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Abstract

In this paper, the in-situ Scanning Electron Microscopy (in-situ SEM) technique and three-
dimensional (3-D) phase-field simulation were combined to perform a comprehensive study on
the kinetics and mechanisms of dewetting (or agglomeration) of a 30 nm NiSi films on Si(100)
substrate at 600°C. The evolution of texture during agglomeration of the polycrystalline NiSi
thin film was also studied by ex-situ Electron BackScattered Diffraction (EBSD). The phase-
field simulation results showed that abnormal grain growth plays an important role in the
dewetting process of polycrystalline films, while the misorientations between NiSi grains and
the Si substrate are the main reason for the agglomeration of NiSi polycrystalline thin film on
the monocrystal Si substrate. Moreover, 3-D phase-field simulations coupled with experimental
information on misorientation distribution and initial grain size were also performed, and the
simulated Ni silicide grain morphology is in good agreement with the in-situ SEM results during
agglomeration. In order to slow down or to suppress the agglomeration, it is highly
recommended to either increase the volume fraction of low angle grains, or decrease the

misorientation of the NiSi grain/Si substrate or the NiSi grains.

Keywords: NiSi thin film, Dewetting, in-situ SEM, Phase-field simulation, Texture,
Misorientation
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1. Introduction

With the downscaling of microelectronic devices, the Ni monosilicide (NiSi) has been
widely used as contacts for the source, drain, and gate in the complementary-metal-oxide-
semiconductor (CMQOS) transistors. Compared to the former contact materials (CoSi> and
TiSiz), NiSi has attractive advantages, including a lower resistivity, less Si consumption, and
Ni diffusion-controlled growth [1]. However, a major disadvantage of the NiSi films is that
they are not stable at high temperatures. Indeed NiSi films can quickly degrade during post-
formation thermal treatment [2]. Two degradation mechanisms can be distinguished: i) in the
morphological degradation, the agglomeration (or dewetting) of NiSi occurs upon annealing

(when T=500°C depending on the film thickness: the smaller the thickness, the lower the

temperature). ii) in the phase degradation, NiSi transforms into the high resistivity NiSi. phase
at a higher temperature (around 750~800°C) [3]. For thin NiSi films, such as the ones with a
thickness smaller than 30 nm, it has been shown that agglomeration, i.e., that the thin NiSi film
breaks up into small islands, occurs at much lower temperatures than the formation of the NiSi»
phase [3]. The agglomerated film then consists of small islands of low resistive NiSi separated
by the high-resistive silicon, destroying the low resistance of the contact [4]. In order to avoid
this detrimental behavior, there is an urgent need to improve the morphology stability of NiSi
films.

Over the last two decades, several experimental studies have been devoted to the factors
affecting the agglomeration and phase stability of NiSi films, including heat treatment process
[3, 5], thickness of film [3, 6], nature of substrates [3, 7], texture of NiSi grains [3, 4, 8-10],
grain growth [11], and alloying elements or impurities [2, 6, 12-15]. Among the factors
affecting the agglomeration of the NiSi film, the texture of NiSi grains has been found to play
a crucial role in the morphological stability of a thin NiSi film [4].

As the NiSi phase is formed via solid-state reaction, the texture inheritance from a precursor
phase may benefit the new phase and has been proposed to explain the preferred orientation of
NiSi grains [4, 16]. Actually, the NiSi films on monocrystal Si substrates are strongly textured.
There are four types of texture components identified in the NiSi film, i.e., i) random texture
for which no preferential orientation is present in the film; ii) epitaxy or in-plane texture for
which the orientation between the NiSi grains and the substrate is completely fixed, and there
is a two-dimensional match between the film and the substrate at the interface, iii) fiber texture,
where one of the (hkl) planes is oriented (nearly) parallel to the film/substrate interface, and the

NiSi grains are randomly rotated around the axis perpendicular to the interface, i.e., the fiber
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axis, that is normal to the surface. iv) axiotaxy [17], which can be understood as an off-normal
fiber texture (i.e., that the fiber axis is not perpendicular to the interface). The latter texture type,
axiotaxy, was revealed on the NiSi films and is due to the match between the spacings (or the
projected spacing) of a substrate plane and a film plane [17]. In this case, the interface between
the film and the substrate shows a one-dimensional (1-D) periodicity. The axiotaxy texture is
common in NiSi films [8-10].

De Schutter et al. [4] have reviewed the effect of texture on agglomeration: they emphasized
that the minimization of interface energy is the main driving force for agglomeration and
examined the contribution of the different textures. Epitaxial grains have an excellent interface
match with the substrate, and thus the lowest interfacial energy, unlike those with different
textures which have different interfacial energies. Axiotaxial grains still have a decent interface
match due to the 1-D periodicity, although slightly worse than epitaxy, and thus medium
interfacial energies, while the random grains have the highest interfacial energies. Therefore,
there is a driving force for axiotaxial and epitaxial grains to consume neighbor grains with
random orientation. However, for epitaxial grains, the interface with the lowest interfacial
energy corresponds to a plane-to-plane matching: it is thus difficult to curve the interface since
this destroys the matching interface and increases the interface energy. Therefore, the epitaxial
grains can only increase their size by lateral growth while keeping the flat interface [4]. For
axiotaxial grains, due to the 1-D periodicity interface with the substrate, the curving of the
interface does not cost much interface energy, and previous TEM results have shown that the
axiotaxial grains indeed have a curved interface in the agglomerated film [17].

For the axiotaxy textured NiSi film on monocrystal Si substrates, there are four common
types of NiSi planes parallel to the Si(220) plane: NiSi(211), NiSi(202), NiSi(103), NiSi(112)
[17]. De Keyser et al. [8] have measured the volume fraction for axiotaxy texture, and they
found that the volume fraction of grains for the four axiotaxial texture components is around
40% for two NiSi films with a thickness of 60 nm and 90 nm capped with a 2 nm Si film.

De Keyser et al. [9] have also studied the texture evolution during agglomeration by
annealing at 550°C for 72 hours of a 60 nm NiSi film obtained by reaction of a Ni film and Si
substrate without Si cap: the XRD pole figures show the increase of the axiotaxial and epitaxial
components and the decrease of random components after annealing [9]. More precisely, the
Electron BackScattered Diffraction (EBSD) results showed that the volume fraction of axiotaxy
components increased from 24% to 30% after annealing [9]. It was argued that the axiotaxial
grains promote agglomeration. Moreover, Deduytsche et al. [14] found that additional alloying

elements, such as Ti, W, and Ta, change the texture of thin film by suppressing the axiotaxial
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grains and promoting the epitaxial ones. These changes in texture can increase the morphology
stability of NiSi film at high temperatures. More recently, Luo et al. [18] studied by atom probe
tomography the agglomeration of NiSi thin film using Si isotopes enriched multilayers. They
found that the diffusion of Si (the slow-diffusing species) along the NiSi/Si interface plays a
significant role in the agglomeration of NiSi thin films. Though there is noticeable progress in
understanding the agglomeration mechanism of NiSi film and more generally of polycrystalline
thin films [3, 4, 8, 9, 18], these mechanisms are still not fully understood. Moreover, the
morphological stability and the related effect of texture of NiSi film have been mainly studied
by the static experiments (ex-situ), such as X-Ray Diffraction (XRD) pole figure, EBSD,
Scanning Electron Microscopy (SEM), Transmission Electron Microscope (TEM). A few in-
situ experiments were performed, such as in-situ XRD [3], and in situ sheet resistance
measurement [19]. However, with these experimental techniques, it is still difficult to study the
mechanisms, the complete dynamic evolution, and the kinetics of agglomeration to obtain a
good understanding of the agglomeration process. Accordingly, there is an urgent need to
develop an appropriate approach to remedy the situation.

Nowadays, the in situ experimental observation coupled with the phase-field simulation
may serve as an efficient way to bring insights into complex phenomena. In situ observations,
such as the ones done in an environmental SEM, can provide direct and reliable data to study
the mechanisms and the kinetics of agglomeration. With respect to the phase-field simulation
of agglomeration in NiSi films, Bouville et al. [20, 21] developed a phase-field method to study
grain boundary grooving and agglomeration of a NiSi polycrystalline thin film where each alloy
component has a unique diffusivity. They also examined the effect of introducing a slow-
diffusing species (Pt) into the film, and the effect of grain shape on the agglomeration of
polycrystalline thin films [21]. However, Bouville’s work only considers two grains in a 2-D
simulation along the longitudinal section, and it cannot completely and quantitatively describe
the evolution of agglomeration. Moreover, such a simple model does not consider the effect of
texture. In order to perform a quantitative simulation of the agglomeration (or dewetting)
phenomenon and to study the effect of texture on NiSi thin films, the 3-D multi-phase-field
(MPF) model is required. This type of simulation has emerged as a powerful tool to simulate
the microstructural evolution in various materials processes during their lifetime [22-27]. It can
be utilized by coupling with reliable CALPHAD (calculation of phase diagram) thermodynamic
and atomic mobility databases [24].

Consequently, in this work, in-situ SEM observations and MPF simulations are combined

to investigate the mechanism of agglomeration in the polycrystalline NiSi thin film. The
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agglomeration kinetics and the morphological evolution of the NiSi thin film are determined
by in-situ high-temperature SEM observations, while the evolution of texture for the
polycrystalline NiSi thin film during agglomeration is studied by ex-situ EBSD. The 3-D phase-
field simulation is performed by considering the orientation of both NiSi grains and Si substrate.
The effect of misorientation on the agglomeration is quantitatively investigated, to reproduce
the results of in-situ SEM. The role of the NiSi grain orientation is highlighted.

2. Experimental procedure

A 15 nm thick Ni film was deposited at room temperature by magnetron sputtering onto
(100) Si substrates. The Si(100) substrates were immersed into a 5% HF solution for 1 min to
remove the native oxide prior to the deposition. The deposition was performed in a sputtering
deposition system with a base pressure of 108 Torr using 99.99% pure Ar gas flow. The wafer
was mounted on a rotating sample holder to obtain a homogeneous deposit. The deposition rate
as a function of power was calibrated for the Ni target. The applied power on the Ni target is
50W and the corresponding deposition rate is 0.136 nm/s. According to the conservation of the
mass of Ni atoms, the full consumption of the 15nm Ni film by solid state reaction with the
silicon substrate will result in a NiSi film of about 30 nm.

In situ hot stage scanning electron microscopy has been done using an environmental SEM
FEG QUATTRO (Thermo Scientific). A 3mmx3mm sample consisting of a 15nm Ni film
deposited on Si substrate, was introduced into a MgO crucible mounted, in the SEM, on a
furnace capable of reaching 1000°C. Heating was done in vacuum mode, in order to avoid
oxidation of the Ni film. The sample was heated with the following ramp: 30 K.min up to
450°C, 10 K-min up to 550°C, and finally slowly (5 K-min™) till 600°C. Then the sample was
held at 600°C for almost 4 hours (238 min). Observations were done at 10 kV, in order to finely
see grains in the Ni layer with an Everhart-Thornley Detector. Pictures were taken every 1 or 2
minutes in order to build the detailed kinetic curves afterward. The evolution of phase area
fraction was deduced after treatment of image stack in ImageJ software.

Rapid thermal processing (RTP) was used for annealing sample at 600°C for 60 s under
vacuum (~10® mbar) with the ramp rate as nearly 50°C/s. A long-time annealing sample was
prepared by vacuum annealing furnace (the ramp rate is nearly 0.57°C/s) under vacuum (10
mbar) at 600°C for 24 hours. The structure of the films was investigated using X-ray diffraction
(XRD) in the 6-6 geometry using a Cu Ka source (1x« = 0.154 nm). The NiSi grain orientation
maps were collected using the EBSD technique in a Zeiss Gemini 500 field-emission gun

scanning electron microscope (FEG-SEM) equipped with an EDAX Hikari Super acquisition
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system. EBSD scans were performed at 12 kV accelerating voltage, using step sizes between
20 and 50 nm. Post-processing analysis of the EBSD data was performed using the OIM
Analysis™ software [28], combined with the MTEX Toolbox [29] for texture analysis and
visualization. Low KV images were taken with this Zeiss FEG-SEM, using two secondary
electrons (SE) detectors: an InLens SE detector (located inside the electron column) that
provides high-resolution surface structure and an Everhart-Thornley SE detector, used for

topography observation.

3. Multi-phase-field (MPF) modeling

3.1 MPF models
In this work, the contribution of the elastic field was not taken into account. Under this
assumption, the total energy functional can be generally divided into the interfacial part f ™
and chemical part f °"*™ [30, 31]:

F= Jf intf +f chem (1)

_ 4o 2
fintf _ af _77_v v ) } )
a,ﬂ;.,N n { 7t bu VOt a9y )
=2, Mﬁ)tﬂ%)+ﬁ(ﬁ-—}i @dj @3)

where N = N(x) is the local number of phases, ¢, is the phase-field value of « phase/grain, the

interface energy between phases/grains « and . It can be anisotropic with respect to the relative
orientation between the phases/grains. nqg is the interface width and is treated to be equal for

2
all interfaces. There are two terms in the brace of Eq.(2), i.e., —U—ZVqﬁa Vg, corresponding to
T

the gradient term between two phases/grains o and g, while ¢, -4, the double obstacle

potential. In Eq.(3), f,(c\) is the bulk free energy density of the individual phase, which
depends on the phase concentrations ¢’ , and can be obtained from the reliable thermodynamic
database. The interpolating function h(g,) is an arbitrary function which is defined changing

monotonously from h(0) = 0 to h(1) = 1. Such a function is introduced to avoid the driving
forces in the bulk region, but also to enhance numerical stability in applied computations. In
most cases, the function is taken as: h(g¢) =¢. ' is the diffusion potential of the component i

introduced as a Lagrange multiplier to conserve the mass balance between the phases
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¢'=> _ . #c,. The chemical part f chem depends on the sum of the bulk free energy density

f (c!) of all phases and the contribution of diffusion potential .
Based on the free energy functional shown in Egs.(1) ~ (3), the MPF evolution equations

can be then derived based on the above free energy functional [30-32]:

¢5| = Z ﬂaﬂ{ Oup |:¢ﬁv ¢, -9, v? ¢p (¢ ¢ﬁ j| \/¢ ¢ﬁAgaﬁ} (4)
PAPNTAL: (5)

Uap 1S interfacial mobility between the o and g phases. In Eq.(4), the evolution of the phase field

¢ depends on two terms, i.e., the first curvature term (%V ¢, — ¢ V? ¢y + (¢ %)J

the second driving force term Ag.s. Ages is the local deviation from thermodynamic

equilibrium given as

Ag,, =—f,(c,)+ f,(c,) + 7' (c, —c}) (6)
It should be noted that the chemical driving force Ag.s can be obtained by linking to the real
CALPHAD thermodynamic databases through the TQ-interface of Themo-Calc software [33].
D! represents the multi-component diffusion matrix for all phase o and all solute interaction ij.
Actually, Eg.(4) cannot be directly derived from the free energy functional, but is a so-called
antisymmetric approximation, which resigns from thermodynamic consistency at the multiple
junctions [31, 32]. This is commonly done in most simulations using the MPF model [32], and
has been incorporated in the MICRESS (MICRostructure Evolution Simulation Software) code

[34], which will be utilized for the present phase-field simulation.

3.2 Materials parameters
The prerequisite for a quantitative phase-field simulation is to link the phase-field code to
the CALPHAD thermodynamic and atomic mobility databases, in order to provide realistic

chemical driving force, diffusion potentials, and chemical mobility/diffusivity at any

composition and temperature. It should be noted that the chemical driving force Ag,, can be

obtained by linking to the real CALPHAD thermodynamic descriptions, while M, is the
chemical mobility in the o phase and can also be directly obtained from the CALPHAD atomic

mobility descriptions.
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For the Ni-Si system, the thermodynamic descriptions from Du and Schuster [35, 36] were
employed to provide the chemical driving force and diffusion potentials during the present
phase-field simulation. As we only study the agglomeration at low temperatures, there is no
phase transition from the NiSi phase to the NiSi> phase since the nucleation of NiSi. usually
occurs above 750°C [37]. Thus, only the NiSi and (Si) phases were considered in the simulation.
Each phase should obey the conservation of volume or mass during the agglomeration. In order
to respect the conservation of volume or mass for the NiSi and (Si) phases in the simulation, an
extremely tiny solid solubility of the (Si) phase was set manually in the thermodynamic
descriptions (see in Table S1), and then the initial composition of the (Si) phase was set as the
solid solubility limit at the corresponding temperature (see in Figures S1 and S2).

Concerning the atomic mobility, Luo et al. have shown that the diffusion along with the
interface of the slow diffusion Si species is crucial for the agglomeration process, and the
diffusion of Si at the NiSi/Si interface Dyis;s; Was roughly estimated as 1x10! cm?/s at 600°C
[18]. This value is about 4 orders of magnitude larger than the self-diffusion of Si in NiSi [18,
38], and 14 orders of magnitude larger than the self-diffusion of Si in Si (i.e., 2x10°%> cm?/s)
[39]. Thus, only the value of Si diffusion along the NiSi/Si interface is considered in the
simulation.

Moreover, reliable thermophysical parameters are also critical for performing the
guantitative phase-field simulation. Two important interfacial energies are the NiSi/Si
interfacial energy (owisisi) and the NiSi grain boundary energy (onisinisi). However, no reported
data are available for the two interfacial energies. Since the high-angle grain boundary energies
of metals are often found to be roughly 1/3 of their surface energies [40], the NiSi grain
boundary energy can be roughly estimated to 1/3 of its surface energy. Recently, Luo et al. have
observed the triple junction with NiSi-Si-vacuum by the APT (Atom Probe Tomography) under
the equilibrium state [18]. From this observation and the known Si surface energy, the NiSi
surface energy and the NiSi/Si interface energy can be thus calculated. As the Si surface energy
ranges from 0.84x10* J/cm? to 1.90x10* J/cm? for different cleavage-surfaces [41], the value
of 1.90x10* J/cm? for the Si surface energy corresponding to the (110) plane, has been used in
this work since it corresponds to the (110) plane, which is often observed in the axiotaxial
texture. Therefore, the NiSi surface energy and the NiSi/Si interface energy were evaluated to
be 1.8x10* J/lcm? and 4.94x107° J/cm?, respectively. Furthermore, the NiSi grain boundary
energy was taken as 6.0x107°J/cm? (i.e., 1/3 of the NiSi surface energy). The interfacial mobility

between different interaction pairs was evaluated according to Eq.(35) in Ref. 33 to achieve a
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diffusion-control process. All the simulation parameters used in this work are listed in Table
S2.

In order to study the effect of texture on the agglomeration (or dewetting), the interfacial
energy and interfacial mobility for cubic phase Si and the orthorhombic NiSi phase were
considered to be dependent on the interface misorientation. The reduction of interfacial energy
as a function of misorientation angle 6 was taken to be governed by the Read-Shockley law [42]

implemented in MICRESS:
0 6
o(0)=0cpp—|1-In (7)
( ) e HHAB { (GHAB J:|

where ouag and Guas are the interfacial energy of a high angle grain boundary and the

misorientation corresponding to the transition angle between low and high angle grain
boundaries. The reduction of interfacial mobility as a function of the misorientation was taken

to be described by the sigmoidal law suggested by Humphreys [43]:

#(0) =t LleXD{B( His JD (8)

where unag is the interfacial mobility of a high angle grain boundary, B and n are two model

parameters usually set to B=5 and n=4. Figure S3 shows the curve form of Eq.(7) and Eq.(8)
with 84as=15°. In the present phase field simulations, the orientation of each grain was defined
by Euler angle, and the misorientation & between NiSi grains and Si substrate, as well as that
between neighbor NiSi grains, was calculated. Then, o(0) and u(¢#) for each interface were
calculated based on the Eq.(7) and Eq.(8) with the transition angle Gnas =15°, and used in the
phase-field evolution equation (i.e., Eq.4) for describing the evolution of phase field. For the
NiSi grain, different interfaces have different interfacial energies and mobilities, which depend
on the misorientation between two grains or phases on both sides of the interface.

4. Experimental results

4.1 Microstructure evolution observed by the in-situ SEM
Figure 1 shows low magnification SEM images of a 30 nm NiSi film on Si(100) substrate
in-situ heating at 600°C. Different phases could be distinguished from the contrast in the SEM
images. The white and gray regions respectively correspond to the big NiSi grains and the
smaller ones, while the black region is the exposed Si surface (the green region indicates dust

on the sample surface). Fig. 1a shows the NiSi thin film morphology after 23 min annealing at
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600°C. The agglomeration of NiSi thin film is at the beginning stages, as indicated by small
black regions of Si. The initial NiSi grains are small and close to each other. With increasing
the annealing time from 23 min to 32 min, most NiSi grains gradually shrink (small grains in
grey), while some specific NiSi grains grow rapidly, appearing as large grains in white (Fig.
1b). Meanwhile, the fraction of exposed Si increases. With the agglomeration process, the
expansion direction of the exposed Si depends on the consumption of the small NiSi grains, as
the large NiSi grains achieve a slow-growing stage and stop the expansion of the exposed Si
(Fig. 1(c-d)). This shows that the agglomeration of the NiSi grains causes an increase in the
exposed Si. Due to the large contrast between NiSi and Si (grey/white vs. black) and because
of the difficulty to separate the grey level associated with the NiSi grains, the kinetic of the
exposed Si would be used to study the agglomeration kinetics of the NiSi thin film on the Si(100)

substrate.

(a) |

e same area, during in-
situ heating at 600°C, of a 15nm Ni thin film on Si(100) substrate: (a) 23 min (b) 32 min (c)
194 min (d) 287 min. The white and gray regions are the NiSi phase, the black phase is the
exposed Si surface. (the green region reveals dust on the surface’s sample).

4.2 Agglomeration kinetics
Figure 2 shows the kinetic of the exposed Si relative to a 15 nm Ni film deposited on Si(100)
substrate annealing at 600°C determined from in-situ SEM results. As shown in Fig. 2a, the
fraction of the exposed Si increases very slowly before 23 min, but then increases quickly
following a power function (the details will be introduced later). Fig. 2a also shows that the
number of exposed Si regions (blue curve, right axis) first increases fast to reach a maximum,
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then decreases slowly and tends to a stable value. During the heating stage, it takes 40 min to
reach 600°C, as shown in Figure S4. However, the agglomeration of NiSi grains happens
already before the temperature reaches 600°C, i.e., before 40 min. Prior to the agglomeration
of NiSi, solid state reaction between Ni thin film and Si substrate to form NiSi as well as the
grooving at the grain boundaries of NiSi have also happened during the heating process. Thus,
it is difficult to know the accurate starting time of agglomeration and to compare agglomeration
kinetics with other experimental results from different holding temperatures or samples. In
addition, the exposed Si fraction is too small to be accurately determined at these initial stages.
Therefore, we prefer not to take into account the early stage and to start at a time corresponding
to a given fo(e-Si) value, representing the initial fraction of the exposed Si that can be easily
measured. The value of fo(e-Si) of 3 % was selected in our work and the time-shifted kinetics
(corresponding to a time shift of about 26 min) of the exposed Si are shown in Fig. 2b. When
the area fraction of exposed Si reaches 3 %, the temperature is around 550°C (26 min), which
is not so far from 600°C, the detail is shown in Figure S4.

The shifted kinetics of exposed Si for a 15 nm Ni thin film on Si(100) substrate for two
experiments with different magnifications (Exp-1: low-magnification with area=303 um? and
Exp-2: high-magnification with area=20.3 um? - see in Figure S5) are shown in Fig. 2b. In
order to assess the error of the area fraction of exposed Si, each image from the low-
magnification in-situ SEM experiment (Exp-1 with a total area of 303 pm?: 23 umx13 um) was
randomly divided into 120 regions, which size is the same as the high-magnification in-situ
SEM experiment (Exp-2 with a total area of 20.3 pm?: 5.4 pmx3.8 um). The exposed Si area
fraction was determined for each of these regions to obtain the average, minimum, and
maximum of this value. In Fig. 2b, the orange line represents the average area fraction and the
orange region represents the measurement error from maximum and minimum. Fig. 2b shows
that the kinetics from the high-magnification in-situ experiment is within the error range of the
low-magnification in-situ experiment. Moreover, the average area fraction of exposed Si can
be well fitted by a power function (y=a-x°, where a is 7.7 and b is 0.28, and the fitting goodness,
R?,is 0.972). Therefore, the area fraction of exposed Si for larger fo(e-Si) than 3 %, increases in

a power function.
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Fig. 2. Kinetic of exposed Si during in-situ SEM at 600°C of a 15 nm Ni film on Si(100)
substrate: (a) Area fraction and the number of the regions for the surface-exposed Si with time,
(b) Shifted kinetics of exposed Si from in-situ SEM results with different magnifications
(Area=303 pm?and Area=20.3 pm?): the orange region represents the measurement error of the
low-magnification experiment (Exp-1 with a total area of 303.47 um?) using the same measured
size with the high-magnification experiment (Exp-2 with the total area of 20.30 um?). This error
range is from the maximum and the minimum.

4.3 Long-time annealing

In order to study the different states of NiSi agglomeration, long-time annealing of the 15
nm Ni film on Si(100) substrate was performed at 600°C for 24 hours, and a sample was also
annealed at 600°C for 60 s by RTP for comparison.

XRD and low kV SEM images (Fig. 3) indicate that there is only the NiSi phase after long-
time annealing at 600°C for 24 hours. Furthermore, XRD analysis (not shown) of a sample with
vacuum annealing at 400°C for 1 hour was used to ensure that the Ni film is fully transformed
to the NiSi well below 600°C. Fig. 3a shows the relative intensity of the XRD peak change with
annealing time. In particular, there is an increase in the (013) peak intensity that indicates a
change in texture. Fig. 3b shows the morphology of NiSi that is characteristic of a severe
agglomeration with the formation of NiSi islands. The surface morphology and grain boundary

of NiSi grains can be clearly observed in Fig. 3b zoom image.
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Fig. 3. (a) XRD scan at room temperature and (b) Lo
Si(100) substrate with annealing 24 h at 600°C. The illustration in (b) shows the surface

morphology of NiSi.

Figure 4 displays the EBSD orientation maps and pole figures for a 15nm Ni film on Si(100)
substrate for 60 s and 24 hours at 600°C. In Fig. 4a and Fig. 4b, the black region is the Si
substrate, and each color represents an orientation of the NiSi grains. After annealing at 600°C
for 24 hours, some phenomena can be clearly observed: i) a number of small grains have
disappeared, and there is a general grain growth with the average grain radius increasing from
137 nm to 193 nm, as shown in Fig. 4c, and ii) some grains with a particular orientation grow
abnormally. Pole figures show that these special grains with particular orientations have similar
fiber texture while grains with random orientation disappear, as shown in Fig. 4d and Fig. 4e.
These results are in good agreement with De Keyser’s work on 60 nm NiSi films with a dwell
time of 72 h at 550°C [9]. These special grains (such as axiotaxy and epitaxy) have smaller
interface energy than the random orientation grains due to matching with the Si substrate in one
(axiotaxy) or two dimensions (epitaxy): this causes abnormal grain growth during the

agglomeration of NiSi grains [4].
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Fig. 4. EBSD orientation maps and pole figures for 15nm Ni film on Si(100) substrate after: (a)
RTP at 600°C for 60 s and (b) vacuum annealing 24 hours at 600°C. (c) is the grain size
distribution. Pole figures for 15nm Ni film on Si(100) substrate are shown in: (d) for RTP at
600°C for 60 s, and (e) for vacuum annealing 24 hours at 600°C.

5. MPF simulation results

In order to reveal the mechanism of NiSi agglomeration, the effect of NiSi grains orientation
on the agglomeration has been studied by 3D phase-field simulations, focusing on different

volume fractions and misorientation distributions of the NiSi grains.

5.1 Effect of NiSi orientation

The driving force for agglomeration is mainly the reduction of interfacial energy (including
grain boundary energy) in the system. Misorientation affects the interfacial energy/grain
boundary energy and the interfacial mobility between the NiSi grains and the Si substrate. The
reduction factors are calculated by Eq.(7) and Eq.(8). Table 1 lists the NiSi grains orientation
types (1 to 4) used in the simulations (A to F groups). Orientation is not considered in type 1
NiSi grains. For the other types, the orientations are defined by the Euler angles. For type 2
NiSi grains, the Euler angles, ¢=270°, 6=20°, y=90°, noted NiSi(¢=270° 6=20°, y=90°), are
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representative of the Euler angles for the NiSi(103) axiotaxy. In order to conveniently study the
effect of misorientation on agglomeration, the orientation of type 3 NiSi(¢=270°, 6=35°, y=90°)
and 4 NiSi(p=270° 6=30°, y=90°) grains is set as high-angle misorientation grains (HAMG)
compared to the type 2 NiSi(¢=270°, 6=20°, y=90°) grains. The orientation of Si substrate is
also set relative to the type 2 NiSi grains, as Si(¢=270°, 8=25°, y=90°). It was chosen to always
keep some misorientation between NiSi grains and Si substrate to allow the evolution of the
system. Since only 6 is changed for all the orientations, we will now use the following
simplified notation: type 2 NiSi(6=20°), type 3 NiSi(6=35°), type 4 NiSi(6=30°), and Si(6=25°).
The misorientation limit for high angle boundaries is set to 15° for NiSi/Si and NiSi/NiSi in the

simulation. For simulations A to F, the simulated domain is 100x100x40 grids, grid size Ax is

5 nm, and the interface thickness is 4Ax. The thickness of the NiSi film is set to 30 nm, and the

initial average grain radius is 85 nm, closing to the in-situ SEM experiments at 600°C. Periodic
boundary conditions are used along with the four horizontal directions (west, east, south, north),
and isolation conditions are used for the top and bottom boundaries in all simulations. Only one
set of thermophysical parameters was used in all simulations, which were obtained through
reasonable evaluation, as described in Section 3.2. The volume fraction of the NiSi phase and
the Si substrate are conserved in all simulations. The parameters (interfacial energy and

interfacial mobility) used in the simulations A to F are listed in Table S3.

Table 1 Volume fractions of different orientations in NiSi film in the simulations A to F.

Orientation Volume fraction
Type of NiSi grains

[Euler angle, (9,0,y)] A B C D E F

1 -- 100 - -- -- -- --
2* 270°,20°,90° - 2265 4321 69.23 7725 -

3 270°,35°,90° - 7725 56.69 30.67 22.65 69.23
4 270°,30°,90° -- -- -- -- - 30.67

* NiSi(270°,20°,90°) is one of Euler angle of the axiotaxy NiSi(103).

Figure 5a illustrates the effect of the misorientation on the agglomeration of NiSi film from
the present phase-field simulations. Firstly, in simulation A, all NiSi grains are isotropic without
orientation. The evolution of NiSi grains is then controlled by grain growth and interface
diffusion, as shown in Fig. 5a. Indeed, Fig. 5a shows that grooving and agglomeration happen

and lead to the isolated NiSi islands. Then some islands grow at the expense of the other and
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finally form a big isolated island. The kinetic of the exposed Si fraction for simulation A is
shown in Fig. 6a.

In order to check the effect of misorientation and texture on agglomeration, special
orientations between the NiSi grain and Si substrate were introduced in other simulations. In
simulation B, 77.25% of the NiSi grains are the type 3 with a 10° misorientation compared to
Si substrate (relatively high-angle misorientation-HAM that can be representative of the
random orientation grains), and 22.75% are type 2 grains with a 5° misorientation (low-angle
misorientation, LAM, representative of epitaxy or axiotaxy grains). It means that 77.25% of
NiSi grains (HAMG) have higher interfacial energy and mobility than the other grains (low-
angle misorientation grains-LAMG). Note that the interfacial energy and mobility between the
same type NiSi grains are close to 0 due to the 0° misorientation. Figure 5b shows the evolution
of the microstructure for simulation B (the HAMG are in red and the LAM ones in orange): the
abnormal grain growth of the LAM NiSi grains is clearly observed, and the evolution of HAMG
is faster than the LAMG. This phenomenon is very similar to the in-situ SEM results. Moreover,
the Kkinetics of the exposed Si fraction of simulation B with orientated grains is close to the in-
situ results, as shown in Fig. 6a. It is slower than simulation A with isotropic grains. By
comparing the results of simulations A and B, it is clearly found that the misorientation between
the NiSi grains and the Si substrate and the one between the NiSi grains strongly affect the
agglomeration of the NiSi film by affecting the interfacial energies and mobilities. Furthermore,
as the effect of misorientation on the agglomeration of NiSi is dependent on the volume fraction
and misorientation distribution, more phase-field simulations will now be presented to study
these factors.

5.2 Effect of the different volume fractions of different orientations

In order to study the effect of different volume fractions of NiSi orientations on
agglomeration, simulations (B to E) with different volume fractions of NiSi orientations but
with the same NiSi grain structure were performed (Fig. 5b-e). Two types of NiSi grains
(misorientations are 5° and 10° with Si substrate) with different fractions are set in the
simulations B to E, and the volume fraction of the HAM NiSi grains in the NiSi film varies
from 77.25% to 22.65%. These simulation results show that the lower fraction of the HAMG,
the lower fraction of exposure of Si substrate. Figure 6a shows the kinetics of the exposed Si
from the in-situ SEM and the simulation A to E with shifted time using fo(e-Si) = 3.0% as the
initial time. The kinetics of simulations B to E confirms that a smaller fraction of HAMG slow

Page 16



467
1

5 468
469
S 470
6

7 471

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50 472
51 473

52 474

53
o 475
55 476

56 477
57 478
58
59 479
60
61
62
63

64
65

down the exposure rate of the Si substrate. It means that the LAMG are efficient in reducing
agglomeration. Moreover, the simulations show that when the fraction of HAMG lies between
30.67%~56.70%, the kinetics of the surface-exposed Si are in good agreement with the in-situ
SEM results. In other words, when the fraction of LAMG is 43.30%~69.33%, the kinetic of the

exposed Si obtained by the phase-field simulations reproduce the in-situ SEM results.

0 min 50 min 100 min 300 min

>
Isotropic grains

(b) NiSi(8=20°)

vs)
JHAMG=T77.25%

i~
(-}
0\?

9y NiSi(0-35°)

=56.70%

fHAMG

O
=30.67%

fHAmG

22.65%

fHAMG

Fig. 5. Simulated microstructure evolution for different high-angle misorientation grains
(HAMG) fraction of the agglomeration for a 30 nm NiSi film on Si substrate at 600°C: (a)
isotropic grains, (b) fHame=77.25%, (C) fravmc=56.70%, (d) fravc=30.67%, and (e)
fhamc=77.25%. Different colors represent the different NiSi orientations, while the Si substrate
is transparent.
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Fig. 6. Kinetics of the exposed Si area fraction with shifted time of in-situ SEM and simulated

results for a 30 nm NiSi film on a monocrystal Si substrate at 600°C. The area fraction of

exposed Si taken as initial time is equal to 3.0% in (a) and (b): (a) simulation A to E groups, (b)

simulation A, D, and F groups, (c) simulation A to F during the early stage with a none shifted

time.

5.3 Effect of different misorientation distributions

The simulations D and F were performed to study the effect of different misorientation
distribution with the same volume fraction on the agglomeration of NiSi grains. In the two
simulations, the volume fractions of HAM type 3 NiSi(6=35°) grains are equal to 30.67%. Type
2 NiSi(6=20°) grains are LAMG in simulation D with Si(6=25°) substrate, and type 4
NiSi(6=30°) are LAMG in simulation F with Si(6=20°) substrate, the misorientation between
NiSi and Si substrate changes from 5° and 10° in simulation D to 10° and 15°in simulation F.
Since the Si orientation is different for the two simulations (Fig. 7), the misorientation between
the NiSi grains also changes from 10 ° to 5° from the simulations D to F. On the one hand, as
the total interfacial energy of the NiSi/Si interface increases in simulation F compared to
simulation D, the evolution of NiSi grains with the Si substrate should be enhanced. Figure 6b
compares the kinetics of the exposed Si obtained by in-situ SEM with the results of time-shifted

simulations A, D, and F: the kinetics of the exposed Si substrate is found to be faster for
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simulation F than that for simulation D, as expected. On the other hand, the total energy of
NiSi/NiSi grain boundary decreases in simulation F compared to simulation D, and the
evolution between NiSi grains with different orientations should be weakened. Fig. 7a and Fig.
7b for a time of 50 min show that the evolution between NiSi grains with different orientations

is indeed weakened in simulation F and slower than in simulation D.
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Fig. 7. Simulated microstructure evolution for different misorientation distributions with the
same volume fraction on the agglomeration for a 30 nm NiSi film on Si substrate at 600°C: (a)
fravmc=30.67%, with Onisi¥si is 5°, Onisidssi = 10°, Onisimisi® = 15°, (b) framc = 30.67%, with
Onisitisi = 15°, Onisi®si = 10°, OnisiSmisi® = 5°. The different colors represent the different NiSi
orientations, while the Si substrate is transparent.

5.4 Grooving

Figure 8 shows the evolution of the longitudinal cross-section of the phase-field simulated
microstructure with different misorientation distributions but the same volume fraction
(simulation D and simulation F) during the early stage of the agglomeration for a 30 nm NiSi
film on Si substrate at 600°C. Compared to the simulation D, the grooving process is weakened
in simulation F due to the decrease in misorientation between NiSi grains, even if the increase
in the NiSi/Si misorientation should accelerate agglomeration in simulation F. This behavior
was confirmed by using a bicrystal structure (Figure S6) and the phase-field simulation (Figure
S7): the grooving phenomena was faster for high angle grain boundaries even if the
misorientation with the substrate is lower. Figure 6¢ shows the early stage of the exposed Si
for simulation D and F: when the fraction of exposed Si is less than 3.0%, grooving is the
primary microstructure evolution process in this case. The kinetics of the grooving process
depends strongly on the misorientation between NiSi grains, but is less sensitive to the volume
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fraction of the different misorientations. A small misorientation between the NiSi grains will
be an advantage to delaying the grooving of the NiSi grains, and thus the agglomeration.
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Fig. 8. Longitudinal cross-section of the simulated microstructure evolution for different
misorientation distributions with same volume fraction on the agglomeration for 30 nm NiSi
film on Si substrate at 600°C: (a) fruamc=30.67%, with OnisiZsi = 5°, Onisicisi = 10°, OnisiZiisic =
15°, (b) fuamc=30.67%, with Onisi®isi = 15°, Onisi*isi = 10°, Onisioisi® = 5°. Different colors
represent the different NiSi orientations, while the Si substrate is transparent.

5.5 Application in real NiSi polycrystalline films

As discussed above, the misorientation distribution and the volume fraction of NiSi grains
can strongly affect the agglomeration process in 30 nm NiSi films on a monocrystal Si substrate.
In order to better account for the complexity of the NiSi polycrystalline film and compare it
with the in-situ SEM results, a larger number of NiSi grains with an orientation distribution
close to the experimental one was used in the following simulation. The initial microstructure
with 107 grains was constructed based on the experimental orientation distribution in Fig. 4a
and the average grain size in Fig. 2a (the details are given in Figure S8). The change of

misorientation on the interfacial energies and mobility was calculated based on Eq.(7) and

Eq.(8). The simulated domain is 300x300x40 grids, grid size Ax is 5 nm, and the interface

thickness is 4Ax. The NiSi film thickness is 30 nm, and the initial average radius of NiSi grains

was set to 81.8 nm, which is consistent with the in-situ SEM results (Fig. 2a). As for the other
simulations, periodic boundary conditions were used in the four horizontal directions (west,
east, south, north), and isolation conditions at the top and bottom.

Figure 9 shows the microstructure evolution during agglomeration obtained by phase-field
simulations and in-situ SEM for a 30 nm NiSi film on a monocrystal Si substrate at 600°C. As

detailed above, the initial simulated structure was constructed based on the experimental
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orientation distribution and the initial experimental grain size. As shown in Fig. 9a, the
grooving always occurs first in the NiSi boundary with large misorientations between them
(large difference in colors). A significant difference of misorientation between the NiSi grains,
resulting in a significant difference in energy and mobility of NiSi/NiSi grain boundary, will
accelerate the grooving, as discussed in Section 5.4. As time evolves, NiSi agglomeration
occurs, and the number of exposed Si increases. The shape of the exposed Si first follows the
initial NiSi grain boundary and then forms isolated ‘holes’ (Note: these ‘holes’ are not true ones
since the exposed Si is at the same level as the NiSi [18]). This is in good agreement with the
in-situ SEM results (Fig. 9c).

Meanwhile, some NiSi grains with a small misorientation with the neighboring grains
evolve very slowly and give the slow evolution region as the region A in Fig. 9 (a2) or (b2).
This is also in good agreement with the in-situ SEM results as region A in Fig. 9 (c2).
Subsequently, two types of isolated NiSi grains are formed. An example of isolated B-type NiSi
grains is marked in Fig. 9 (a3) or (b3): these grains have LAM with the substrate but HAM
with the neighboring NiSi grains, and they will remain in the whole agglomeration process due
to the low misorientation with the Si substrate. That is in good agreement with the in-situ SEM
results shown in Fig. 9 (c3-c5). Isolated C-type grains are marked in Fig. 9 (a3) or (b3): they
are formed because of large misorientation with neighboring NiSi grains, similar to isolated B-
type grains, but they will disappear by diffusion due to large misorientation with the Si substrate.
Finally, most of the surface-exposed Si regions connect into a single region, and only a few
isolated Si holes remain. To summarize, the phase-field simulation (Fig. 9b) can nicely
reproduce the grooving and agglomeration behaviors observed in the in-situ SEM results.

0 min 50 min 100 min 150 min 200 min

Orientation field

b
CROCINTe %

%
LA T

L YO e
N2 | sty

Phase field

In-situ SEM



Fig. 9. Microstructure evolution of agglomeration for a 30 nm NiSi film on a monocrystal Si
substrate annealing at 600°C: (a) simulation results with orientation field, where different colors
represent different orientations of NiSi, and black the Si substrate, (b) simulation results with
phase-field, where the gray represents the NiSi phase, and black the exposed Si substrate, ()
in-situ SEM results. The initial microstructure for the simulation was constructed by coupling
the experimental misorientation distribution from the work of Luo et al. [18] and the initial
average grain size from in-situ SEM results.

6. Discussion

The phase-field simulations considering the effect of misorientation reproduce well the in-
situ SEM results. In order to better understand the effect of misorientation on the materials
parameter in the simulations and reveal the agglomeration mechanism, more details will be
discussed in the following.

In order to explore the agglomeration mechanism, the orientations of NiSi grains and Si
substrate were considered in the simulations. In order to simplify the simulations, the
NiSi(p=270°, 6=20°, y=90°), which is one of the possible Euler angles for NiSi(103) axiotaxy,
was set as the baseline, while the other orientations of the NiSi grains and the Si substrate were
set compared to this baseline. Therefore, the misorientation between the NiSi grains and the Si
substrate and between the NiSi grains can be easily calculated. The interfacial energies and
mobility in each interface depend on the misorientation through Eq.(7) (the Read-Shockley
law[42]) and Eq.(8) (the sigmoidal law [43]). For misorientation close to or larger than the high-
angle grain boundary Ouag, the interfacial energy and mobility will tent to the high-angle
misorientation value onas and unas. On the contrary, these parameters will tend to zero when the
misorientation is low, as shown in Figure S3. For a NiSi grain, the different interfaces will have
different interfacial energies and mobilities, which depend on the misorientation of the grains
or the phases on both sides of the interface. In simulation B, the NiSi film was constructed by
two types of NiSi grains: the LAM NiSi(6=20°) and the HAM NiSi(6=35°). The misorientation
between NiSi grains of different types is 15° and 0° for NiSi grains of the same type. The
orientation of the Si substrate was set as (6=25°), the misorientation between NiSi(6=20°) and
the Si substrate is 5°, and 10° between NiSi(6=35°) and the Si substrate. The transition angle
misorientation fuas Was set to 15° for NiSi/NiSi grain boundary and NiSi/Si interface in the
simulations B to F. According to Eq.(7) and Eq.(8), the effect of misorientation on the interface
energy/grain boundary energy and mobility can be calculated. For the grain boundary with
different types of NiSi grains (misorientation is 15°), grain boundary energy and mobility value

are onisinisi and unisiisi, but are approximate to 0 for the grain boundary with the same type NiSi
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grains (misorientation is 0°). The interface energy and mobility for the NiSi/Si interface with
HAM (10°) are 0.94+ oisisi and 0.63 unisissi, respectively, but are 0.70 - owisisi and 0.06 * unisissi
for the NiSi/Si interface with LAM (5°). Therefore, the evolution is very slow between NiSi
grains with the same orientation. The grooving starts at the grain boundary of NiSi grains with
large misorientation, and the evolution of the NiSi/Si interface with HAM is faster than that of
the LAM interface, as shown in Fig. 5b. These are the main reasons for the agglomeration.

Subsequently, different simulations (simulations B to E) with the different volume fractions
of NiSi orientations were performed using the same NiSi grain structure. In simulation B to F,
the same NiSi grain structure and two types of NiSi grain orientations are found: the LAM
NiSi(6=20°) and the HAM NiSi(6=35°), but the volume fraction of HAM NiSi(6=35°)
decreased from 77.25% to 22.65%. The simulations show that the volume fraction of HAM
NiSi strongly affects the kinetics of NiSi agglomeration represented by the kinetics of the
exposed Si substrate. The simulations show that, for a fraction of HAM grain between
30.67%~56.70%, the kinetics of the surface-exposed Si is in good agreement with the in-situ
SEM results. In other words, when the fraction of LAMG is 43.30%~69.33%, the kinetics of
the exposed Si from the simulations reproduces the in-situ SEM results. The fraction of LAMG
could be in this range (43.30%~69.33%) for a 30 nm NiSi film on Si(100) substrate at 600°C
studied in this work. This is in good agreement with De Keyser et al. [8, 9], who measure a
total fraction of grains with axiotaxy and epitaxy texture (considered as low-angle grains with
low interfacial energy) of 45% and 41% for 60 nm and 90 nm NiSi film.

Moreover, simulations B to E show that the increase in the volume fraction of LAMG, which
have low interfacial energies and mobilities, will delay the agglomeration of the NiSi film.
These results may provide another good way to explain the reason for the stability improvement
of NiSi thin film when alloying Ni with some transition metals, such as W, Ti, Ta [14], and
increasing the phase stability of NiSi [12]. For instance, when alloying Ni with W, increasing
the W concentration changes the texture: the axiotaxial components decrease, and a particular
epitaxial component becomes prominent [14]. Due to the lower interfacial energy for the
epitaxial component than the axiotaxial component, the higher the volume fraction of epitaxial
NiSi grains, the less likely agglomeration is. The reason for a significant improvement of the
morphological stability of 20 nm NiSi on Si(001) by alloying the Ni film with 40% Si[19],
which increased the fraction of epitaxial NiSi grains formed by texture inheritance, can also be
explained in a similar way.

Furthermore, the effect of different misorientation distributions of NiSi grains on

agglomeration was investigated by simulations D and F. Both simulations D and F have the
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same NiSi grain structure and volume fraction (30.67%) for the high angle NiSi(6=35°) grains,
but the orientation of low angle NiSi grains was set to NiSi(6=30°) and the Si substrate was set
to (6=20°) in simulation F. Thus, the misorientation between the different types of NiSi grains
is 5° in simulation F. The misorientation between NiSi(6=30°) and Si(6=20°) is 10°, 15° between
NiSi(6=35° and Si(6=20°). Comparing with simulation D, it is clear that the kinetics of
agglomeration in simulation F is faster than that in simulation D in Fig. 6b, due to the higher
misorientation distribution between NiSi/Si interface: the interface energy and mobility for the
NiSi/Si interface with LAM (10°) are 0.94 - oisisi and 0.63 unisirsi, and are owisiisi and unisirsi for
the NiSi/Si interface with HAM (15°) in simulation F. However, for the early stage of
simulation, representing the grooving process, the kinetics of the exposed Si in simulation F is
slower than that in simulation D, especially for a fraction of exposed Si lower than 3.0%, as
shown in Fig. 6¢. This is due to the decrease in the misorientation between the different types
of NiSi grains (from 10° in simulation D to 5° in simulation F). The energy and mobility of the
NiSi grain boundary are reduced to 0.70- owisinisi and 0.06 unisinisi. This slows down the
evolution between the NiSi grains with different orientations, mainly for the grooving process
during the early simulation stage, as shown in Fig. 8. Based on the simulation results from
simulation B to F in the early stage, it can be clearly found that the grain boundary grooving
mainly depends on the misorientation distribution between the NiSi grains. Therefore, reducing
the misorientation between individual NiSi grains will delay the grain boundary grooving.

In summary, some suggestions for suppressing or slowing down the agglomeration can be
given from texture based on the phase-field simulations: i) increase the volume fraction of low
angle grains; ii) decrease the misorientation between the NiSi grain and the Si substrate; and iii)
decrease the misorientation between the NiSi grains. The latter will also strongly act on the

grooving process. These changes may be achieved using alloy elements.

7. Conclusions

® The microstructure evolution and kinetics of the agglomeration for a 30 nm NiSi film on
Si(100) substrate at 600°C were investigated by in-situ SEM. During the agglomeration
process, most small NiSi grains gradually shrink, except that some specific NiSi grains
grow rapidly. The agglomeration of the NiSi grains causes an increase in the exposed Si.
Moreover, the evolution of texture of a 30 nm NiSi polycrystalline thin film during
agglomeration was investigated by EBSD with ex-situ samples, and the results indicated
that some fiber texture components remain after long-time annealing while most of the

random orientations disappear, which is in good agreement with the previous reports.
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® 3-D phase-field simulations were used to reveal the mechanisms of grooving and
agglomeration of the NiSi polycrystalline thin film on the monocrystal Si substrate. The
simulation results showed that the grooving starts from the NiSi grain boundary with large
misorientation, and the kinetics of grooving mainly depends on the misorientation
distribution between the NiSi grains. The difference in misorientations of the NiSi/Si and
NiSi/NiSi interfaces leads to differences in the interfacial energies and grain boundary
energies, which are the main driving forces for agglomeration of the NiSi polycrystalline
thin film.

® The 3-D phase-field simulation combined with experimental information (i.e., the
orientation distribution and the mean grain size of NiSi grains) well reproduced the
complex agglomeration process in 30 nm NiSi polycrystalline films observed by in-situ
SEM. According to the quantitative phase-field simulations, in order to suppress or to slow
down the agglomeration, either increasing the volume fraction of low angle grains, or
decreasing the misorientation between the NiSi grain and the Si substrate is recommended.

® In this paper, the coupling of the in-situ SEM observations and MPF simulations was
successful to reveal the agglomeration mechanism in the NiSi polycrystalline thin film on
the monocrystal Si substrate, and can thus serve as an efficient way to bring insights into
dewetting phenomena of the polycrystalline thin film.
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