ,Pt, phase. This rejection
may be due to a limited solubility and/or to a limited diffusion in
the growing phase. The solubility of Pt in Ni,Si is not known but
should be limited, since the Ni,Si and Pt,Si phases do not share
the same structure (Ni,Si has an orthorhombic structure and Pt;Si
has a rhomboedric structure). The accumulation of Pt at the Ni,Si/
NiSi interface is though to be due to interfacial segregation.

At 350°C, Ni is consumed and NiSi starts growing at the
expense of Ni,Si. Our results show a weak enrichment of Pt at the
surface of Ni,Si. The most plausible explanation for this enrich-
ment is that at temperatures between 290 and 350 °C, Pt, which is
mainly at the Ni; ,Pt,/Ni,Si interface at 290 °C, diffuse through the
grains and grain boundaries of Ni,Si and accumulate at the Ni,Si/
NiSi interface. This process certainly occurs during the simulta-
neous growth of Ni,Si and NiSi at the expense of Ni; ,Pt,. Indeed,
when the very last Ni; ,Pt, layer reacted, some of the Pt in the
Ni; 4Pt layer stays at the surface and the other part reaches the
Ni,Si/NiSi interface. Experimental evidence for this process was

Cr(at%) s a

¢, (at.%) tb (nm]

Cy (at.%) Inm]
NiSi Si

[nm]

Fig. 5. Schema of platinum distribution in the presence of Ni,Si and NiSi phases at:
(a) RT; (b) 290°C for 1h, and (c) 350°C for 48 min.
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obtained previously [23]. Another characteristic of Pt redistribution
at 350 °C is that during NiSi formation, Pt is mainly located close to
the middle of NiSi. This is valid during the consumption of Ni,Si
(Fig. 3) and also after the total consumption of Ni,Si (Fig. 4). The high
concentration of Pt in NiSi can be explained by the fact that NiSi and
PtSi have the same orthorhombic structure (space group Pnma and
structure type MnP) and their lattice dimensions are close (misfits
less than 10%): NiSi and PtSi are thus expected to be miscible.

In order to understand why Pt is mainly located in the middle of
NiSi, let us come back to the growth process of both Ni,Si and NiSi
films. Finstad [22] has shown using Xe atoms as Kirkendall
markers that Ni is the most mobile species when the phase NiSi
grows. The NiSi phase thus grows through two elementary
processes: (i) consumption of NiySi: Ni,Si— NiSi+Ni (reaction 1)
at the Ni,Si/NiSi interface and (ii) formation of NiSi: Ni+Si— NiSi
(reaction 2) at the NiSi/Si interface through the diffusion of Ni in
NiSi towards this interface. In other words, the Ni,Si phase is
decomposed in NiSi and Ni (reaction 1): the free Ni diffuses in NiSi
and reacts with silicon to form NiSi at the other interface (reaction
2). The Pt accumulation in the middle of NiSi is related to the low
mobility of Pt in NiSi at 350 °C. The presence of this peak suggests a
large growing rate of NiSi with respect to the mobility of Pt in NiSi.
Pt thus acts like a marker for NiSi formation. The low diffusivity of
Pt in NiSi is also evidenced by the high temperatures (700-800 °C)
needed to obtain a homogenous redistribution of Pt in NiSi [23].

The roughness observed in our sample might be explained by
the following arguments. The growth of silicide thin film is usually
controlled by grain boundary diffusion. For example, Ciccariello et
al. [20] showed that the growth of NiySi occurs by Ni grain
boundary diffusion. The same behaviour is thought to occur in NiSi.
As the diffusion of Ni takes place at grain boundaries, one may thus
expect that growth is more rapid when close to grain boundaries.
The film thickness is thus larger in these regions (Fig. 3).

4. Conclusions

The redistribution of Pt associated with the formation of Ni
silicides at 350°C was investigated. The main results are the
following:

e X-ray diffraction experiments performed on material aged at
350 °C for 48 min showed the complete consumption of the Ni
(5 at% Pt) phase and the formation of NiSi phase at the expense

e Pt distribution after this heat treatment was analysed by the
APT technique. Platinum enrichment in middle of the phase

NiSi suggests that Pt is almost immobile when NiSi grows at
the Ni,Si/NiSi and NiSi/Si interfaces.

e Platinum was found to substitute for Ni in the NiSi ordered
phase. A small enrichment of Pt was found close to the surface
of Ni,Si phase and at the NiSi/Si interface.

These results lead us to a better understanding of the
redistribution of alloying elements during diffusive Ni-Si reaction
and its effect on silicide formation.
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