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film is deposited. Two simultaneous transformation processes occur, and both were investigated by in situ
grazing-incidence small-angle X-ray scattering during isothermal annealing at 405 °C, namely the kinetics of
formation of (i) oriented NiSi, hexagonal nanoplates endotaxially buried in a Si(001) wafer, and (ii) a set of
randomly oriented spherical Ni nanocrystals with a two-mode radius distribution embedded in a Ni-doped

Ié%%ggds' silica thin film deposited on the Si wafer and in an intermediate layer between SiO-, film and the layer in which
Hexagonal nanoplates NiSi, nanoplates are embedded. The analyses of the successive 2D scattering patterns measured in situ during
Kinetic of growth isothermal annealing led us to establish the time invariances of the average radii of the spherical Ni nanocrystals
and the time dependence of their number, together with the time dependences of the maximum diameter,
thickness, number and total volume of the hexagonal NiSi, nanoplates buried in the Si wafer.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

. Transition metals silicides such as NiSi, exhibit high electrical
* Corresponding author. - X
E-mail address: daniel.costa@ufpr.br (D. da Silva Costa). conductivity and are structurally stable at high temperatures. As
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demonstrated in a previous article [1] the isothermal annealing of a
composite consisting of a flat Si(001) wafer covered by Ni-doped
silica thin film promotes the formation and growth of highly
oriented NiSi, hexagonal nanoplates buried inside and near the
surface of the Si(001) wafer. Moreover, since the crystalline lattices
of NiSi, and Si are both cubic and their lattice parameters are very
close (Aa/a = 0.4% at 20 °C), their interfaces become coherently re-
lated. The high electrical conductivity and structural stability of
NiSi,, the well-defined orientation of the NiSi, nanoplates grown in
Si wafers and the coherence of the Si/NiSi, interface together with
the possibility of using known silicon miniaturization procedures
make the Si/NiSi, composites good candidates for different nano-
technological devices, such as field effect transistors for nanoelec-
tronics [2-4| and thermoelectric thin films [5-7].

In a previous investigation, a sample consisting of a Si(001) wafer
covered by a nanoporous Ni-doped SiO,-based thin film was sub-
jected to a thermal annealing at 500 °C during 40 min and then
studied ex situ, at room temperature, by scanning transmission
electron microscopy (STEM), high-resolution scanning transmission
electron microscopy (HR-STEM), atomic force microscopy (AFM),
X-ray reflectometry (XRR) and grazing-incidence small-angle X-ray
scattering (GISAXS) [1].

Our analyses of different experimental STEM images and GISAXS
patterns revealed the presence of two types of nanoparticles em-
bedded in the studied samples [1]:

(i) thin hexagonal nanoplates embedded in a Si wafer and located
close to but not in contact with the wafer external surface having
their larger surface parallel to one of the lattice planes of the Si
{111} crystallographic form. The thin hexagonal nanoplates were
demonstrated to be NiSi, single crystals with their lattices co-
herently related to the lattice of the host Si single crystalline
wafer, and

(ii) nearly spherical nanoparticles embedded in a deposited SiO,
film and inside an intermediate layer located between the na-
noporous SiO, thin film and the layer in the Si wafer that con-
tains the NiSi, nanoplates. The analysis of HR-STEM images of an
earlier article [1] demonstrated that the observed nearly sphe-
rical nanoparticles are Ni nanocrystals.

The intermediate layer between the SiO, thin film and the layer in
which NiSi, nanoplates are located exhibits a Si based structure with a
very irregular morphology, which is due to corrosion effects produced
by a preliminary HF etching procedure to which the wafer is subjected.
Corrosion effects led to a very high roughness of the Si surface, as it was
also shown by X-ray reflectometry measurements [1].

In order to obtain NiSi, nanoplates embedded in a Si wafer, in a
previous study and in that to be reported here, a novel procedure
was used [1]. This preparation procedure promotes the direct for-
mation of NiSi, nanoplates embedded in the Si wafer. In this method,
Ni atoms diffuse from the Ni-doped SiO, thin film into the Si wafer
and react with Si atoms of the host wafer and build up NiSi, thin
nanoplates.

In the present work, we have conducted an in situ GISAXS study
during an isothermal annealing at 405 °C of a sample initially con-
sisting of a single-crystalline Si(001) wafer covered by a SiO,-based
thin film. Our GISAXS results allowed us to characterize the pro-
cesses of formation and growth of (i) NiSi, nanoplates buried in a Si
(001) wafer with their large faces parallel to the Si{111} crystal-
lographic planes and (ii) Ni nanoparticles embedded in a thin
Ni-doped SiO; film and inside the Si(001) wafer close to its external
surface. The temperature of isothermal annealing (405 °C) was se-
lected to be somewhat lower than that previously used (500 °C) [1].
This choise avoided a too fast nanoparticle growth thus favoring the
statistical quality of the results of our in situ GISAXS study of the
structural transformation process.
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The sample studied here was held at constant high temperature
while successive GISAXS patterns were recorded. In this way, the ana-
lyses of a number of experimental GISAXS patterns led us to char-
acterize (i) the time dependences of the total volume, shape and sizes of
the Ni nanoparticles and (ii) the time dependences of the shape, or-
ientation, number and sizes of the hexagonal NiSi, nanoplates.

2. Experimental method
2.1. Sample preparation

A 1x1cm? Si(001) wafer was embedded in acetone using a ul-
trasonic bath at room temperature during 15 min and subsequently
using a concentrated HSO4 solution at 80 °C (97%, Merck) during
15 min to remove organic contaminants. The native silicon oxide was
removed from the Si wafer by etching with a concentrated solution
of HF (48%, Merck) during 1 min. The sample was finally dried under
a N, gas flow.

The thin film deposited on the surface of the Si(001) wafer was
prepared using a sol-gel procedure consisting of two successive
depositions of different precursor solutions using the spin-coating
technique. The precursor liquid solution for the first deposition step
was composed of 0.15 g of Ni(NOs),6H,0 (99,999%, Sigma-Aldrich)
in 1.15 g of isopropyl alcohol (98%, Merck). For the second deposition
step, the precursor consisted of 0.05g of tetraethoxysilane (TEOS)
(99,999%, Sigma-Aldrich) and 0.30 g of HNO3 (65%, Merck) in 0.90 g
of isopropyl alcohol (98%, Merck). TEOS, HNO3 and isopropyl alcohol
were mixed and kept at room temperature during 1 day before being
deposited on the Si wafer in order to promote chemical reactions
and a densification process leading to the formation of a SiO,-based
gel. In order to suppress volatiles and reduce the Ni oxide in the thin
film on the Si(001) substrate, the wafer covered by the thin film was
held during 40 min at 300 °C under 50 sccm flow rate of 5H, + 95He
gas mixture at 1atm.

The two-step deposition process here used, in which the solution
containing the Ni precursor was directly deposited on the Si wafer, is
expected to increase the Ni concentration near surface of the wafer.
However a partial interdiffusion between these two layers, due to
the redissolution of Ni(NOs),6H,0 during TEOS plus isopropanol
deposition, may occur thus leading to a concentration gradient of Ni
in direction perpendicular to the sample surface. Thus, the final
sample to be studied by GISAXS consists of a flat Si(001) single
crystalline wafer covered by a nanoporous Ni-doped SiO, thin film.

2.2. Setup for in situ GISAXS measurements at high temperature

The GISAXS measurements were performed at the XRD2 beam
line of the Brazilian Synchrotron Radiation Laboratory (LNLS) using a
specially designed high temperature electrical furnace [8]. The setup
for thermal annealing and recording of a series of 2D GISAXS pat-
terns during the whole isothermal annealing of the sample is shown
in Fig. 1. The measurements of 2D GISAXS patterns were performed
in situ every 60s during thermal annealing at 405 °C. The 2D pat-
terns of GISAXS intensity were recorded using a Pilatus 300K de-
tector with 172x172 pm? pixel size. The wavelength of the primary
X-ray beam was A = 0.15495nm and the sample-to-detector dis-
tance was 395.2mm. To account for smearing effects on GISAXS
patterns due to the non-zero cross-section of the incident beam, the
modeling function to be defined in Section 3 was convoluted with a
2D Gaussian function before fitting to experimental results. The
width and height parameters of the Gaussian function are Ag,
=0.14nm™" and Aq, =0.08 nm™’, respectively.

The grazing-incidence angle between the primary X-ray beam
and the sample surface was adjusted to «; =0.36°. This angle was
experimentally determined by optimizing the conditions that
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Fig. 1. Experimental setup used for in situ measurements of GISAXS patterns at high temperature. Inset: Relevant geometrical parameters for analysis of the results of GISAXS

experiments.

allowed us to maximize the scattering intensity and reach an ade-
quate penetration depth of X-rays in the sample. The specific mass
and thickness of the nanoporous Ni-doped SiO, thin film determined
in previous measurements by X-ray reflectometry and transmission
electron microscopy (TEM), respectively were 0.19 g/cm® and 85 nm,
respectively [1]. Under the conditions described above and taking in
consideration the compositions, specific masses, film thickness, X-
ray wavelength and incident angle, our calculations determined a
decrease of 11.8% in the intensity of the incident X-ray beam after
crossing the Ni-doped SiO, film and becomes equal to 1/e of its
maximum value after reaching a depth of 388 nm from the sample
surface. The penetration depths were calculated as described in [9].
Details are given in Sec. A of Supplementary Material (SM).

A previous investigation [1] in which a sample prepared using a
similar method was studied ex situ, after thermal annealing, revealed
that beside the growth of Ni nanocrystals inside the SiO, thin film,
other Ni nanocrystals are formed in a ~85nm thick layer located
close to the Si(001). Thus, the intensity of the probing (incident) X-
ray beam was above 1/e of its value at the external surface of the thin
film along the whole sample depth in which Ni nanocrystals and
NiSi, nanoplates were embedded.

A vacuum-path with Kapton windows was placed between the
sample chamber and the 2D-detector in order to reduce the X-ray
scattering intensity by air. The continuous decrease in intensity of
the X-ray beam produced by the synchrotron radiation source was
monitored with a scintillation detector that recorded the decreasing
X-ray scattering intensity produced by a thin Mylar film placed in
the path of the primary X-ray beam.

The studied sample was held at a constant temperature
(T=405°C) by using an electrical heater placed inside the sample
chamber equipped with a precise control system. While heating the
chamber up to the annealing temperature, the sample was placed
inside a pre-chamber kept at room temperature. When the final
temperature of isothermal annealing was reached, a translation
stage placed the sample into the main chamber. This procedure
allowed a fast heating of the sample and prevented overheating
effects. The sample temperature was recorded by using a type-K
calibrated thermocouple. The uncertainty in the temperature of the

sample was estimated to be =1 °C. In order to avoid the re-oxidation
of Ni atoms in the Ni-doped thin film during the in situ GISAXS ex-
periment, the sample was kept under constant He flow at a rate of
200 sccm slightly above the atmosphere pressure.

The series of GISAXS measurements started immediately after
the sample was inserted into the furnace thus allowing for recording
GISAXS patterns from early stages of the formation and growth of Ni
nanocrystals and NiSi, nanoplates. The recorded 2D GISAXS patterns
were analyzed as functions of the scattering vector ¢, given by:

q COS af C0S 265 — COS a;
cos ay sin 26¢
4. sinag + sina; 1)

where «; and o5 are the angles of the sample surface with the pri-
mary and scattered X-ray beams, respectively. The horizontal scat-
tering angle 26; is defined in the inset of Fig. 1.

3. Modeling of GISAXS patterns

The modeling of the GISAXS patterns was based on the results of
a previous investigation [1] which were summarized in the In-
troduction section. The total GISAXS intensity was modeled by a
function that contains two independent contributions to the total
scattering intensity, namely (i) a isotropic 2D pattern produced by
spherical Ni nanocrystals growing in the SiO, thin film and inside an
intermediate layer, and (ii) an anisotropic 2D pattern with a shape of
narrow diagonal “leaves” produced by hexagonal NiSi, nanoplates
endotaxially buried in the single-crystalline Si host, each of them
having their large surfaces parallel to one of the four planes of the Si
{111} crystallographic form [1].

A preliminary analysis of in situ GISAXS results suggested the
presence of Ni nanoparticles with bimodal size distribution and
oriented NiSi, nanoplates. The size distributions of smaller and
larger nanoparticles were labeled as mode 1 and mode 2, respec-
tively. The preliminary analysis of the results of our in situ GISAXS
study indicated the growth in the number of nanoparticles of each
mode without significant variation in their size. This preliminary
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Fig. 2. Schematical structure model consisting of two layers in which Ni nanocrystals
are embedded and a 3rd layer in which NiSi, nanoplates are located. On the left, the
matrices in the three layers are indicated.

result and those corresponding to a previous investigation [1] led us
to model the GISAXS intensity based on the structure schematically
shown in Fig. 2, in which we can notice that mode 1 nanoparticles
are formed inside the SiO,-based thin film (layer 1), mode 2 nano-
particles are embedded in the thin film (layer 1) and in an inter-
mediate layer (layer 2) and the NiSi, nanoplates are deeply buried
inside the Si(001) wafer (layer 3). Furhermore, the shapes of the
spherical Ni nanocrystals and NiSi, nanoplates were considered to
be preserved along the whole growth process.

In our modeling of the GISAXS equation, we have not included
the effects produced by the Si/SiO, interface on the reflections of X-
ray beams scattered by nanoparticles embedded in the thin film and
those buried in the Si substrate (i. e. in the intermediate layer). This
assumption was based on (i) previous AFM results showing that both
the silicon wafer surface after HF etching and the top surface of the
Ni-doped SiO, film were highly rough and (ii) the results from X-ray
reflectivity experiments showing that the internal interface rough-
ness leads to a strong decrease in reflectivity [1]. In the case of very
rough interfaces these reflection effects could be safely disregarded
[10] (see Sec. B in SM).

Under the assumptions described above and considering that the
nanoparticles are randomly located in each layer, the total GISAXS
intensity can be written as:

o 2
1g. ) |T(ai)|2|T(af)|2{fR:0 (57%) |Fpn(ay @ OF

[ (eNi - £5i0,) (eni —psio,

2 c )2
x| Neph() (R r)+[c A1 +<1—c>(””'A2”5” ]NSPh(Z)(R~ r)]dR

— pei)2 o ~ 2
SN o [Hile ¢, g 2 D@, 501Nk, r)ds}

(2)

where T (a;) and T (af) are the Fresnel transmission functions of the
incident and scattered beams through the SiO,/air interface,
respectively, Fpn(R) is the normalized scattering amplitude of a
spherical nanoparticle of radius R, H;(D, ) are the scattering
amplitudes due to the regular hexagons with maximum lateral
diameter D(t) and thickness §(t), Niick (8, t)dS is the number of NiSi,
nanoplates with thickness values in the 6 and &+ d§ range,
Ngnay (R, t£)dR and Ngp2) (R, £)dR are the number of Ni nanospheres
with radius values in the R and range for populations (1) and (2),
respectively, c¢ is the number fraction of the larger (mode 2) Ni na-
noparticles in SiO; thin film, A; and A; are the factors that account
for the attenuations of the intensity for Ni particles embedded in
SiO, and in the intermediary layer, respectively, and As is the at-
tenuation of intensity for NiSi, platelets buried in Si. The procedure
used to calculate A;, A, and As is described in Sec. A of SM. The
electron densities py;, psio, oy and pg; corresponds to Ni, SiO,, NiSi,
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and Si, respectively, g, = J q; + g5, G, and g,” are the components of
the horizontal scattering vector in the z direction inside the thin film
and Si wafer, and «;, o and ¢ are defined in the inset of Fig. 1. a is the
angle between the surface of the wafer and the Si(100) crystal-
lographic planes. The H; and Fyp, functions are included in SM. The
subscript i (i = 1-4) in H; refers to the four possible orientations of
the nanohexagons in the Si host matrix (assumed them to be equally
probable) having their largest surface parallel to one of the four
planes of the Si{111} crystallographic form. Gaussian and lognormal
functions were assumed for the dispersion in thickness of NiSi,
nanoplates and for the radius distribution of the spherical Ni
nanocrystals, respectively (see SM).

Our modeling of the GISAXS intensity assumes that the lateral
maximum diameters D(t) of all hexagonal NiSi, nanoplates at a
given annealing time have the same value. Even though the platelets
may exhibit some narrow dispersion in D values, the Eq. (2) model is
still expected to hold thus giving average values for D(t). The rea-
sonability of this assumption will be demonstrated later on.

The electron density of the Ni-doped SiO, matrix of the SiO, thin
film is a priori expected to vary during the growth of the Ni nano-
particles and NiSi, nanoplates. However, considering that the elec-
tron density of the thin SiO, film pg;, remains much lower than the
density of metallic Ni nanoparticles py; over the whole process, we
assumed that the diffence (oy; — ps,-OZ) remains approximately in-
variant. For similar reasons, the electron density contrasts between
Ni nanoparticles and NiSi, and their matrices in the intermediate
layer and Si wafer, respectively, were also considered as time
invariants.

Based on the arguments of the precedent paragraph, we have
assumed in Eq. (2) that the attenuations, A;, A; and As, are time
independent over the whole process. These values are also
considered to be space independent within each layer, which is a
reasonable approximation as described in Supplementary Material.

4. Experimental results

Fig. 3(a) to (d) (left column) display a series of selected (g, q,)
2D-GISAXS patterns recorded in situ, at 405 °C, at the indicated
annealing times. The formation of Ni nanoparticles is evidenced
by a strong isotropic scattering intensity and the NiSi, nanoplates
by a weak intensity with leaf-like shapes pointing perpendicularly
to Si{111} crystallographic planes. As a priori expected, we can
notice in Fig. 3 that the thin leaves of GISAXS intensity associated
to the NiSi; nanoplates displayed in the (g, q,) plane are not
symmetric with respect to g, =0. This effect occurs because the
primary X-ray beam was not precisely aligned with the Si[110]
crystallographic direction (Fig. 1). We have included this geome-
trical feature by adding an adjustable azimuthal angle ¢ in Eq. (2)
that accounts for an eventual sample misalignment. A value
¢ = 1.0 degrees was derived from the best fit of Eq. (2) to the
experimental GISAXS intensity profiles.

The 2D GISAXS patterns displayed on the right side of Fig. 3
(Fig. 3e to h) are the 2D (g, q,) patterns calculated by using Eq. (2)
with the structure parameters derived from the best fit to the
experimental 1D GISAXS profiles displayed in Fig. 4(a) to (d). We
notice a good visual agreement of the simulated 2D GISAXS patterns
displayed in Fig. 3(e) to (h) with those corresponding to the
experimental patterns displayed in Fig. 3(a) to (d).

The curves indicated by symbols in Fig. 4(a) to (d) are a series of
four 1D (I x g;) GISAXS intensity profiles for different g, values de-
rived from the patterns displayed in Fig. 3(a) to (d). Moreover, the
continuous lines in Fig. 4(a) to (d) are the functions given by Eq. (2)
that best fit to the experimental profiles. The good fit of Eq. (2) to 1D
GISAXS experimental scattering functions for all selected annealing
times confirms that the shape of the Ni nanocrystals and the shape
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Fig. 3. Left column: Experimental 2D GISAXS intensity patterns of a Ni-doped SiO, thin film on Si(100) wafer during the thermal annealing at 405 °C for the indicated time
periods. Right column: 2D intensity functions defined by Eq. (2) that best fit to the experimental intensity patterns. The isotropic component of the GISAXS intensity is produced
by the scattering from spherical and randomly oriented Ni nanocrystals. The anisotropic components of the GISAXS evidenced by two narrow diagonal leaves are produced by thin
hexagonal NiSi, nanoplates. The asymmetry of the two leaves is related to an offset of the azimuthal angle that was determined by the fitting procedure (¢ = 1.0°). The vertical

black stripe is the shadow of the primary beam stopper.

and orientation of the NiSi, nanoplates are preserved along the
whole annealing process.

The anisotropic component of the total GISAXS intensity pro-
duced by NiSi, nanoplates buried in the Si wafer is rather weak as
compared to the main isotropic part associated to the Ni nanocrys-
tals dispersed in the SiO, thin film and in the corroded layer near the
external surfaces of the Si wafer. For this reason, the results of the
global fitting procedure were applied to determine only the time
dependence of the radius distribution and number of Ni nanocrys-
tals. Moreover, in order to determine the relevant size parameters
associated to the NiSi, nanoplates, we have firstly subtracted the
strong isotropic intensity produced by the nearly spherical Ni na-
nocrystals from the total scattering intensity and then analyzed
exclusively the difference function.

We have plotted in Fig. 5 (symbols) four sets of 1D GISAXS
experimental difference functions associated to different g, values,
each set corresponding to one of the indicated annealing times. The
solid lines in Fig. 5 were calculated by the best fit procedure by
applying Eq. (2) only including its last term which refers to the an-
isotropic component of the scattering intensity. From this analysis
we have determined the time dependences of the average values of
thickness (§)(t), maximum diameter (D)(t), dispersion in thickness
and total number in arbitrary units Ny(t) of NiSi, nanoplates.

5. Discussion
5.1. Kinetics of formation of Ni nanocrystals

The isotropic parts of the scattering intensity that is displayed in
Figs. 3 and 4 are produced by nearly spherical Ni nanocrystals em-
bedded in the deposited Ni-doped SiO, thin film and also inside an
intermediate layer between the SiO, thin film and the Si layer in
which the NiSi, nanoplates are located. The analysis of the isotropic
components of the experimental GISAXS intensity was then con-
ducted by fitting the first term in Eq. (2).

The results of our fitting procedure referring to the isotropic
component of GISAXS intensity are displayed in Fig. 6(a), which
shows the volume distribution of Ni nanocrystals for different times
of thermal annealing. The two-mode feature of the volume radius
distribution function, Vipn (R, t) = (47/3)R3N(R, t), is clearly apparent
in all plotted curves. From the results shown in Fig. 6(a), we have
determined the time dependences of the volume distribution func-
tion of Ni nanocrystals for both populations (Fig. 6b). Since the GI-
SAXS measurements were performed in arbitrary units, the values of
Viph(R, t) and Vioe(t) = [Vipn(R, t)dR are also given in arbitrary units.

Our GISAXS experimental results clearly confirms the presence of
spherical Ni nanocrystals as was previously seen in the STEM images
of a previous work [1]. Analogously to the evidences shown in the
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annealing time, (a) 10 min, (b) 30 min, (c) 56 min, (d) 71 min.
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Fig. 6. (a) Several curves derived from GISAXS data displaying the volume weighed
radius distribution functions of spherical Ni nanocrystals for the indicated times of
isothermal annealing at 405 °C. Two radius modes are apparent; their average radii for
all GISAXS curves being (R(1)) =1.0nm and (R(2)) =3.4nm. (b) Total volume of Ni
nanocrystals for both nanocrystal populations as functions of the thermal an-
nealing time.

previous STEM images [1], we assumed that the larger (mode 2) Ni
nanocrystals are embedded in the nanoporous SiO, thin film and
also located inside the Si wafer, in the intermediate layer (layer 2)
close to its external surface, as schematically shown in Fig. 2. The
intermediate layer consists of a Si matrix with irregular morphology
associated to corrosion effects which produces a very high rugosity
in the SiO,:Si interface [1]. On the other hand, notice that the smaller
(mode 1) Ni nanocrystals are not apparent in the STEM images
shown in a previous article [1]. In this respect, we have assumed that
the smaller (mode 1) Ni nanocrystals are located only inside the SiO,
thin film and that they are progressively filling the small embedded
nanopores. Notice that the features of the populations of Ni nano-
crystals embedded in the SiO, thin film and those located in the Si
intermediate layer are different. As a matter of fact, in the thin film
there is a two-mode population (modes 1 and 2) while in the in-
termediate layer there is a one-mode population (mode 2). These
different features are expected because of the significant differences
of the host matrices in the nanoporous SiO, thin film (layer 1) and in
the corroded intermediate layer of the Si wafer (layer 2).

The results plotted in Fig. 6(a) demonstrate that the values of the
average radius and radius dispersion of both populations of nearly
spherical Ni nanocrystals remain essentially invariant during the
whole thermal annealing. The invariant average radii and radius
dispersions of the population of smaller Ni nanocrystals (mode 1)
are (Rmy) = (1.0 + 0. 1) nm and (1) /(Ro(1)) = (0. 35 + 0. 05) and
those of the population of larger Ni nanocrystals (mode 2) are
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(Re)) = (3.4 = 0.2)nm and o) /(R2)) =(0.5 + 0.1). The persistent
increase in the isotropic contribution to the total scattering intensity
for increasing annealing times was attributed to an increase in the
number of Ni nanocrystals in Ni-doped SiO, thin film and in the
intermediate layer.

Fig. 6(b) displays the Vio(1)(t) and Vioe(2)(t) functions that describe
the time dependences of the total volume of Ni nanocrystals for the
populations with smaller and larger average radius, respectively. The
slopes of Vior(1)(t) and Vier(2)(t) curves decrease for increasing times
and these functions become essentially constant after 1 h of thermal
annealing. Because of the progressive decrease in concentration of
isolated Ni atoms in the silica thin film for increasing annealing
times, the slowing down effect on the rate of volume growth is
expected.

The observed invariances of the average radius and radius dis-
persion of the population of smaller Ni nanocrystals (mode 1) sug-
gest that they nucleate inside the nanopores embedded in the SiO,
film. On the other hand, the diffusion of Ni atoms is expected to be
greatly enhanced by the interconnectivity of nanopores thus al-
lowing for the fast growth of Ni nanocrystals. Thus, the final radii of
the Ni nanocrystals are expected to be limited by the sizes of na-
nopores. The rate of growth of the volume of larger Ni nanocrystals
(mode 2) is higher than that of smaller Ni nanocrystals (mode 1)
formed inside the SiO, thin film. For larger nanocrystals (mode 2)
the saturation of volume growth can be assigned to the con-
summation of Ni atoms in the host matrix.

5.2. Kinetics of formation of hexagonal NiSi, nanoplates

From the analysis of the profiles plotted in Fig. 5, exclusively
related to the size, shape and orientations of the NiSi, nanoplates,
we have determined the time dependences of the average thickness
(6)(t) and maximum diameter of the hexagonal nanoplates (D)(t).
The variations in intensity - measured in relative scale - provided
additional information on the time dependence of the number of
nanoplates in arbitrary units.

The time dependences of the average maximum diameter (D)(t)
and thickness (5)(t) of the nanoplates are displayed in Fig. 7(a) and
(b), respectively. For t =0, i. e. at the starting of thermal annealing,
the very weak GISAXS intensity evidences the initial absence of NiSi;
nanoplates. Since the scattering intensity associated to the nano-
plates for t <6 min is very weak, the statistical quality of intensity
data is poor and, for this reason, for early stages of annealing
(t <6min) the (D)(t) and (6)(t) functions could not be precisely de-
termined. This evidences that the NiSi, nanoplates are formed and
their sizes quickly increase within the first 6 min of thermal an-
nealing. The curves displayed in Fig. 7(a) and (b) indicate that for
higher annealing times no significant variations in (D)(t) and (8)(t)
functions are apparent. The asymptotic values of the maximum
diameter and thickness of the hexagonal NiSi, nanoplates are
(D) =(62 + 4) nm and (8) =(8.5 £ 0.5) nm, respectively. The (D)/(5)
aspect ratio remains nearly constant ((D)/(8)~7) after the first 10 min
of thermal annealing. The dispersion in the thickness of NiSi, na-
noplates determined from the best fitting procedure was equal to
4 nm along the whole annealing time.

The time dependence of the total number of nanoplates Ny(t), in
arbitrary units, was also determined by fitting Eq. (2) to the experi-
mental profiles shown in Fig. 5(a) to (d). The time dependence of the
total volume of nanoplates Vj (t) was determined also in arbitrary units
using the relation Vy(t) = fg‘;o(3\/§/8)(D)2(t)a(t)Nthick(cS, t)ds. As
shown in Fig. 7(c) and (d) both the number and total volume of nano-
plates increase during the whole isothermal annealing, with a tendency
to stability for t > 50 min. This evidences that nucleation of NiSi, nano-
plates occurs over most of the annealing period, in all cases being fol-
lowed by a very fast volume growth.



D. da Silva Costa, G. Kellermann, A.E. Craievich et al.

(a) 80 ————
70
60 it §

£ 501

£ 401

g 30] ]
20 ]
10 ]
0

FA

-
FH

P

0 10 20 30 40 50 60 70
time (min)

c
o o =
[0} © N
g . 5

o
w
1

BH{{

N, (arb. units)

0.0+

0 10 20 30 40 50 60 70
time (min)

Journal of Alloys and Compounds 879 (2021) 160345

b N

( )10_ : ]

o] 1887 5 57 Py

E 61 E
£

g 4] -

24 N

o{ '

0 10 20 30 40 50 60 70

time (min)

(d) 12—

1.0+ .
»

2 081 -
3

o 06- ,

L 04 ]
>I

0.2+ ¢ experimental ]

0.0 JMA ]

0 10 20 30 40 50 60 70

time (min)

Fig. 7. Time dependences of relevant parameters derived from GISAXS data describing the formation and growth of NiSi, nanoplates buried in the Si(001) wafer during isothermal
annealing at 405 °C. (a) Average maximum diameter (D), (b) average thickness (8), (c) total number Ny(t) (in arbitrary units) and (d) total volume Vy(t) (in arbitrary units). The
solid line in (d) is the best fit of Johnson-Mehl-Avrami to the experimental Vy(t) function.

Fig. 7(c) shows that during most of the annealing period the total
number of NiSi, nanoplates Ny(t) increases approximately linearly
with time. This linear behavior is progressively slowing down and, for
t >50 min, the nanoplate number becomes approximately constant.
This result is the expected consequence of the progressive decrease in
concentration and consummation of Ni atoms dispersed in SiO, film.
Notice that a similar effect is also apparent during the same period of
annealing for the simultaneous formation of Ni nanocrystals in the
deposited silica thin film and inside the Si(001) wafer (Fig. Gb).

The results described above show that NiSi, nanoplates reach
their asymptotic size within a short time period (t < 10 min) while
the nucleation of new platelets still takes place during a rather long
additional period of time (1 h ca.). The reason why nanoplates stop
growing after reaching an upper limit size is still an open question.
Notice that the formation of additional NiSi, nanoplates long time
after the end of the fast growth of those nucleated at t = 0 cannot
be assigned to a decrease in concentration of Ni atoms dispersed in
the thin film because, in this case, the depletion of Ni atoms would
also leads to a decrease in the nucleation rate of silicide platelets. On
the other hand, in some cases the stopping of growth of the nano-
particles in crystalline matrices is due to the development of strong
strains associated to lattice mismatch [11]. However, since the dif-
ference in lattice parameters of Si and NiSi, at 405 °C is less than
0.01%, the strains developed during the growth of NiSi, nanoplates
are not expected to be the major cause for stopping the growth
process.

Furthermore, we have compared the experimental time depen-
dence of the total volume of NiSi, nanoplates (Fig. 7d) with the
prediction of Johnson-Mehl-Avrami (JMA) theory. According to JMA
theory for isothermal phase transformations the following general
relation holds [12-14]:

X (6) = —V(;/; _VF\’/(—t) =1 — exp(~ke")

(3)

where V; e V. are the initial and final total volumes of the nano-
particles, respectively, k is a constant related to the rate of formation
of the new phase and n is an exponent depending on the particular
mechanism and dimensionality of the phase growth process. The
curve corresponding to the best fit of Eq. (3) to the experimental
Vi (t) function describing the time dependence of the total volume of
NiSi, nanoplates is shown as a solid line in Fig. 7 (d). The exponent
obtained from the best fitting procedure is n =1.18 + 0.05. An ex-
ponent n =1 is predicted by the JMA theory for a mechanism of
diffusion-controlled growth leading to planar shaped precipitates
when the distances between precipitates is much larger than their
size [15]. These features agree with the geometrical features of the
NiSi, thin nanoplates observed and characterized in this work. On
the other hand, the fast formation of NiSi, nanoplates from the very
beginning of thermal annealing - without an apparent incubation
time - is a phenomenon expected for a process of heterogeneous
nucleation [15], which is in accordance with previous results in-
dicating that the formation CoSi, platelets endotaxially buried in a Si
wafer starts preferentially at structural defects on the wafer
surface [14].

6. Conclusions

In the presented work we have determined the time de-
pendences of the parameters that rule the structural transforma-
tions under isothermal annealing at 405 °C of a composite material
consisting of a single-crystalline Si wafer covered by a Ni-doped
nanoporous silica thin film. In these structural transformations two
simultaneous processes take place, namely (i) the formation of
nearly spherical Ni nanocrystals inside a nanoporous SiO, thin film
and in a thin layer of the Si wafer close to its external surface, and (ii)
the formation of NiSi, thin nanoplates coherently buried in a Si
wafer, with their large surface parallel to the planes of Si{111}
crystallographic form.
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Our results also demonstrated the formation of approximately
spherical Ni nanocrystals with a two-mode radius distribution.
Smaller nanocrystals are formed in the nanoporous SiO, thin film
and larger ones inside the thin film and also in a thin layer close to
the external wafer surface (layer 2). The average radii and radius
dispersions of both populations of Ni nanocrystals are nearly
invariant during the whole period of thermal annealing. We have
determined that the invariant average radius and relative radius
dispersions of the population of smaller nanocrystals are
(Ro1)) =(1.0 = 0.1) nm and o(1) /(Ro(1)) = (0.35 +0.05) and those of the
population of larger nanocrystals (Rgp2))=(3.4 £0.2) nm and
o2)/[(Ro(2)) = (0.5 = 0.1). The observed invariance of the average ra-
dius and radius dispersion of Ni nanocrystals formed inside the SiO,
thin film over the whole period of thermal annealing suggests that
Ni nanocrystals nucleate inside the nanopores of the deposited silica
film, their final sizes being limited by the sizes of the pores inside
which they are formed.

We have also characterized the time dependent formation of hex-
agonal NiSi, nanoplates buried near the external surface of the Si(001)
wafer, which occurs simultaneously with the formation of spherical Ni
nanoparticles in the silica thin film and in the intermediate layer. Our
analysis shows that the functions that describe the average thickness (&)
and the maximum diameter (D) of the NiSi, nanoplates increase very
rapidly during the first stage of annealing and reaches their final average
values (§)=(8.5 + 0.5) nm and (D)=(62 + 4) nm after a period of
10 min ca.

Furthermore, the function that describes the total number of nano-
plates in arbitrary units Ny increases during the first hour of thermal
annealing while its rate of growth slows down for higher annealing
times. The growth of NiSi, nanoplates stops shortly after their nucleation
while the formation of new nanoplates is still going on, thus indicating
that the maximum limit in the size of platelets cannot be related to a
decrease in Ni concentration. The reason for this particular behavior
remains unexplained and requires further investigation.

Finally, we have established that the time dependence of the
total volume of NiSi, nanoplates agrees well with the prediction of
the JMA theory for a model of two-dimensional diffusion-limited
growth leading to a phase with a planar shape and thin thickness.
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