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In situ study of the endotaxial growth of hexagonal CoSi, nanoplatelets

in Si(001)
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This investigation aims at studying—by in sifu grazing-incidence small-angle x-ray scattering—the
process of growth of hexagonal CoSi, nanoplatelets endotaxially buried in a Si(001) wafer. The
early formation of spherical Co nanoparticles with bimodal size distribution in the deposited silica
thin film during a pretreatment at 500 °C and their subsequent growth at 700 °C were also charac-
terized. Isothermal annealing at 700 °C promotes a drastic reduction in the number of the smallest
Co nanoparticles and a continuous decrease in their volume fraction in the silica thin film. At the
same time, Co atoms diffuse across the SiO,/Si(001) interface into the silicon wafer, react with Si,
and build up thin hexagonal CoSi, nanoplatelets, all of them with their main surfaces parallel to
Si{ 111} crystallographic planes. The observed progressive growths in thickness and lateral size of
the hexagonal CoSi, nanoplatelets occur at the expense of the dissolution of the small Co nanopar-
ticles that are formed during the pretreatment at 500 °C and become unstable at the annealing tem-
perature (700°C). The kinetics of growth of the volume fraction of hexagonal platelets is well

described by the classical Avrami equation. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4936377]

During the last decades, a number of authors have inves-
tigated the formation of nano-objects deposited to or grown
on external surfaces of different single crystalline sub-
strates.'™° The knowledge of the relevant features and the
control of the growth processes of these nanostructures are
of particular relevance because the properties of these mate-
rials strongly depend on the sizes and shapes of the basic
building blocks.""™” In the particular case of silicides
obtained by deposition of transition metals on silicon single-
crystals under ultra-high vacuum conditions, they self-
assemble into high aspect ratio nanowires.'®'® These nano-
structures grow epitaxially on the silicon surface or may
evolve into the silicon via endotaxial growth processes.

Endotaxial growth of nanostructures has been reported
for Fe, Co, Ni, and Ti on Si(001) and Si(011).?° In particular,
CoSi, exhibits a relatively low electrical resistivity (10-15
uQ cm), similar to the resistivity of TiSi, currently being
used as a ohmic contact in electronic devices, and remains
stable up to rather high temperatures.”’ These interesting
properties allied to possibility of controlling the size of
CoSi, platelets in nanoscale level make this nanostructured
material a good candidate as conductive component for inte-
grated Si circuits to be used in high speed electronic devices
for applications in nanoelectronics.>'¢*2

Concerning the structural characterization, the grazing-
incidence small-angle x-ray scattering (GISAXS) technique
had been proved to be a very reliable and useful technique to
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for characterizing of nanoparticles embedded or deposited
on thin films.>**® GISAXS technique has been also success-
fully applied to follow the kinetic of growth of a number of
nanostructures on thin films prepared under several different
deposition conditions and thermal treatments.*’ "

Co-doped SiO; thin films deposited on top of a Si (001)
single crystalline wafer and submitted to isothermal treat-
ment at 750°C were recently investigated by combining
ex-situ GISAXS and transmission electron microscopy
(TEM).” This study evidenced the formation of spherical Co
nanoparticles embedded in the supported SiO, thin film and
also hexagonal CoSi, nanoplatelets endotaxially grown in
the Si single crystal substrate.” Interestingly, all buried
CoSi, nanoplatelets are parallel to crystallographic Si{111}
planes and have their lattice coherently related to the face
centered cubic lattice of the Si host, regardless the silicon
face in contact with the SiO, film (001, 011, or 111).10 The
formation of CoSi, nanoplatelets is the result of a complex
combination of physicochemical processes—such as diffu-
sion of atoms in solid phases and chemical reaction of Co
with Si—leading to the final silicide.'?-"

The final size, shape, and ordering of the CoSi, platelets
buried in Si(001) obtained after long periods of thermal treat-
ments (1h at 750°C) were determined in previous ex situ
GISAXS and TEM studies.”'” However, the mechanisms
involved in the processes of nucleation and growth of these
nanoparticles are so far not known. In order to obtain new in-
formation related to the kinetics of the process and the mech-
anisms involved in the early stages of crystals nucleation and
growth, the endotaxial growth of CoSi, nanoplatelets is here

© 2015 AIP Publishing LLC
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studied by in situ GISAXS, during isothermal treatment at
700 °C of a Co-doped SiO, thin deposited on Si(100) wafer.
In situ structural characterization of the nucleation and
growth processes is necessary for further tailoring of nano-
components with desired size-dependent properties.

Our in situ GISAXS measurements were conducted by
placing the sample inside a high temperature chamber operat-
ing under He flux of 50 sccm at 700 °C. The GISAXS patterns
corresponding to 8, 48, and 168 min of thermal treatment at
700°C are shown in the left column of Fig. 1. The GISAXS
patterns corresponding to increasing periods of time at 700 °C
were analyzed by applying the model described in Ref. 9 that
assumes the total intensity as composed of independent contri-
butions from dilute sets of spherical Co nanoparticles embed-
ded in silica film and hexagonal CoSi, platelets endotaxially
grown in the Si(001) wafer.

The modelled 2D GISAXS patterns displayed in the
right column of Figure 1 are the best fit of the function given
in Ref. 9 to the experimental patterns shown in the left col-
umn. For additional description of the GISAXS procedure,
analysis, and modeling, see the supplementary material.>?

Figure 2 displays the time dependence of the volume
weighted radius distribution of the spherical Co nanopar-
ticles—determined as V,,(R) = (4n/3)R3NSph(R)—embedded
in the SiO, thin film. The results clearly indicate that the
volume weighted radius distribution of Co nanoparticles is a
two-mode function, i.e., there are two nanoparticle populations
with different average radii, namely, (R)~ 1.0nm (mode I)
and (R) ~ 3.5nm (mode II).

The total number of smaller (mode I) Co nanoparticles
decreases for increasing periods of time, approximately pre-
serving both the average radius and size dispersion. On the
other hand, the time variation corresponding to larger (mode
II) Co nanoparticles indicates only a progressive widening of
their radius distribution.

Time dependence of the volume weighted radius distri-
bution of spherical Co particles displayed in Figure 2 also

Simulation
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(d)
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FIG. 1. 2D GISAXS patterns corresponding to the sample held at 700°C
during different periods of time: (a) and (b) 8, (c) and (d) 22, (e) and (f) 48,
and (g) and (h) 168 min. The left column displays the experimental GISAXS
patterns, and the right column shows the related calculated GISAXS patterns
that yielded the best fit to the experimental results. The vertical stripe in the
center of all patters is the shadow of the beam-stopper, and oy = 0—only
shown for (a)—indicates the sample horizon.
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FIG. 2. Time dependence of the bimodal volume weighted radius distribu-
tion of spherical Co nanoparticles embedded in the SiO, thin film. Size
modes I and II are indicated by arrows. The inset shows mode II in different
scale and perspective.

indicates that these nanoparticles are already formed at the
very beginning of the isothermal treatment at 700 °C. This
implies that the nucleation of metallic Co nanoparticles had
occurred during the pretreatment at 500 °C for reduction of
Co precursor, i.e., before starting the final isothermal anneal-
ing at 700 °C. Result plotted in Figure 2 indicates that the
total volume of Co particles with smaller radii—correspond-
ing to the integral of the peak of mode I—strongly decreases
for increasing periods of time.

Time dependences of relevant size parameter of the hex-
agonal CoSi, nanoplatelets, i.e., lateral side L and thickness
T, and their number density Ny,,, are plotted in Figures 3
(a)—(c), respectively. The results displayed in Figures 3(a)
and 3(b) show the parallel growth in thickness and lateral
size, respectively, of the CoSi, nanoplatelets until both pa-
rameters reach final constant values after approximately 80
min of isothermal annealing. The results displayed in Figure
3(a) indicate that the lateral size of the hexagonal nanoplate-
lets, L, exhibits a fast growth from zero up to 22 nm within a
few minutes of isothermal treatment at 700 °C and still grow-
ing until reaching a value L =30nm after 80 min. A similar
trend is apparent for the thickness of the CoSi, nanoplatelets
(Figure 3(b)), which reaches a value 7= 1.8 nm within a few
minutes and then increases up to a final constant value
T =2.6nm after 80 min of isothermal treatment.

The simultaneous growth of the lateral size and thick-
ness of CoSi, nanoplatelets shown in Figures 3(a) and 3(b),
respectively, indicate that the diffusion of Co atoms along
the Si{111} planes is initially very fast, thus leading to a
quick formation of a few atoms thick CoSi, buried layers.
Later on, the thickness and lateral size of the hexagonal
nanoplatelets grow at progressively decreasing rates. The
observed slow-down effect in this growth can be assigned to
a progressive increase in the weak but not vanishing misfit
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FIG. 3. Time dependences of lateral size (a), thickness (b), and number in
relative units (c) of hexagonal CoSi, nanoplatelets buried in Si(001). The
insets in (b) and (c) are the double logarithmic plots of L(¢) and 7(¢), respec-
tively. The slopes in log-log plots before =80 min indicates that L and T

are proportional to 127 and 1°°, respectively.

between the lattice of silicon and that of the coherent CoSi,
nanoplatelets, thus increasing elastic stresses and strains
developed in the volume of the silicon host.”

The slopes in logarithmic plots in the insets of Figures
3(a) and 3(b) show that the growth of CoSi, platelets occurs
in two different regimes during isothermal treatment at
700 °C. During the first 80 min, the lateral size and thickness
of CoSi, platelets scales as L~ ¢*?" and T ~1*?°, respec-
tively (slopes 0.27 and 0.20 in log-log plots). For ¢# > 80 min,
T becomes time independent and L proportional to °**. The
time exponents corresponding to the first stages of CoSi, pla-
telets growth are somewhat smaller than the reported for the
growth of CoSi, nanowires in Si,'®'’where the length and
width of the nanowires showed a r'? time dependence. This
difference of time exponents is probably related to differen-
ces in deposition conditions. While the growth of nanowires
takes place at constant deposition rate of Co,'®'? in the sys-
tem investigated here, the concentration of Co atoms in the

Appl. Phys. Lett. 107, 223101 (2015)
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FIG. 4. Time dependences of the total volume of spherical Co nanoparticles
(a) and hexagonal CoSi, nanoplatelets (b). The continuous line in (b) corre-
sponds to the best fit of Avrami equation (Eq. (2)) to the experimental time
dependence of nanoplates volume fraction.

SiO, thin film decreases, because they feed the growing
CoSi, platelets and Co nanocrystals.

The results plotted in Figure 3(c) indicate that the number
of CoSi, nanoplatelets, Ny, initially increases and then
decreases down to its initial value, the magnitude of initial
increase being slightly larger than the experimental error bars.

The total volume of Co nanoparticles was derived from
the integral of the isotropic part of the scattering intensity,>?
while the total volume corresponding to hexagonal CoSi,
nanoplatelets was calculated from the geometric parameters
plotted in Figure 3 as

33
Vhex(t) - %Nhe.xL2T~ (1)

Both calculated volumes, Vi, and Vi, are displayed in
Figures 4(a) and 4(b), respectively, as functions of the
annealing time. It can be noticed in Figure 4(a) that the total
volume of Co nanoparticles is a continuously decreasing
function down to a final constant value while the total vol-
ume of CoSi, nanoplatelets exhibits an opposite behavior
characterized by a continuous increase up to a final value
reached after about 80 min of isothermal annealing.

The total volume of Co nanoparticles starts from a maxi-
mum value at the beginning of the isothermal process at
700°C, thus implying that they have nucleated during the
prior pre-treatment of the sample at 500 °C. After rising the
temperature from 500 °C up to 700 °C, the radii of a fraction
of the smaller Co particles (i.e., those belonging to mode I
shown in Figure 2), previously formed at 500 °C, become sub-
critical at 700°C and, consequently, progressively dissolve
during the further isothermal annealing at this temperature.
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In order to have a first insight into the mechanism of
growth of the CoSi, nanoplatelets, we have verified if the ex-
perimental time dependence of their total volume fraction

obeys the theoretical equation proposed by Avrami®*°
Vo — Viex(t
Xy (1) :2/0_7]{/(): 1 — exp(—k"), 2

where V, and V, are the initial and final volumes, respec-
tively, along the transformation process, k is related to the
speed of the reaction, and # is a dimension associated to the
diffusion process and to the nucleation and growth
mechanism.”’

As can be seen in Figure 4(b), the theoretical time de-
pendence of the volume fraction of nanoplatelets proposed
by Avrami (Eq. (2)) fits well to the experimental curve.
According to Avrami model, if nucleation is negligible dur-
ing growth, exponent values are n =1 and n =2 for an invar-
iant number of nanocrystals growing in one and two-
dimension, respectively. The experimental results derived
from our GISAXS measurements indicate that the number of
CoSi, platelets remains approximately constant during their
growth and the exponent n is 1.5. This suggests that the
growth of CoSi, platelets here investigated proceeds by com-
bined and independent processes governed by one and two-
dimension atomic diffusion, these processes being associated
to the observed increase in thickness and in lateral surface
area of CoSi, platelets, respectively.

However, the experimental results plotted in Figure 3(c)
indicate a slight increase of Ny, followed by a decrease
down to its initial value. The complex time dependence of
Nhex shown in Figure 3(c) is probably a consequence of the
simplicity of the model proposed,” which assumes a mono-
disperse set of nanoplatelets along the whole process. This
approximation is expected to be good during final stages of
growth, when the nanoplatelets have reached their final max-
imum constant size, but probably is not acceptable during
the first stages. On the other hand, the negligible (or absent)
nucleation during the growth of platelets, pointed out by the
analysis using Avrami model, suggests that the nucleation of
nanoplatelets possibly occurs in defects of the external flat Si
surface whose number is constant along the whole thermal
treatment.

Summarizing, our kinetic study demonstrates that after
the prior formation of spherical Co nanoparticles at 500 °C,
their number and total volume decreases during isothermal
annealing at 700°C while, contrarily, the total volume of
hexagonal CoSi, nanoplatelets exhibits a parallel increase.
Both total volumes of nanoparticles and nanoplatelets reach
final values after 80 min of isothermal treatment at 700 °C
without any subsequent change.

The opposite trends of the time dependences of the total
volume of Co nanoparticles embedded in the SiO, thin film
and total volume of CoSi, nanoplatelets buried in Si(001)
are the expected consequences of a complex coarsening
mechanism that minimizes the total interface area and
involves correlated effects of dissolution of Co nanoparticles
and parallel growth of CoSi, nanoplatelets.

We have also shown that the time dependence of the
fraction of volume of CoSi, nanoplatelets is well described

Appl. Phys. Lett. 107, 223101 (2015)

by Avrami equation, with its characteristic parameters com-
patible with the presence of a constant number of supercriti-
cal CoSi, nuclei and independent diffusion processes in one
and two dimensions associated to the observed variations in
thickness and lateral sizes, respectively.

This work was supported by FAPESP and CNPq
(Brazil), CONICET (201101-01035) (Argentina) and
National Synchrotron Light Laboratory (LNLS), Campinas,
Brazil, through the Project Nos. XRDI1-15215 and XPD-
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