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Abstract

Despite numerous technological applications associated to nickel silicide thin films,
their formation mechanisms are still far from being understood. We combined
experimental and numerical approaches to unravel the early stages of nickel silicide
formation with an atomistic precision. In particular, we employed first principles
calculations, X-ray reflectivity as well as high-resolution scanning transmission electron
microscopy analyses. Altogether, our work demonstrates that during nickel deposition
on top of a silicon surface, an interface alloyed layer is formed even at room
temperature before any thermal activation. Moreover, we managed to determine that
this interfacial layer has a nickel-rich NizSi composition which is favored by the ability
of nickel atoms to penetrate the surface layers of the silicon substrate.



1- Introduction

Transition metal silicides have been used since several decades in the
microelectronics industry to reduce contact resistances at the active areas of
transistors and to ensure electrical continuity between transistors and interconnects.
They are widely used in all types of technology such as imaging, flash, photonics and
CMOS [1-8]. Silicides in microelectronics are formed as a directly integrated material
from a silicon substrate, by a solid-state reaction between a metal and the silicon
material, forming an alloy compound. Different silicides have been used depending on
the technological node and the dimension of the transistor gate associated with smaller
and smaller sizes and more and more complex architectures [3,8-13]. Among them,
NiSi is one the most promising silicides for the development of new technologies in
advanced devices with complex 3D architecture to form high-conductivity nickel
silicide/silicon contacts [14]. The thicknesses of Ni used today are less than 10 nm
[12,15,16]. NiSi combines all physical properties required for optimal integration with
advanced processes: a low silicon consumption preserving the low dimensions of both
the Si substrate and silicide layer with a smooth interface, a low formation temperature
compatible with low process temperature, and good electrical properties. However, the
compatibility of NiSi with the new constraints to access thinner devices and 3D
architectures with low-temperature, short-run processes is critical. A perfect control of
the silicide layer formation is sought to achieve the desired composition and structure
of the target phase NiSi to preserve the expected outstanding properties [17-21]. In
particular, it has been shown how the early stages of the Ni-Si interaction impact on
the sequence of phases and on their lattice properties [22-25]. Silicidation is indeed
driven by what occurs since the first Ni-Si interaction during the nickel deposition step.
Mastering the growth of NiSi directly integrated from a silicon substrate remains a
major challenge. The complete reaction pathways involved in NiSi formation are still
debated [16, 26-30] thus making the industrial integration of Ni-based silicides difficult.
It requires an understanding of each of the steps before and after thermal activation,
and the associated phase transformation throughout the entire silicidation process.
The modeling of the whole silicide process, including the deposition and annealing
steps, has not yet been achieved. Indeed, in cases of nickel silicide formation, during
deposition, NixSiy alloys and their polymorphs form rapidly, changing from one phase

to another of the phase diagram at temperatures right below 500°C. The formation of
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the silicide sequence can be divided into three stages based on the phase diagram
[31,32]: Ni-rich, NiSi and NiSi> phases. In this range of temperature, it is thus possible
to form silicon-rich layers, which are then undesirable because of their lower
conductivity of less interest for their integration in the devices.

The objective of this paper is to describe the first steps of the nickel silicidation process
before the thermal activation step. We detail the deposition phase schematized in
Figure 1. We therefore focus on the material, as-deposited prior to thermal activation,
through a precise atomic scale characterization of the alloyed interface layer formed
during the deposition of nickel on a silicon substrate, coupling experimental and
theoretical tools. The determination of the as-deposited interfacial layer allows to
understand the origin of the sequence leading to the different NixSiy phases during the
silicidation process. It allows for determining the structure of the material right before
the thermal activation that leads to the final silicide.

In particular, we detail the formation of an interface layer of NizSi alloyed composition.
This finding is important as reports in the literature, based on in-situ investigations of
the Ni-Si(100) interfacial reaction during thin film deposition at 300 K, present
contradicting results finding either Ni2Si [33,34] or Ni3Si [35] as initial mixing layer
composition. Successive ex-situ investigations using Transmission Electron
Microscopy (TEM) and X-ray reflectivity (XRR) measurements support the observation
of such an amorphous Ni-Si mixing layer but have remained unable to provide a clear
identification of the composition as either Ni>Si or NisSi [36]. In contrast, XRR results
obtained for thicker Ni films clearly state the formation of Ni2Si [37] thereby highlighting
the suitability of XRR measurements for the phase analysis of such thin layers with
amorphous structure.

In the first part, we describe the theoretical methods and the results of the deposition
of Ni atoms on a Si surface describing the adsorption, surface diffusion and insertion
of Ni on the Si surface until the formation of an alloyed pattern using first principles
calculations. In the second part, these calculations are complemented by X-ray
reflectivity (XRR) and High-Resolution Scanning Transmission Electron Microscopy
(HR-STEM) studies performed on ten nanometer-thick layers of Nickel deposited by
thermal evaporation on pre-treated [001] silicon substrates.
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Figure 1: Schematic representation of the different stages needed to obtain NiSi silicide. The deposition of Ni atoms

is first deposited with Physical Vapor Deposition (PVD) at ambient temperature forming an as-deposited interface

of Ni3Si composition, which is then annealed at temperature below 700 K to form the targeted NiSi layer.

2- Computational Details

Total energy calculations are performed using the density functional theory (DFT)
[38,39] as implemented in Quantum Espresso (QE) [40,41]. The Perdew-Burke-
Ernzerhof (PBE) [42] generalized gradient approximation of the exchange and
correlation functional is used altogether with Projected Augmented Waves pseudo-
potentials (PAW) [43]. A plane wave basis set with an energy cutoff of 50 Ry is used
to describe the wave functions. The Brillouin zone is sampled at the Gamma point only.
The magnetization of Ni disappears as soon as Ni interacts with Si, which permits not
to use a spin polarized calculation.

To find the transition state structures and corresponding barrier energies, the
activation-relaxation technique (ART [44]) is used in its ART-DFT version [45-47]
where it is coupled with a DFT software, here QE, for the force and energy evaluations.
Two kinds of calculations are performed: (i) when only the initial structure is known, an
exploration of the potential energy surface to obtain all the saddle points and minima
surrounding this initial structure, and (ii) when the initial and final structures are known,
a convergence to the saddle point from an interpolation of these two structures. The
convergence force threshold used to define the transition state structure is 0.05 eV/A.
The reconstructed Si(001) surface [48] is simulated using a 2x2x7.5 supercell of
crystalline silicon that contains fifteen layers of sixteen silicon atoms (Figure 2). The
two bottom layers are kept fixed to simulate a bulk effect. A monolayer of thirty-two
hydrogen atoms was used to saturate the dangling bonds of the bottom layer of the
slab. A vacuum region of 15 A is placed above the Si(001) surface. All the atomic
positions are relaxed and the supercell parameters are kept fixed. We use a simulation

cell with fixed dimensions to match the simulation of the deposition process considering
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the fact that the thickness of the silicon is much larger than that of the deposited nickel.
We then check that the size of our system in terms of number of layers and atoms per
layer is in good correspondence with the conducted study and the simulated coverage
so as not to introduce artifacts from the stress in the simulation box.

Adsorption energy E, s of the n-th Ni atom is determined as:

Eqas = Enni — En—1yni—Eni

where E,y; is the energy of the relaxed supercell containing n adsorbed Ni atom(s),
Eoxni = Esisurrace 18 the energy of the Si(001) surface, and Ey; is the energy of an

isolated Ni atom.
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Figure 2: (top) Side view and (bottom) top view of the Si(001) surface with dimers rows separated by channels, and

the indexed four topmost layers. Red rectangle: region of the surface for the Ni deposition considering the surface
symmetries. Black rectangles: positions of the dimers inside the red rectangle.

3- Theoretical results

A step-by-step study using first-principles calculations is described. First, the
description of the initial steps of the nickel deposition includes the adsorption of Ni on
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the reconstructed Si(001) surface, the diffusion of Ni atoms on the surface, and the
insertion of Ni atoms into the topmost layers of the silicon substrate. Second, the rapid
formation of interface alloy with a nickel-rich Ni3Si composition is demonstrated,
highlighting some thermodynamic effects playing an essential role on the early
apparition of the alloyed pattern.

3.1 Adsorption of Ni atom on Si(001)

The deposition step starts with the adsorption of Ni atoms on the surface of the silicon
substrate. The Ni atom is initially placed on top of several distinct adsorption sites
according to the topology of the silicon surface reconstruction [49] on or between two
dimers and above the channel. After relaxation, we obtain a catalogue of six stable
adsorbed configurations (Appendix A from a to f) described hereafter.

(i) The channel configuration (CH, Eads = -4.58 eV, Figure 3 and Appendix A.a)) is the
most stable configuration reached upon adsorption above the channel. In CH, the Ni
atom is adsorbed inside the channel between the third and fourth layers and the Ni
atom forms six bonds with the surrounding Si atoms. (ii) When the adsorption occurs
between two dimers (DB standing for Dimerbed, Eagss = -4.41 eV, Figure 3 and
Appendix A.b)), the Ni atom is located between two adjacent dimers of the same row
between the first and second layers. In this configuration, the Ni atom forms six bonds
with surrounding Si atoms. (iii) In the middle configuration (MD, Eads = -4.06 eV, Figure
3 and Appendix A.c)), the Ni atom is located between two silicon atoms of two adjacent
dimers of the same row. The Ni atom forms three bonds with the surrounding Si atoms.
(iv) In a so-called channel bridge configuration (CB, Eads = -3.85 eV, Figure 3 and
Appendix A.d)), the Ni atom is centered on the channel between the second and third
layers and the Ni atom forms three bonds with the surrounding Si atoms. (v) In the so-
called dimer row (DR, Eads = -3.71 eV, Appendix A.e)) the Ni atom is situated above a
dimer, centered on the row axis and the Ni atom forms two bonds with the surrounding
Siatoms. (vi) Finally, in the above channel configuration (AC, Eads =-3.10 eV, Appendix
A.f)) the Ni atom is centered on the channel, above the first topmost Si layer and the
Ni atom forms two bonds with the surrounding Si atoms.

Looking at the energies of these stable configurations, we have identified the
configurations CH and DB as the two most energetically favorable sites of adsorption
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for the Ni on the Si(001) surface. Noticing that with a small difference of 0.17 eV in the
formation energy between them, they are at least 0.35 eV more favorable than the
other obtained configurations. This result is consistent with the number of bonds
present in these structures. A complementary study is then necessary to definitively
confirm that CH and DB sites are the most favorable by studying the surface diffusion,
i.e. determining the activation barrier, from MD, CB, DR, AC toward CH and DB. In
addition, the configurations CH, adsorbed in the channel and DB, adsorbed between
two dimers, and in strong interaction with the silicon substrate seem to be good
candidates suitable for allowing the insertion of nickel atoms into the topmost layers of
the substrate.

3.2 Diffusion of Ni atom on Si(001)

The diffusion of Ni atoms on the surface is performed to validate the stability of the
most favorable configurations identified in the adsorption study, i.e. CH and DB,
starting from all the adsorbed stable configurations previously identified. We determine
the diffusion paths connecting them to the two most favorable adsorbed configurations,
CH and DB schematized on Figure 3.
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Figure 3: Energy diagram of the atomic diffusions of one Ni atom adsorbed on the Si(100) surface. Activation

barriers (numerical values in red) are given in eV. 3D side and top views of each atomic configuration are provided.

The results show small activation barriers ranging from a low value of 0.002 eV to
0.27 eV, altogether with stabilization energies ranging from 0.35 eV to a large value of
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0.73 eV. The diffusion from CB to CH requires a small activation barrier of 0.01 eV with
a large energy gain of 0.73 eV, suggesting a fast diffusion from CB at the early stages
of the deposition process. The diffusion from MD to DB requires an activation barrier
of 0.14 eV, with an energy gain of 0.35 eV, in comparison with the diffusion to DC
which requires an activation barrier of 0.27 eV, also with a favorable energy gain of
0.52 eV. Note that the diffusion from DR to DB requires a very low activation barrier of
0.002 eV (not plotted).

At this stage, based on the analysis of adsorption and surface diffusion studies, the
two most favorable sites of the surface CH and DB are indeed the two most likely
configurations on the Si surface at low temperatures due to the low activation barriers

and associated energy gains.

3.3 Insertion of Ni specie on Si(001)

The insertion of the nickel atom into the topmost layers of the silicon substrate is
studied. The objective is to estimate the ability of Ni to insert into the surface layers of
the silicon substrate as a function of the Ni coverage on the surface. This study is
carried out first for one Ni atom, and then for two Ni atoms. This insertion step, which
follows the adsorption step described above, thus starts from the two most favorable
adsorbed configurations CH and DB.

3.3.1 Insertion of Ni specie on Si(001)

The Ni atoms insert successfully from both adsorbed configurations CH and DB finding
two new stable inserted configurations. The minimum energy path (MEP) of the
insertion from the DB configuration is shown in Figure 4 from left to right, and the MEP
from the CH configuration in Figure 4 from right to left. The insertion of the Ni atom
from the DB configuration is obtained after crossing an activation barrier of 0.32 eV.
The system exhibits an energy gain of 1.32 eV compared to the DB configuration. The
reached inserted configuration is labeled IDB standing for Inserted Dimer Bed. In this
configuration, the Ni atom is located between the third and fourth layers centered below
the dimer row and is bonded to six Si atoms present in its vicinity. The insertion from
the CH configuration toward an ICH configuration exhibits a low activation barrier of

0.16 eV and is associated to an energy gain of 0.10 eV. The reached configuration is
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labeled ICH standing for Inserted Channel. In ICH, the Ni atom is located at the fourth
layer and is bonded to six Si atoms present in its vicinity. From ICH, a diffusion toward
IDB configuration requires a low activation barrier of 0.10 eV, associated with an
energy gain of 1.05 eV.

From these two adsorption states DB and CH, the insertion is then favored over
diffusion on the surface. The Ni insertion is limited to the topmost layer of the surface
below the dimer row, where we have calculated that the diffusion of a nickel atom
deeper into the substrate is not favorable and results in less stable configurations than
ICH or IDB. The resulting configuration is the first structuring configuration of the alloy
formation where the Ni atom is located in IDB configuration.
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Figure 4: Insertion paths from DB (from left to right) and CH (from right to left) configurations into the topmost layers
of the silicon substrate. The resulting configurations are labeled IDB (InsertedDimerBed) and ICH (InsertedChannel)
3D side and top views of each atomic configuration are provided. Activation barriers (numerical values in red) are

given in eV.

3.3.2 Insertion of Ni with a second adsorbed Ni atom in the near vicinity

The aim of this section is to study the influence of an already adsorbed Ni atom on the
adsorption of a second Ni atom nearby.

This study starts by reading Figure 5 from left to right, from a configuration where two
Ni atoms are adsorbed in two adjacent DB sites on the same dimer row (structure | in
Figure 5). The first insertion of one DB atom has an activation barrier of 0.33 eV and
is associated to an energy gain of 1.15 eV compared to the starting DB+DB structure.

The reached configuration is an IDB+DB configuration (structure Il in Figure 5), where
9



the diffusing Ni atom has reached an IDB configuration. The activation barrier for this
insertion of a DB to IDB with another neighboring Ni atom shows that it is not affected
by the presence of the neighboring Ni atom (0.33 eV vs. 0.32 eV obtained in the case
of a single Ni atom, see section 3.3.1). We observe that the energy gain is affected,

being 0.17 eV less favorable in comparison with the insertion of one DB atom (section
3.3.1).
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Figure 5: Most favorable insertion paths of two Ni atoms initially situated in DB configurations (from left to right) and
insertion path of two Ni atoms initially situated in IDB + CH configuration (from right to left). Activation barriers

(numerical values in red) are given in eV. An additional explored path is given in Appendix B.

From this DB/IDB configuration, the most favorable path is obtained when the DB atom
is pushed to also reach an IDB position. This insertion results in two IDBs (structure Il
in Figure 5) associated to an energy gain of 1.18 eV, compared to the DB/IDB
configuration. This diffusion requires an activation barrier of 0.23 eV: we observe a
notable decrease in the activation barrier thanks to the presence of IDB, compared to
the insertion of a single DB (0.23 eV vs. 0.32 eV discussed in section 3.3.1).

It can be noted that another path has been explored from structure Il where the inserted
IDB atom is pushed further to reach an ICH position, resulting in a configuration
composed of a DB and an ICH. This diffusion requires an activation barrier of 0.86 eV
and the system undergoes an energy loss of 0.73 eV, which is an unfavorable diffusion
(see Appendix B). From this structure lll, the diffusion of one of the IDB atoms toward
an ICH position destabilises the system and is therefore not favorable (structure IV in
Figure 5). This finding could suggest that silicidation forms layer by layer, from the top

layer to deeper layers, out of the scope of the present paper.
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In the following paragraph we describe additional results considering that the starting
configurations contain an already inserted IDB configuration. We describe two
adsorptions assuming that the second Ni adsorbs near the already inserted IDB.

— the adsorption of a second Ni is performed right above the IDB position (not shown):
the added Ni atom relaxes to the DB configuration, and the IDB atom remains
unchanged. The adsorption of this second Ni is associated with an adsorption energy
of -4.06 eV, i.e. 0.35 eV less favorable compared to DB adsorption in the single atom
case. We do not observe any local structure change around the IDB site.

— the adsorption of a second Ni is performed above a CH position through the channel
in proximity of IDB (depicted in Figure 5 from right to left). A spontaneous insertion of
the Ni atom initially placed on a CH position without activation barrier is observed
directly from the channel path towards the ICH configuration reaching a configuration
the structure IV (ICH+IDB). We recall that for this insertion from CH to ICH in the case
of a single atom, the activation barrier is 0.16 eV. The adsorption of this second Ni is
associated with an adsorption energy of -4.85 eV, i.e. -0.27 eV more favorable than in
the case of the adsorption of a single atom from the gas phase, or more favorable by
-0.17 eV when comparing the complete paths to the ICH position. This insertion is
favored, because the presence of IDB locally elongates the Si-Si bonds in the channel.
In particular, the penetration path modifies the local structure of the adjacent dimer
(tilting and bondlength) which offers space to the atom arriving in the channel to insert
directly into ICH configuration. The trend described here is consistent with a favorable
diffusion process and suggests a rapid formation of an alloyed pattern thanks to the
favored insertion of Ni atom without any activation barrier.

In conclusion, we demonstrate that the first stages of the deposition are dominated by
Ni diffusion: Ni insertion occurs favorably through the channel of the reconstructed
Si(001) surface in the early stages of deposition. This insertion through the channel is
strategic for several reasons: — by diffusion with a relatively low activation barrier, Ni
diffuses to occupy the sites below the dimer row (more easily than by insertion through
the dimer row) — this insertion allows occupation of the sites below the dimer row
which then facilitates insertion into the ICH sites and leads to the stabilization of the
system, — diffusion to IDB from ICH lowers the barrier to insert the Ni atom through
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the dimer row from the DB sites to IDB. We show that the only thermal activation
required is due to the presence of dimers on the substrate surface, but that once this
first barrier is overcome and the first atoms inserted, the insertion of Ni atoms is favored
everywhere on the surface.

3.3.3 Towards the spontaneous formation of an alloyed layer on the
surface

The purpose of the following paragraph is to demonstrate that by increasing the Ni
coverage on the already identified insertion structures, we can still insert Ni atoms
spontaneously, where the Ni and Si atoms self-organize to create an alloyed mixed
layer of 3:1 composition. The conducted ab initio calculations cannot cover the long-
range order effects, but locally validate the 3:1 alloy composition.
Based on the conclusions drawn in the previous section, the starting point is a stable
structure initially composed of three Ni atoms in IDB and six Ni atoms in ICH, for a total
of nine Ni atoms already inserted in the surface of the silicon substrate. The choice of
this structure is justified to avoid any effect related to the size of our simulation box and
to avoid periodicity artefacts of the box, while reaching a sufficient number of Ni atoms
to observe an alloyed mixing process between Si and Ni. It is checked that the relative
pressure in the simulation cell is still acceptable to carry out additional adsorptions.
The relaxed configuration is shown in Figure 6-a-snapshot |, where the green atoms
are the Ni atoms. We notice in this final relaxed structure that two of the Ni atoms
initially inserted in the ICH position, move out of their ICH position to reach a CH
position as described above. We can note here that the displacement of the Ni atoms
from ICH to CH contributes to the pure layer alignment of the Ni atoms as can be
observed in some NixSiy alloys.
Using this relaxed structural pattern, we add a Ni atom above the CH position, on a
position that we have materialized by a purple atom on the Figure 6-a, for a total of ten
Ni atoms (not all shown for reason of readability of the figure). The final configuration
after relaxation of this additional Ni atom is shown in Figure 6-a-snapshot IV. Upon
adsorption of this additional tenth Ni atom, we observe a structural rearrangement, of
which is detailed in Figure 6-b to identify the associated movements of both Si and Ni
atoms. We observe that the deposited Ni atom adsorbs on a CH position. During this
adsorption, a Ni atom initially located on a ICH site is moved to a new configuration
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where the Ni atom is inserted deeper in the Si substrate. This site is labelled IB,
standing for Inserted Bulk and shown in Figure 6-a -anrd-inpanel4-of-Figure 6-b. At the
same time, a Si atom is also moved slightly, to reach a centered position between five
Ni atoms. The adsorption energy of this new atom is -4.87 eV. We observe this
adsorption energy is more favorable than the CH adsorption on the pure Si surface (-
4.87 eV vs. -4.58 eV).

Initial Final
(unrelaxed) 3D vi (relaxed)
—_— view B

v

I

Atomic Atomic Atomic i.Sj
ID configuration configuration (011)Ni3Si
Ni deposited -> CH
ICH -> 1B
3 Si not labelled -> Si not labelled

(001)Ni;Si

local alloy

Figure 6: Formation of a Ni:Si alloyed layer with 3:1 composition. a) Adsorption of the tenth Ni atom. The starting
configuration contains nine Ni atoms already adsorbed: three in IDB and six in ICH (not all shown for readability —
see Appendix C). The tenth deposition site is indicated by the position 1 in snapshot I. Snapshot IV shows the
relaxed configuration after the tenth adsorption. The purple atom labelled 1 is the adsorbed nickel atom. The purple
Nickel atom labelled 2 and the orange silicon atom labelled 3 are the displaced atoms changing local configurations
upon adsorption. The frame in snapshot IV referred to frame in c). b) Adopted configurations of atoms 1, 2, 3
highlighted in a) from snapshots | and IV in a). c) Local silicide formed: unit cell of Ni3Si is provided where the local
alloy is highlighted using orange and purple colors. The correspondence with the local alloy is highlighted on the
right with the help of the analysis on the distances altogether with an atomic positioning. Green and purple spheres
are nickel atoms and yellow and orange spheres are silicon atoms. Purple and orange are used to highlight atom

movements.
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Looking more closely at the local pattern formed, we find evidence of an atomic
arrangement of Ni and Si atoms as can be observed in Ni3Si alloys, indicating a
favorable interaction between the Ni and Si atoms tending to the formation of a 3:1
compositional mixture. In Figure 6-c, we present the local pattern extracted from the
atomic structure shown in Figure 6-a. If we compare this pattern with the perfect crystal
structures of the Ni3Si alloy, we clearly identify an organization of the Ni and Si atoms,
exhibiting thus the same local chemical environment of Ni as it exists in the NisSi alloy,
especially in the (110) and (001)-45° orientations, these two patterns being
distinguished by the positioning of the Si atoms in the 3rd and 4th layers. We are
therefore more interested in describing the atomic pattern formed in particular by
looking at the interatomic distances in this local pattern. We compare the interatomic
distances, and they present close values with those of the NisSi alloys (2.62 A and
2.48 A, and 3.76 A and 3.51 A) that is to say weak relative differences of the order of
5.6 % and 7.1 % showing that the interatomic distances of the obtained pattern are
close to the distances between the atoms in the Ni3Si alloy crystal. Analyzing the a/b
ratio in Figure 6-c we observe a value of 0.69. A similar value of 0.70 is obtained for
the (011) orientation of the NisSi alloy, giving a relative difference of 1.4% respect to
the (011) orientation value. This analysis of the interatomic distances and a/b ratio
corroborates with the favorable formation of an alloyed layer of composition 3:1.

Going further in the increase of the coverage of Ni, on the structure of Figure 6-a-
snapshot 1V, the adsorption of a new Ni atom is performed at four different sites on the
surface, for a total of eleven Ni atoms. The same trend favoring mixing of Ni and Si
species is observed. The initial and final positions are given in Appendix C. We observe
that the Ni (position 1 in Appendix C) can still adsorb between the first and second
layers, thus creating space between the pure silicon layers formed by the dimers. The
corresponding adsorption energy is -4.84 eV. The Ni atom cannot be further inserted
spontaneously in this specific configuration because the CH site below is already
occupied. The final configuration presents an interesting mechanism, allowing the
upper Si layer to penetrate more Ni on the surface by an upward movement of Si
atoms, which could be favorable by the further mixing of Ni and Si species. On other
the tested position (position 2 in Appendix C), typical configuration of a subsequent
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insertion in the substrate can be observed that is of interest for the understanding of
the further mixing of the alloyed silicide layer. In particular, we observe that the
deposited Ni atom takes place in a CH configuration, also pushing the ICH atom below
towards the IB site, as observed above. The associated adsorption energy for this
configuration is -4.29 eV, having a difference of 0.29 eV respect to the CH adsorption
on pure Si surface. For other tested positions (for instance position 3 and 4 in Appendix
C), no tendency of insertion is obtained, whereas interestingly the deposited Ni atoms
seems to be attracted toward the adjacent dimer row, confirming the tendency of Ni to
interact with the whole silicon surface. The adsorption energies for these configurations
are -4.16 and -4.54 eV, respectively. We suppose here that these reached positions
are brought to stabilize further according to the degree of alloying formed on the
second dimer row of our surface. We do not study further the atomic diffusion from
these adsorbed configurations for clear computational limitations and we concentrate
on the high coverage on a given dimer row.

Returning more specifically to the adsorption from the tested position 2, we observe
that this spontaneous adsorption is associated to the movement of several atoms,
which finally validates that during this additional insertion the Ni atom inserts itself into
the Si surface. A chemical environment similar in composition and interatomic
distances with its first close neighbors characteristic of a Ni:Si layer of composition 3:1
is obtained, without activation barrier neither for diffusion nor for atomic reorganization

at the interface.

4- Experimental investigations: X-Ray Reflectivity
combined with High-Resolution Transmission Electron

Microscopy

A special focus was addressed to a detailed characterization of the as deposited
material and its interface with silicon by X-Ray Reflectivity (XRR) analyses combined
with High-Resolution Scanning Transmission Electron Microscopy analyses (HR-
STEM). XRR is an analytical technique sensitive to the electronic density of the
materials and indeed well suited to finely describe eventual Ni-Si intermixing and phase

formation. Details of the sample preparations are given in Appendix D.

15



Figure 7 shows the XRR profile of the as deposited sample with typical interference
fringes that are related to the layer thickness. The critical angle measured on that
profile corresponds to a density of 8.9g/cm?, the value expected for the pure Ni layer.
A nickel layer is indeed found in the topmost part of the sample with thickness close to
8 nm. This value underestimates the deposited thickness. Accordingly, a description
of a pure nickel layer on top of a silicon substrate is not exhaustive to properly fit the
experimental curve. A refined model of the sample, which nicely fits the experimental
data, includes a second layer in touch with the silicon substrate, as described in the
inset of the figure. It consists of a 3 nm-thick Ni-Si mixed layer with density 8g/cm?3,
which corresponds to a Ni:Si ratio of 3:1.
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Figure 7: XRR profile of the as deposited sample. A schematic of the layered structure and obtained composition
is provided in the inset: red area reveals a Ni:Si with a composition of 3:1. The blue curve represents the fit arising

from the model which is in good agreement with the experimental data.

A similar scenario was depicted by HR-STEM analyses as shown in the cross section
of the as deposited sample of Figure 8. The sample was prepared following a cold
procedure described in appendix D, to avoid any sample modification. The topmost
layer of nickel is made of nanometers grains that are mostly [111] oriented. A mixed
layer is found immediately under the pure nickel layer as introduced by XRR. As an
additional information, this layer has a low degree of lattice order (similar to an
amorphous).
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(111)Ni -
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Figure 8: HR-STEM cross-section of the as deposited sample. An amorphous Ni-Si mixed layer of 3nm is clearly

visible in between the brighter unreacted nickel layer on top and the dark silicon substrate at the bottom.

Ni-Si mixing with similar features was previously found in samples wherein the nickel
layer was deposited by sputtering [16]. Since in evaporated layers the adatoms are
expected to carry out less energy than sputtered counterparts, it is argued that
intermixing occurs due to adsorption-diffusion-injection mechanisms as described in
the theoretical dissertation independently of the deposition method. In addition, the
observed Ni-Si mixing in a ratio 3:1 found by both experimental techniques
corroborates a driving force for nickel insertion into the silicon lattice with a description
provided by the experimental calculations.

5- Conclusion

In conclusion, the combination of first-principles calculations, XRR and HR-TEM
experiments unambiguously shows the reactive interface formation during deposition
where Ni adsorbs and inserts readily onto the clean surfaces of Si(001). This study
provides an accurate description of the formation of a native surface alloyed layer
during the deposition of Ni on the surface of the Si(001) substrate. This conclusion
confirms the rapid formation of a Ni3Si composition alloyed layer at the interface
between Ni and Si.
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We demonstrate that the formation of this alloyed layer occurs thermodynamically
without activation barrier once the Ni coverage on the surface is sufficient. The as-
deposited interface formed before the activation of the silicidation process is then
Si/NisSi/Ni. However, for the simulation of the silicidation process with more realistic
systems, it becomes more difficult to maintain ab initio accuracy, as they require long
time and size scale simulations that cannot be obtained with ab initio calculations. For
this, recourse to higher scale modelling, in particular Molecular Dynamics and Kinetic
Monte Carlo, is necessary. For the former, there is a lack of accurate empirical potential
and we are working on the development of an interatomic potential based on machine
learning methods. For the latter, we are currently addressing the challenge of
reproducing phase change and further studying the atomic dynamics at the interface
between nickel silicides and silicon substrate, both regarding Ni and Si species.
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7- Appendixes

Appendix A: Stable sites on the Si(001) surface

We provide the six stable atomic structures of one adsorbed Ni atom on the Si(100)
surface and their adsorption energies.
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Appendix A. Stable adsorption sites of Ni on the Si (001) surface with their corresponding adsorption energies Eads.
Yellow and green spheres represent Si and Ni atoms, respectively.

Appendix B: Without concerted insertion, Ni does not
diffuse deeply into the Si
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Appendix B. An additional explored path of the diffusion of two Ni atoms between an IDB+DB structure and an
ICH+DB structure. This explored path indicates that it is not favorable for the Ni atom to diffuse far from the topmost
layer at this level of coverage. Activation barriers (numerical values in red) are given in eV.
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Appendix C: Additional Ni deposition on a surface NixSiy

alloyed pattern containing 10 inserted Ni atoms

Appendix C. Adsorption of the eleventh Ni atom on the relaxed structure shown in Figure 6. Four configurations are

shown. Added Ni atoms is shown as a purple sphere.

Appendix D: Experimental details

Nickel silicide samples have been fabricated by physical vapor deposition (PVD) of
nickel thin films on 4-inch wafers of lightly doped p-Si (100) (boron at 1 x 10" at/cm3).
The wafers are firstly cleaned in piranha solution (H2SO4:H202 1:1) removing any
organic residues on the surface. Then the native silicon oxide layer of 1-2 nm thickness
is removed by wet chemical etching in diluted hydrofluoric acid. The cleaned wafer is
immediately transferred into the vacuum chamber of a “Plassys MEB-550SL” electron-
beam evaporator. To ensure an oxygen free surface, any native oxide having reformed
during the transfer is removed by in-situ Ar milling prior to the PVD metallization. The
Ar plasma is obtained at a 5 sccm flow of Ar with a chamber pressure of 6.5 x 10 mbar
for 2 min. The 10 nm thick Nickel layer is deposited by thermal evaporation under
ambient temperature conditions, without any additional heating, and at a low deposition
rate of 0.1 nm/s with a beam power loading of 280 mA and 10 kV. The metallized
wafers, upon retrieval, are kept under N2 to avoid oxidization of the metallic surface

before further processing or characterization.
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For XRR analyses we used a D8-Discover Bruker AXS diffractometer with a Cu-ka
source, a Goebel mirror, a 0.1 mm slit at the primary beam, a 0.2 mm slit, and a
scintillator as a detector. The samples were used without any preparation procedure.
TEM sample preparation was carried out following a fully cold procedure. The samples
were glued together at room temperature for two days, the preparation steps were
carried out using cold glue and solvent removing bath, ion milling final step was
performed under liquid nitrogen. Scanning Transmission Electron Microscopy analyses
have been carried out in High Angle Annular Dark Field (HAADF) configuration using
a Jeol Arm200 Microscope.
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