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ARTICLE INFO ABSTRACT

Keywords: This article describes a morphological and crystallographic multi-technique characterization of a 2D-nanocom-
NiSi;@Si posite consisting of highly oriented NiSi, nanoplates endotaxially grown inside a single-crystalline Si(001)
Nanoplates wafer close to its external surface. This nanostructured material is prepared using a novel procedure which
I(\;I?Sn:)lz;mdes promotes the diffusion of Ni atoms from a deposited Ni-dopped-SiO- thin film into the volume of a Si(001) flat
TEM wafer under controlled thermodynamic conditions. High Resolution Scanning Transmission Electron Microscopy

images reveal the formations of well oriented thin hexagonal nanoplates totally buried inside a Si(001) wafer and
randomly oriented nearly spherical Ni nanocrystals located inside the Ni-doped SiO; thin film and also inside a
thin layer close to external surface of the Si(001) wafer. The NiSi, nanoplates formed by endotaxial growth have
their large hexagonal flat surfaces parallel to one of the four Si{111} crystallographic planes and exhibit coherent
7A-type interfaces with the host Si matrix. Additional analyses of Grazing-Incidence Small-Angle X-ray Scattering
patterns - which probe a high number of nanoparticles - indicated that the average thickness and maximum
diameter of NiSiy nanoplates are 12 nm and 118 nm, respectively, and the average radius of Ni nanocrystals is
1.7 nm. The described process for obtaining 2D-NiSio@Si nanocomposites opens new possibilities for exploiting
the structural features of these materials for use in devices requiring anisotropic electrical transport properties.

1. Introduction materials, sensors and energy storage devices [9-12]. Different synthesis

methods were described in the literature for promoting the epitaxial or

Transition metal silicides based nanocomposites which include
CoSio, TiSio, NiSi and NiSis have attracted attention in recent decades
due to their specific electrical features [1,2]. Since NiSi; and CoSiy
exhibit high electrical conductivity and thermal stability, they are usu-
ally employed as contact material in microelectronics [2-8]. Moreover,
higher-level hierarchical nanocomposites with ordering substructure
would be a novel direction in the development of new thermoelectric
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endotaxial growth of metal silicide structures with defined or undefined
shapes [9,13-17]. These nanostructures have different shapes depend-
ing on the synthesis methods and formation process [9,13-16,18,19].
Previous works described the property of transition metal atoms
which selectively diffuse along particular crystallographic planes in
single-crystalline silicon wafers and leads to the endotaxial formation of
metal silicide nanoparticles with high aspect ratio shapes, such as wires,
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pyramid-like and thin plates. These structures are usually obtained
under very high vacuum and high temperature conditions by evapora-
tion and deposition of low quantities of the metal for avoiding metal
cluster aggregation [20].

In a previews work, the formation of highly oriented arrays of CoSi;
nanoplates endotaxially grown in single-crystalline Si wafers was
described [21]. These nanostructures were obtained through solid/solid
thermal diffusion at room pressure from a deposited Co-doped SiO5 thin
film to a single-crystalline Si wafer. In this case, the precursor solution of
the Co-doped thin film was deposited in a single step on silicon wafer
without removal of the native oxide. The CoSiy nanoplates exhibit a
nearly regular hexagonal shape and - irrespective of the crystallographic
orientation of the surface of the Si wafer - they grow with their large
surfaces parallel to the lattice planes of the Si{111} crystallographic
form [22] whose final size can be controlled by appropriate choice of
temperature and thermal treatment time [23]. The mentioned previous
works [21-23] dealt with the descriptions of the morphology, crystal-
lographic structure, process kinetics and physicochemical aspects of the
studied cobalt silicide (CoSis).

Besides CoSiy, the nickel silicide NiSi; is widely used as a component
of microelectronic and optoelectronic devices [24]. Because of the
strong dependence of band alignment on the crystallographic orienta-
tion of the interface between NiSi; and the host silicon lattice, NiSiy
nanocrystals in conjunction with the silicon matrix were also investi-
gated in context of their use as Schottky barrier [25]. For this reason new
preparation methods leading to NiSiz nanoparticles with desired shape
and orientation are sought. Notice that the NiSi nanoplates exhibit good
electrical properties and their precursors are inexpensive and more
environmentally friendly. Furthermore, the replacement of cobalt by
nickel is desirable for green components.

We present in this study a structural and chemical characterization of
a novel nanostructured material initially consisting of a Si(001) wafer in
which a Ni-doped SiOy-based thin film is deposited. The final nano-
structured material that contains NiSi; nanoplates and Ni nanocrystals
was prepared by a novel preparation method in which Ni is not directly
deposited on Si wafer surface. Instead, the growth of the NiSi; nano-
plates in Si is promoted by thermally activated diffusion of Ni atoms
from the Ni-doped SiO3 thin film deposited on the Si(001) wafer through
the SiO,:Si interface, thus allowing for a controlled chemical reaction
with Si atoms in the silicon wafer. The endotaxial growth of NiSiy in the
Si wafer is favored because the lattice parameter of NiSiy platelets is very
close to the lattice parameter of the single-crystalline Si wafer.

Since the material studied here exhibit a complex nanostructure
containing different types of nanoparticles, we decided to conduct our
investigation by applying a multi-technique approach, including several
imaging techniques such as atomic force microscopy (AFM), scanning
transmission electron microscopy (STEM), energy-dispersive X-ray
spectroscopy (XEDS) and also X-ray scattering techniques such as X-ray
reflectometry (XRR) and grazing incidence small-angle X-ray scattering
(GISAXS). Notice that imaging techniques in high-resolution mode
provide useful insights on morphologic and crystallographic features of
the nanoparticles over a rather small sample volume, while the scat-
tering techniques yield global characterizations that probe a large vol-
ume and thus a much larger number of nanoparticles.

2. Material

A flat Si(001) wafer having a surface area of about 2 x 3 cm? was
immersed in acetone and left under an ultrasonic bath for 10 min to
remove organic residues. Subsequently, the wafer was embedded in a
concentrated solution of HSO4 acid (95%, Merck) and heated from room
temperature up to 80 °C. The sample was then kept during 15 min at this
temperature in order to remove any remaining organic contaminants.
Removal of the native oxide layer from the silicon surface was achieved
by immersion in a solution of HF acid (48%, Merck) for 1 min.

The precursor solution of a Ni-doped SiO»-based gel was deposited
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on the clean Si wafer immediately after etching. Finally, the thin film
was formed by using the spin-coating procedure. Precursor solutions of
the SiO,-based thin film were deposited in two steps. The first step was a
deposition of a solution of 0.15 g Ni(NO3)2-6H20 (99.999%, Sigma-
Aldrich) dissolved in 1.15 g isopropyl alcohol (98%, Merck) directly
on the silicon substrate. The second step was a deposition of a precursor
gel of the SiO; film on top of the first film. The precursor gel solution
used in the second step contains 0.05 g of TEOS (tetraethyl orthosilicate,
99.999%, Sigma-Aldrich) and 0.30 g of aqueous solution of nitric acid
(65% HNOg, Merck) in 0.90 g of isopropyl alcohol (98%, Merck).

Prior to this two-step deposition procedure, the solution was kept at
room temperature for one day, during which the hydrolysis reaction
took place thus leading to the conversion of TEOS in SiO» and promoting
the sol-gel transition [26-29]. During the deposition of the second gel
solution, a re-dissolution of the first layer is expected to take place thus
allowing for the diffusion of Ni>* and NO3 ™~ ions through the second gel
layer. After having deposited 10 pL of each solution on the Si wafer, the
samples were dried in air at room temperature thus allowing for a slow
evaporation of volatiles. As a result, a deposited nanoporous dry SiO,
thin film containing dispersed NiO species is obtained.

In order to promote the chemical reduction of Ni oxides embedded in
the deposited thin film, the Si wafer and thin film were tentatively
submitted to several isothermal treatments during 40 min over the
300-500 °C temperature range under a flow rate of 50 sccm in
5H,+95He moisture at 1 atm. These isothermal treatments also lead to a
partial compaction of the Ni-doped SiO; film and promotes the atomic
diffusion of Ni atoms through the volume of the SiO5 thin film and from
the thin film - through the SiO,:Si interface - into the silicon wafer. After
further analyses of samples treated above 350 °C, we verified the for-
mation of nanoparticles embedded in the SiO» thin film and also inside
the Si wafer close to the Si:SiO5 interface.

Instead of the one-step deposition procedure, the two-step procedure
was chosen because the first deposition of Ni(NO3),-6H20 solution
directly on the bare wafer increases the concentration of Ni species
dispersed in the SiO, matrix in a layer close to silicon surface, thus fa-
voring the diffusion of Ni into the Si wafer during the thermal treatment.

Furthermore, the preparation method described here differs from the
procedure applied for the formation of CoSi; nanoplates in Si [21-23].
Notice that for the formation of CoSiy nanoplates the precursor solution
of the thin film was deposited without removal of the native SiO, oxide.
On the other hand, in our previous attempts to obtain endotaxial NiSiy
nanoplates by deposition of the precursor solution on Si wafers without
native oxide removal, the formation of NiSiy nanocrystals could not be
achieved. This suggests that the native thin oxide layer on the Si wafer
acts as a strong barrier for diffusion of Ni atoms.

GISAXS patterns from samples held above 350 °C showed the pres-
ence of a clear anisotropic contribution similar to that previously
observed for the formation of CoSiy nanoplates [21-23]. This was our
first experimental indication of the formation of NiSi, nanoplates in a Si
(001) wafer, which, as it will be seen in next sections, was later clearly
confirmed by high resolution imaging techniques. In this paper, samples
consisting of Ni-doped SiO; thin films deposited on Si wafer, annealed
during 40 min at 500 °C in Hp+He flow, were studied by AFM, STEM,
XEDS, XRR, and GISAXS.

3. Experimental methods

Structural characterization by AFM was carried out using a Shi-
madzu SPM (SPM-9700) under intermittent (dynamic) mode. The
measurements were conducted in air using standard silicon doped
cantilevers with nominal spring constants k ~ 21-78 N/m and resonant
frequency wp ~ 250-390 kHz, with metallic reflex coating. All AFM
images were processed (leveling, particle analysis) using the Shimadzu
offline software.

STEM studies were performed using a double-corrected scanning
transmission electron microscope FEI Titan Themis Cubed
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(ThermoFisher Scientific) operating at 300 kV, equipped with Super-
XEDS with four windowless silicon-drift detectors. High angle annular
dark field (HAADF) images were acquired with collection angles be-
tween 66 and 200 mrad. STEM cross section specimens with surface
perpendicular to the Si[110] zone axis were prepared using manual and
dimpler polishing followed by Ar+ ion beam thinning with energies of
3.5 and 2 keV at incidence angles gradually decreasing from 6 to 2°.

GISAXS and XRR experiments were performed using a Discover D8
diffractometer from Bruker equipped with an X-ray microsource from
Incoatec with a Cu target (X-ray wavelength A = 0.15406 nm) together
with a Montel multilayer focalization system. The full-width half-
maximum diameter of the primary X-ray beam at the detection plane
was equal to 0.5 mm. A Vantec 500 2D X-ray detector having a spatial
resolution of 400 pm and a classical scintillation detector from Bruker
were used to measure the GISAXS and XRR intensities, respectively.

In order to suppress absorption and scattering intensity from air, a
vacuum path chamber was placed between the sample and the detector.
The scattering intensity from a standard alumina sample was also
recorded in order to precisely determine the sample-to-detector distance
(333.2 mm) thus allowing us to determine the GISAXS intensity as a
function of the X-ray scattering vector. The incidence angle between the
direction of the primary X-ray beam «; and the flat wafer surface was
selected to be 0;=0.40 °. This value of o; allowed us to probe the SiO5
based thin film and the wafer volume in which NiSiz nanoplates are
located while the minimum accessible wave-number for the measure-
ments of GISAXS intensity became gpj, = 0.33 nm L.

Fig. 1 shows a schematic view of the experimental setup used in the
GISAXS experiment. The coordinates of each pixel of the detector were
converted in coordinates of the scattering vector in reciprocal space
using the relation:

cosaycos26; — cosq;
2
g = 7” cosaysin26; (€))

sinay + sina;

where oy is the angle between the direction of scattered beam and the
sample surface and 26y is the angle between the projection of the scat-
tered beam on xy plane and the x-axis. In Fig. 1 we also show the
azimuthal angle ¢ that defines the orientation of the sample with respect
to the axis normal to the sample surface. In our analysis we defined ¢ =
0 in case the projection of the direct beam on the sample surface is
parallel to the Si[011] crystallographic direction. The parasitic scat-
tering intensity - produced by windows, slits and air gaps between
sample and vacuum paths - was subtracted from the total intensity. The
full-width half-maximum of instrumental broadening function in y and

g,

Z,SI[OOl]

Fig. 1. Schematic view of the experimental setup used in GISAXS
measurements.
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z-directions were Ag, = 0.12 nm ! and Ag, = 0.06 nm ™}, respectively.
4. Experimental results
4.1. AFM and XRR

Our AFM results analyses are summarized in Fig. 2, which shows
microscopy images of the surfaces of a Si wafer after being submitted to
the successive preparation steps. The different images correspond to (i) a
wafer covered by the native SiO; oxide after removal of organic com-
pounds, (ii) the same wafer after etching, and (iii) the surface of the Ni-
doped SiOs thin film after deposition on the Si wafer.

The AFM image displayed in Fig. 2(a) shows that after the first step of
the preparation procedure, the surface of the native oxide on the Si
wafers is essentially flat, with only weak scratches produced by the
cutting and polishing tools. The image displayed in Fig. 2(b) shows that
after the etching with HF acid the wafer surface becomes very rough and
exhibits a grain-like structure with average radius ranging from 50 to
100 nm. Fig. 2(c) shows that the surface of the Ni-doped SiO» thin film is
composed of a set of close-packed nanoparticles with globular shape
having an average radius of 13 nm circa, with nanopores between them.
This type of nanoporous structure with high roughness in its external
surface is expected for thin films prepared by the method used here, in
which the silica film is produced by using a sol-wet gel process followed
by volatilization of the organic compounds [26-29]. The root-mean
square roughness determined from AFM measurements over the 2 x
2 pmz selected areas corresponding to Fig. 2(a)-(c) are 0.54, 38.8 and
3.4 nm, respectively.

Fig. 3 shows the X-ray reflectivity curve of the analyzed sample. The
critical angle - for which the value of the reflected intensity is equal to
one half the intensity at incidence angle equal to zero - is 0fm=(0.19 +
0.01)° [30]. The average density of the SiO5 film determined from the
known chemical composition and the value of the critical angle ofiim
resulted pgim=(1.9 £+ 0.1) g/cm3. This density is lower than the density
of non-porous amorphous SiO; materials (psio2=2.20 g/cms), thus
evidencing the porous nature of the thin film. Considering that nano-
pores in the thin film are embedded in a matrix of amorphous SiO», their
volume fraction was determined by wusing the relation
Ppore=1-(Pilm/Psio2) thus yielding @pore=0.14. This result confirms the
nanoporous nature of the SiO5 thin film deposited on Si wafer evidenced
by our AFM analysis.

On the other hand, the curve plotted in Fig. 3 does not exhibit the
characteristic oscillations at high angles that are expected for XRR
curves associated to roughness-free thin films deposited on a flat sub-
strate [30]. This confirms that the SiO, thin film and/or the Si wafer
surface exhibit rather high surface roughness, as it also is evidenced in
the AFM images shown in Fig. 2(b) and (c).

4.2. STEM

4.2.1. Evidences of nanoparticles and nanoplates buried in a Si(001) wafer

Fig. 4 shows a set of HAADF-STEM cross-sectional images of a Si
(001) wafer substrate in which a 85 nm thick Ni-doped SiO» thin film
was deposited, all these images being taken with the electron beam
parallel to the Si[110] crystallographic direction.

In Fig. 4(a) we have indicated by a traced line (as a guide for the eye)
the interface between the SiO; thin film and the rough Si(001) wafer.
Two nanoplates are clearly apparent in Fig. 4(a), which are fully buried
inside the Si wafer. One of them, on the left, is a side view of a hexagonal
platelet with its large surface parallel to the Si(1-11) crystallographic
plane and the other, on the right, has its large hexagonal surfaces par-
allel to the Si(111) crystallographic plane. We also notice that the
nanoplates that are fully buried inside the Si wafer have their top side at
about 85 nm far from the surface of the Si(001) wafer. This defines a 85
nm thick intermediate layer of Si(001) wafer characterized by an
irregular morphology located between the bottom surface of the SiO,
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a0

Fig. 2. AFM topographic images of the surface of (a) the silicon wafer covered by its native oxide film after cleaning to remove organic contaminants (full z scale: 10
nm), (b) the same surface after being attacked with a concentrated solution of HF acid (full z scale: 300 nm), and (c) surface of the Ni-doped SiO, thin film deposited
on Si wafer (full z scale: 25 nm). The image in (c) shows the SiO, film formed by a set of close-packed SiO, nanoparticles with spheroidal shape and average radius

equal to 13 nm circa.
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Fig. 3. XRR intensity produced by the Ni-doped SiO, thin film deposited on the
Si(001) wafer. Inset: Detailed view of the XRR curve near the critical angle
indicated by the vertical solid line at a; = 0.19°.

thin film and the layer containing the buried hexagonal nanoplates.

Fig. 4(b) is a magnified image of the cross sections of the SiOy thin
film (on top), and the upper part of an intermediate Si(001) layer located
close to the Si0,:Si(001) interface (at the bottom). Inside the SiO, thin
film we can notice the presence of a set of bright spots that we assigned
to the presence of nearly spherical nanoparticles. In the intermediate
layer we can notice the irregular shape of the interface between the SiO5
thin film and the Si(001) wafer. The dark spots near the interface evi-
dence the presence of porous volumes both in the deposited SiO, film
and inside the silicon volume in the intermediate layer, close to the SiOa:
Si wafer interface.

Fig. 4(c) is a magnified image of a selected area of Fig 4(a) showing
the nanostructure of the intermediate layer (on top) and the upper part
of the cross section of a nanoplate (at the bottom). The image in Fig 4(b)
shows that besides spherical nanoparticles located inside the SiO5 thin
film, another set of also nearly spherical nanoparticles with about the
same size are embedded in the intermediate layer.

Fig. 4(d) is a XEDS image or chemical map corresponding to the same
sample area as that shown in Fig. 4(c), which indicates the presence of
nickel in both spherical nanoparticles and hexagonal nanoplates.

The nearly spherical nanoparticles located inside the thin film (Fig
4b) and those observed in the intermediate layer (Fig. 4c) are more

precisely characterized in the next Section (4.2.2) by analyzing addi-
tional STEM images with a higher magnification. Moreover, the hex-
agonal nanoplates buried in the Si(001) wafer (Fig. 4a) are fully
characterized in Section 4.2.3.

4.2.2. Crystallographic characterization of the spherical nanoparticles

Fig. 5(a) shows the cross section of the deposited SiO; thin film (on
top), the intermediate layer of the Si wafer located close to the SiO:Si
interface (central part) and a nearly frontal and partial view of a hex-
agonal nanoplate (at the bottom). A dashed line indicates the interface
between the SiOs thin film and the Si(001) wafer. Darker irregular areas
near the SiO2:Si interface indicate the existence of a nanoporous (den-
dritic like) structure produced by corrosion effects due to the HF etching
process.

Fig. 5(b) shows a magnified HR-STEM image of the area enclosed by
a dashed square in Fig. 5(a). Two crystalline nanoparticles with different
crystallographic orientations are clearly apparent inside the dashed
circle and square.

Fig. 5(c) exhibits a magnified image of the largest crystalline nano-
particle located inside the dashed square shown in Fig. 5(b). We notice
that this crystalline nanoparticle exhibits a nearly spherical shape and
has a diameter of 6 nm circa.

Fig. 5(d) displays the Fast Fourier Transform (FFT) pattern of the
image shown in Fig. 5(b). Most of the spots of the FFT pattern corre-
spond to crystallographic planes of the Si[110] zone, while other spots
indicated by white circles in Fig. 5(d) can be assigned to the crystalline
nanoparticles embedded in the corroded layer in Si close to its external
surface. As can be seen in Fig. 5(e), the crystallographic interplanar
spacings associated to the spots are 1.76 A and 2.03 A, which correspond
to the Ni(200) and Ni(111) crystallographic planes, respectively. This
finding together with the result of chemical XEDS analysis (Fig. 4d)
allowed us to safely conclude that the nearly spherical nanoparticles
located inside the Si wafer and close to the SiO5:Si interface are metallic
Ni nanocrystals.

The high concentration of Ni nanocrystals near the SiO5:Si interface
is a consequence of the two-step deposition method in which a nickel
nitrate layer is first deposited directly on the etched surface of Si wafer.
After thermal treatment under reducing atmosphere (Hj) of the wafer
covered by the thin film, reduced Ni species aggregate thus yielding a
number of Ni nanoparticles both in the porous thin film and inside the
porous volume of the Si wafer near the SiO,:Si interface.

4.2.3. Crystallographic characterization of the hexagonal nanoplates

Fig. 6(a) shows a high-resolution STEM cross-sectional image of a Si:
nanoplate interface, where the silicon phase (at the left) is darker than
the nanoplate phase (at the right). The Si:nanoplate interface shown in
Fig. 6(a) is parallel to the Si(-111) crystallographic plane.
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Fig. 4. (a) HAADF-STEM image of a cross-
section of the Ni-doped SiO, thin film and Si
wafer along the Si[110] crystallographic direc-
tion. The image shows on top (above the dashed
line) the cross section of the SiO, thin film and,
below, two nanoplates buried inside the Si
wafer. The nanoplate on the left is a side-view
with the large flat facet parallel to the Si
(1-11) crystallographic plane. The hexagonal
nanoplate on the right is an almost front-view
parallel to the Si(111) plane. (b) Magnified
image of the cross section of the SiO thin film
and the upper part of the Si(001) substrate
showing on top the presence of small nano-
particles with nearly spherical shape inside the
SiO, thin film. (c) Magnified image of a selected
area of Fig. 4(a), showing on top the interme-
diate layer between the SiO, thin film and the
layer where the hexagonal nanoplates are
located. In Fig. 4b we can see the presence of
nearly spherical nanoparticles inside the inter-
mediate layer close to the external surface of
the Si(001) wafer and also embedded in the
SiO, thin film. (d) Chemical maps from XEDS-
STEM of the same area as in 4(c) showing the
spatial distribution of Ni (green) and Si (red).
This image indicates that both the spherical
particles and the nanoplates contain Ni atoms
and evidences Si-depleted areas surrounding
the spherical nanoparticles. (For interpretation
of the references to color in this figure legend,
the reader is referred to the web version of this
article)

Ni(200)  Ni(200)
1.762 A. o1 762A

Ni (111)
Ni (111) 2.034 A

2.034A
(@)

00O,
Ni (200) Ni (200)
1.762 A 1.762 A

Fig. 5. (a) HAADF-STEM cross-sectional image of the deposited thin film and Si wafer close to the SiO4:Si interface. The dashed line indicates the interface between
the SiO thin film and the Si rough surface. On top we can see the cross section of the SiO, thin film, the central part is the intermediate layer between the SiO, thin
film and the layer in which the hexagonal nanoplates are located. At the bottom the upper part of an almost frontal view of a hexagonal nanoplate is apparent. (b)
Magnified HR-STEM image of the area enclosed by a dashed square in Fig. 5(a). The dashed circle and square in Fig. 5(b) contain crystalline nanoparticles with
different crystallographic orientations. (c) Magnified HR-STEM image of the dashed square containing the largest nanocrystal shown in Fig. 5(b). (d) Fast Fourier
Transform of the image displayed in Fig. 5(b) showing the symmetric reflection spots associated to the Si[110] zone axis and some additional (encircled) reflections.
(e) Indexing of the encircled spots shown in Fig 5(d) and the respective interplanar spacings which were assigned to Ni(200) and Ni(111) crystallographic planes.
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Fig. 6(b) exhibits a magnified view of the Si wafer projected along
the Si[110] direction of the atomic structure. In this figure, the typical
dumbbell-like structure of Si columns along the Si[110] with inter-
atomic distance of 1.36 A is clearly apparent.

A selected area of the hexagonal nanoplate showing atom columns
along Si[110] is displayed in Fig. 6(c). The analysis of this image
allowed us to conclude that the hexagonal nanoplates exhibit the cubic
crystallographic structure of nickel disilicide (NiSis). The unit cell of the
NiSiy structure depicted in Fig. 6(c) evidences a perfect match with the
experimental image either for nickel columns (green circles) and for
silicon columns (orange circles). A careful analysis of these HR-STEM
images evidenced the presence of a 7A-type epitaxial interface be-
tween the lattices of the silicide nanoplates and that of the Si single
crystalline host. This issue will be discussed in more detail in Section 5.

4.3. GISAXS analysis

4.3.1. General features

Once the nature, shape and approximate dimensions of the nano-
particles formed in the Si(001) wafer and in the deposited SiO; thin film
- i.e, oriented hexagonal NiSi, thin nanoplates and nearly spherical Ni
nanocrystals - were determined by HR-STEM, we conducted an addi-
tional study by the GISAXS technique. This scattering technique allowed
us a more precise determination of the radius distribution of spherical Ni
nanoparticles, and the dimensions and orientations of the hexagonal
NiSiy nanoplates over a volume much larger than that probed by high
resolution imaging techniques.

The GISAXS measurement was performed at room temperature using
a sample consisting of a Si(001) wafer on which Ni-doped SiO5 thin film
was deposited after being held at 500 °C during 40 min. Notice that the
sample studied by GISAXS was subjected to the same preparation pro-
cedure and same thermal annealing as the samples studied by STEM.

Fig. 7(a) shows a 2D GISAXS intensity pattern produced by a Si(001)
wafer on which Ni-doped SiO; thin film was deposited after being held
at 500 °C. The 2D GISAXS intensity pattern shows a strong isotropic
scattering intensity mainly attributed to the presence of spherical Ni
nanocrystals embedded in the thin film and in the intermediate layer of
the Si(001) substrate close to the SiO2:Si interface, as it is clearly
apparent in the STEM images. These Ni nanocrystals are formed by up-
hill diffusion and aggregation - during the thermal treatment at 500 °C -
of initially isolated Ni atoms in the Ni-doped SiO» thin film. Our analyses
by AFM and XRR indicated that the SiO thin film is nanoporous, thus an

Surfaces and Interfaces 29 (2022) 101763

Fig. 6. HAADF-HR-STEM cross-sectional images of the
interface between the Si wafer (left) and a NiSi,
nanoplate (right). (a) Image taken with the electron
beam along the Si[110] direction. The surface of con-
tact between the Si and NiSi, structures is parallel to
the Si(1-11) lattice plane. (b) Magnified image of the Si
structure where the drawn orange solid circles indicate
atom columns in the Si unit cell. (c) Magnified image of
the NiSi, structure where the drawn green and orange
circles indicate Ni and Si columns, respectively, in the
NiSi, unit cell. (For interpretation of the references to
color in this figure legend, the reader is referred to the
web version of this article)

additional contribution to the isotropic GISAXS intensity produced by
the nanopores is also expected.

Superposed to the isotropic GISAXS intensity displayed in Fig. 7(a),
an anisotropic petal-like contribution to the scattering intensity can be
observed in the GISAXS pattern. This anisotropic contribution to the
intensity is produced by oriented NiSi; nanoplates endotaxialy grown in
Si single crystals, which were apparent in our HR-STEM images (Section
4.2). This type of anisotropic scattering was also previously observed in
similar systems composed of a Si(001) wafer on which Co-doped thin
films were deposited [21-23]. The growth of the NiSi; platelets occurs as
a consequence of the thermal activated diffusion of Ni atoms that
migrate from the thin film into silicon wafer.

The angles between the directions of the major axis of the two thin
petals observed in the GISAXS pattern (Fig. 7a) and the normal to the Si
(001) wafer surface are equal to 54.7°. Taking into account that the
angle between the Si[001] direction and the four Si{111} crystallo-
graphic directions for cubic systems are also 54.7°, we concluded that
the petals of anisotropic scattering are produced by the thin platelets
parallel to planes of the Si{111} crystallographic form previously
observed in the STEM images. More explicitly, this first analysis of the
anisotropic part of the GISAXS patterns of the studied system - showing
two thin petal-like images as shown in Fig. 7(a) - strongly suggests that
the scattering intensity is produced by a set of thin nanoplates with their
large flat surfaces parallel to one of the four lattice planes of the Si{111}
crystallographic form in agreement with STEM results.

The weak asymmetry observed in the anisotropic contribution to
scattering intensity pattern displayed in Fig. 7(a), with respect to a
vertical line at | = 0, is in fact an a priori expected effect because both
(i) the incidence angle between the direction of the incoming X-ray
beam and the wafer surface - i. e. with respect to the crystallographic Si
(001) planes — and (ii) ¢ angle, even being small, are different from zero.
Obviously, this effect does not affect the scattering intensity patterns
produced by randomly oriented nanopores of any shape, or by the
spherical Ni nanoparticles.

4.3.2. Modelling of GISAXS intensity

The GISAXS profiles in the qy - q, plane were modeled considering
that the total intensity is composed of three independent contributions
from (i) a set of spatially uncorrelated spherical Ni nanocrystals exhib-
iting some radius dispersion embedded in the deposited Ni-doped SiO2
thin film and in the intermediate layer of the Si(001) substrate, (ii) a
dilute set of hexagonal NiSiy thin nanoplates with their large surfaces
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Fig. 7. (a) GISAXS intensity patterns due to a Si(001)
wafer in which a Ni-doped SiO thin film was depos-
ited. An anisotropic contribution to the total GISAXS
intensity — showing petals-like shaped features forming
a 54.7° angle with g, axis - indicate the presence of well
oriented nanoplates having their large surfaces parallel
to one of planes of the Si{111} crystallographic form.
(b) Simulated 2D GISAXS intensity determined from
the best fit of Eq. (2) to the experimental intensity. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of this
article)

1.200 3.200

parallel to one of the four lattice planes of the Si{111} crystallographic
form and (iii) a set of small nanopores embedded in the deposited SiO,
thin film produced by sol-gel method. Spherical Ni nanocrystals and thin
hexagonal NiSi; nanoplates are clearly apparent in the HR-STEM im-
ages, their crystallographic characterizations being described in Sec-
tions 4.2.2 and 4.2.3, respectively, while the very small nanopores
embedded in the deposited SiO5 thin films were not detected in HR-
STEM images but - as it will be reported in Section 4.3.3 - the pres-
ence of small nanopores is a typical and expected feature in thin films
prepared by the sol-gel procedure.

Our HR-STEM analysis indicated the presence of spherical Ni nano-
crystals embedded in the SiO, thin film and also inside an intermediate
layer between the SiO, thin film:Si wafer interface and the layer con-
taining the buried hexagonal NiSi, nanoplates. As an approximation for
modeling of the GISAXS intensity we assumed that the nanopores also
have a spherical shape. In order to account for the dispersion in size of
the Ni nanocrystals and nanopores the isotropic part of the GISAXS in-
tensity was modeled by assuming that the radius distribution function of
Ni nanoparticles and nanopores can be well described by lognormal
functions (see SM-Section C).

The analyses of several STEM images containing thin NiSi, platelets
indicated some dispersion in their thickness t. For this reason, for

5.200

6.000

modeling the GISAXS intensity, we have assumed a Gaussian radius
distribution to describe the dispersion in nanoplate thicknesses. On the
other hand, STEM images also indicated some dispersion in the lateral
side L of the hexagonal NiSi; nanoplates. Nevertheless, we have also
noticed that the width of intensity profiles along the direction parallel to
the surface of nanoplates — which is related to the L values - is very small.
Therefore, a more precise analysis accounting for a detailed description
of the dispersion in L values was not performed.

Taking into consideration all the assumptions described above, the
total GISAXS intensity is given by:
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where |T(oq)|2 and |T((Xf)|2 are the transmission functions accounting for
the intensity of the refracted and scattered beams inside the SiOs film; ;
and oy are the grazing-incidence angles of the primary and scattered
beams, respectively, c is the fraction of Ni nanoparticles in SiO, thin
film, H; is the scattering amplitude due a hexagonal silicide nanoplate
with lateral size L and thickness t, and Ny(t)dt is the number of nano-
plates with thickness between t and t + dt. The indexes i (from 1 to 4)
refer to the four possible orientations of the platelets - which are
assumed to be all of them equally probable - corresponding to the
nanohexagons parallel to one of the four possible orientations of the
planes of the Si{111} crystallographic form; Fyn(R) is the scattering
amplitude associated to Ni nanoparticles and nanopores with radius R
and radius distribution functions Ny;(R) and Npores(R), respectively. A;
and Aj are the functions that account for the attenuation of the GISAXS
intensity produced by scattering objects embedded in SiO thin films and
intermediate layer, respectively, and Ag is the attenuation function of
the GISAXS intensity due to NiSi; platelets buried in the Si wafer. The
procedure used to calculate these functions is described in Sec. A of
Supplementary Material (SM). The electron densities pn;, ps;0,, Pr and ps;
corresponds to Ni, SiOo, NiSiy and Si, respectively, o is the angle between
the direction normal to sample surface and the crystallographic Si[001]
direction, ¢, is the component of scattering vector normal to sample
surface and g = \/qx? + q,2. The functions that describe the scattering
amplitude of a regular hexagon H; with its large surfaces parallel to Si
{111} crystallographic planes is given in Egs. S9 and S10 of Supple-
mentary Material. These equations assume that the projection of the
incident beam on the plane perpendicular to the Si[001] direction co-
incides with the Si[011] crystallographic direction. The scattering
amplitude produced by a homogeneous sphere (particle or pore) of
radius R, Fgp, is given in the Eq. S6 and S7 of the Supplementary
Material.

Fig. 7(a) displays the experimental 2D GISAXS pattern produced by
the studied sample and Fig. 7(b) shows the simulated 2D GISAXS in-
tensity pattern calculated from the best fitting of Eq. (2) to the several
1D GISAXS curves for different q, values plotted in Fig. 8. The different
curves in Fig. 8 show somewhat weak peaks - related to the contribution
from the NiSiy nanoplates - superposed to a broader and strong isotropic
scattering intensity produced by the Ni nanocrystals and nanopores. The
peaks at left and right sides in Fig. 8 associated to the NiSiz nanoplates
are expected to be symmetric with respect to q= 0, the observed
asymmetry being due to an offset of the azimuthal angle of orientation of
the studied sample with respect to the Si[110] direction. This offset
angle was included in the modeling GISAXS function and determined by
applying the best fitting procedure.

The good agreements between the experimental scattering intensity
and the simulated GISAXS intensity observed in Fig. 7 and more pre-
cisely in Fig. 8 confirm the validity of the structural model derived from
our STEM analysis that was used to describe the shape and orientations
of NiSiy nanoplates grown in the Si(001) wafer.
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Fig. 8. Experimental GISAXS intensity profiles I x g extracted from the 2D
pattern displayed in Fig. 7 for the selected values of g, produced by a Si(001)
wafer in which a Ni-doped SiO, thin film was deposited (symbols). Calculated
GISAXS intensity curves corresponding to the best fit of Eq. (2) to the experi-
mental data (solid lines).

4.3.3. Radius distribution of spherical Ni nanocrystals and nanopores

According to the conclusions from our HR-STEM analyses (Section
4.2.1), we have assumed that the main contribution to the isotropic part
of the GISAXS intensity is produced by spherical Ni nanocrystals located
inside the thin film and intermediate layer close to the SiO2:Si interface.
On the other hand, the analysis of the HR-STEM images suggested that
the Ni nanocrystals exhibit some radius dispersion.

An additional contribution to the isotropic component of the GISAXS
intensity was expected to be produced by very small nanopores
embedded in the deposited SiO thin film. Notice that the presence of
nanopores is a typical feature in SiOs films prepared by the sol-gel
method [31]. The sizes of nanopores embedded in a SiOy thin film
produced by the sol-gel method depend - among other parameters - on
the temperature and time of thermal treatment. We assumed that the
nanopores embedded in the thin film also exhibit a spherical shape.

Taking in consideration the arguments mentioned above, we
concluded that the isotropic part of the GISAXS intensity could be well
described by two lognormal radius distribution functions corresponding
to larger Ni nanocrystals and smaller nanopores.

Fig. S1 of Supplementary Material displays the experimental GISAXS
intensity profile in linear scale for g,= 0.855 nm~'. We can notice in
Fig. S1 the presence of two narrow and rather weak peaks produced by
the anisotropic set of NiSiy nanoplates. We can also notice a strong
contribution to isotropic GISAXS intensity that we assigned to Ni
nanocrystals and a relatively weak contribution due to the nanopores
embedded in the SiO, thin film.

A preliminary analysis of the broad and weak GISAXS intensity
profile associated with the presence of very small pores indicated that
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their average radius is 0.5-0.7 nm circa. However, we have noticed that
the relevant part the of GISAXS produced by these small nanopores is
expected to extend up to a g value much higher than the highest g used
in our GISAXS measurements, for which the maximum q is equal to 3.5
nm . Since the goal of this work was the structural and morphologic
characterization of Ni nanocrystals and NiSiy nanoplates, a detailed and
more precise analysis of the size distribution of nanopores embedded in
the SiO; film was not performed.

The volume weighted radius distribution functions V;(R) = (4n/3)
R3NNi(R) of the nearly spherical Ni nanocrystals embedded in the SiO
film and in the intermediate layer close to the SiO2:Si interface was
determined by the best fitting of the isotropic part of Eq. (2) to the
isotropic contribution of the experimental GISAXS intensity displayed in
Fig. 8, each of them corresponding to a particular g, value. The good
results of our fitting procedure shown in Fig. 8 indicated that our as-
sumptions of the presence of a population of Ni nanocrystals and another
population of small nanopores and a lognormal radius distribution for Ni
nanocrystals are reasonable.

The volume weighted radius distribution function derived from our
fitting calculation and related to the spherical Ni particles, Vyi(R), is
shown in Fig. 9. The relevant parameters derived from the best fitting
procedure, namely the average radius and the standard deviation,
associated to the lognormal radius distribution, are reported in Table 1.

As reported in Table 1, the average radius and standard deviation
associated to the lognormal function referring to Ni nanocrystals and
determined from our GISAXS analysis are 1.7 nm and 0.9 nm, respec-
tively. On the other hand, the average radius and standard deviation
derived from HR-STEM images are 1.56 nm and 0.7 nm, respectively, in
good agreement with the results derived from GISAXS measurements.

4.3.4. Thickness and maximum diameter of the hexagonal NiSiy nanoplates

The GISAXS patterns plotted in Fig. 8 evidence that the major
component of the experimental GISAXS intensity is isotropic and is
produced by spherical Ni nanocrystals and nanopores while only a
minor anisotropic component is produced by the oriented NiSis nano-
plates. In order to improve the accuracy of our quantitative analysis of
the part of GISAXS intensity pattern associated to the hexagonal NiSiy
nanoplates, we have subtracted the isotropic contribution from the total
experimental intensity, and the difference functions were plotted in
Fig. 10 (circles). The experimental GISAXS profiles separately plotted in
Fig. 10 are exclusively related to the hexagonal NiSiz nanoplates. Thus,
the relevant size parameters were determined by best fitting only the
third term of Eq. (2) to the GISAXS profiles displayed in Fig. 10.

The solid lines in Fig. 10 correspond to the best fitting of the last term

0.8

0.4

V,, (arb. units)

0.2

0.0 =

R(nm)

Fig. 9. Volume weighted lognormal radius distributions derived from our
GISAXS results corresponding to Ni nanoparticles embedded in the SiO, thin
film and inside the Si wafer close to its external surface.
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Table 1

Size parameters of spherical Ni nanocrystals determined from HR-STEM images
and GISAXS measurements; (R)y; is the average radius and ogy; the standard
deviations associated to the radius distribution plotted in Fig. 9.

Nano-objects Size parameters HR-STEM GISAXS
Spherical Ni nanocrystals (R)ni (nm) 1.56 + 0.05 1.7 £0.2
Ogrni (Nm) 0.7 £0.1 0.9 +0.3
- -1
i q, = 0.624 nm
o
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5 o g 0_1 o
1 q, =0.701 nm
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Fig. 10. Experimental GISAXS intensity profiles I x q| after subtraction of the
isotropic scattering intensity for selected g, values (symbols). These intensity
profiles correspond to the anisotropic contribution to the total scattering in-
tensity exclusively produced by the NiSi, hexagonal nanoplates formed inside
the Si wafer. Calculated GISAXS intensity curves corresponding to the best fit of
the last term of Eq. (2) to the experimental intensity profiles (solid lines).

Table 2

Main structural features and parameters of NiSi, nanoplates determined from
HR-STEM images and GISAXS measurements; (t) and (D) = 2(L) are average
values and o, and o are standard deviations associated to the distributions of
thickness and maximum diameter values, respectively.

Nano- Size parameters HR- GISAXS
objects STEM
Average thickness (t) (nm) 129 + 12+3
0.6
Standard deviation of thicknesses 6, (nm) 1.8+ 0.3 3.5+ 0.9
Average maximum diameter (D) (nm) 146 + 8 118 + 4
Standard deviation of maximum diameters 40 + 12 —

op (nm)

in Eq. (2) - related to the NiSiy nanoplates - to the experimental differ-
ence intensity functions. The main features related to the NiSiy nano-
plates derived from the analyses of imaging techniques and from GISAXS
measurement are reported in Table 2. The average thickness and its
standard deviation of NiSiy nanoplates derived from our GISAXS results
are 12.0 nm and 3.5 nm, respectively, in good agreement with the values
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derived from our analyses of HR-STEM images, namely 12.9 nm and 1.8
nm, respectively, which were derived from the direct measurements of
the dimensions of eleven different NiSi; nanoplates. The average
maximum diameter of the hexagonal NiSiy nanoplates (D) - where (D) =
2(L), (L) being the average value of L - derived from our GISAXS results
is 118 nm while the average diameter and standard deviation derived
from the analyses of several nanoplates observed in STEM images are
146 nm and 40 nm, respectively, which indicate a reasonable agreement
between the results derived from HR-STEM and GISAXS techniques.

5. Discussion and conclusions

The evidences from our experimental HR-STEM and GISAXS results
demonstrate that the use of the novel preparation procedure proposed in
this work leads to the formation of (i) a 2D array consisting of a number
of thin hexagonal NiSiz nanoplates buried inside a Si(001) wafer and (ii)
a set of nearly spherical Ni nanocrystals embedded in the deposited SiO5
thin film and also inside a narrow intermediate layer near the external
surface of the single crystalline Si wafer. Both, our quantitative analyses
of HR-STEM images and the anisotropic contributions to GISAXS pat-
terns, demonstrate that the NiSi; nanoplates buried in the Si(001) wafer
exhibit a nearly hexagonal shape with their larger surfaces parallel to
one of the four lattice planes of the Si{111} crystallographic form and
are coherently related to the lattice of the single crystalline Si wafer.

The growth processes of NiSiy platelets and Ni nanocrystals in Si
wafers are thermally activated and involve the successive diffusion of
initially dispersed Ni atoms through the volume of the deposited SiO,
thin film, across the SiO,:Si interface and through a thin volume close to
the external surface of the Si wafer.

The average thickness of the NiSi, platelets determined from GISAXS
analysis reported in Table 2 agrees well with the value of the same
parameter determined from HR-STEM analysis. On the other hand, the
maximum diameter of the silicide nanoplates derived from GISAXS
analysis is somewhat smaller than the same parameter determined from
HR-STEM. This minor discrepancy can be attributed to the great dif-
ference in the number of NiSi; nanocrystals probed by these two
techniques.

GISAXS patterns referring to NiSiy nanoplates are similar as those
reported by previous GISAXS studies of CoSiy nanoplates embedded in Si
wafers [21-23]. However, some differences regarding the nano-
structures of NiSi,:Si and CoSi»:Si can be noticed. As a matter of fact, our
HR-STEM images of a NiSiy:Si array evidence that the NiSiy hexagonal
nanoplates are totally buried inside - and not in contact with the surface
of - the Si wafer while the nanoplates in the CoSiy:Si array system are
close to the external surface, with one of their hexagonal sides in contact
with the SiO4:Si interface.

The formation of coherent NiSi; nanoplates is favored in single
crystalline Si host because their cubic lattice parameters are similar to
that of cubic Si crystals. Endotaxial growth of NiSi, in silicon has pre-
viously been reported but in these cases the authors have used different
preparation procedure and obtained NiSi, nanowires instead of nano-
plates [14,15,20].

The coherent interfaces between the crystallographic lattices of the
single crystalline Si wafer and that of transition-metal silicides (Si:
TMSi,) were extensively studied by several authors [20,32,33], who
reported different types of interface structures. Here, from a careful
analysis of the HR-STEM image, we have concluded that the interface
NiSi»(111):Si(111) is of 7A-type. This implies that Ni atoms located at
the interface are in 7-fold coordination with Si atoms, and the silicide
structure is in-line with the Si [111] axis. This result is different from
that previously determined for the interface between single crystalline Si
and CoSiy nanoplates, which exhibit an 8B-type interface structure [21].

The formation of 7A and 7B-type interfaces is expected in the case of
NiSiz(111):Si(111) because among the several possible types of in-
terfaces these are those having the smallest values for energy density
[32]. Moreover, the difference in formation energy of these interfaces
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(7A and 7B) is small (0.01 eV per Ni-pair), this being the more probable
reason for the fact that both types (7A and 7B) were previously observed
for NiSip(111):Si(111) interfaces, in some cases in the same system [33].
Conclusions from this study [33] also suggest that for the endotaxial
growth of Ni disilicide on Si(001) a NiSi,:Si 7A-type interface is pref-
erentially nucleated in absence of residual oxides while residual oxides
on Si leads to 7B-type interface. On the other hand, in the case of
CoSiz(111):Si(111) the interface configuration with the lowest energy is
the 8B-type [32] in accordance with our previous observation [21]. This
finding confirms that interfaces with smaller energy density are the most
probable for NiSix(111):Si(111) and CoSi(111):Si(111) interfaces for
the preparation methods described here.

Our STEM images and GISAXS results also demonstrate the existence
of nearly spherical Ni nanocrystals embedded in the SiO; thin film and
inside an intermediate layer between the external surface of the Si wafer
and the layer in which the NiSiy nanoplates are located.

Our analyses of STEM images also show strong corrosion effects on
the surface of the Si wafer produced by the process of HF etching used to
remove the native Si oxide. The etching process promotes the formation
of an irregular and rough layer close to the interface between the SiO5
thin film and the Si wafer, which contains nearly spherical Ni nano-
crystals. Notice that in the case of the previously studied CoSiz-based
arrays [21-23] - not submitted to HF etching - no Co nanocrystals
embedded inside the Si(001) wafer were detected.

The remarkable features related to the observed differences between
the different procedures for preparation of CoSiz and NiSi; nanoplates in
a Si(001) wafer are associated to the effects produced by the native SiO5
oxide layer, which covers the Si wafer on the atomic diffusion process. In
the process previously applied for growing CoSiy nanoplates, the Co-
doped SiO; thin film was deposited on a Si(001) wafer without previ-
ously removing the native oxide layer, while in the present case the
growth of NiSi, nanoplates was successfully achieved only after removal
of the oxide native layer by HF etching. This indicates that the diffusion
coefficient of Ni atoms through the SiO5 layer is much lower than that of
Co atoms. The deposition of the Ni-doped thin film directly on Si (after
native Si oxide removal) used in the preparation method described here
may also be connected to the fact that the minimum temperature
(Tmin~350 °C) needed for a significant growth of NiSi, nanoplates is
much lower than the temperature needed for the formation of CoSis
nanoplates (Tyin~700 °C) for which the Co-doped thin film was directly
deposited on the Si wafer without previous removal of the native Si
oxide.

Experimental results reported in previous works in which NiSij
nanoinclusions were formed inside individual grains in a polycrystalline
Si film showed that these nanocomposites are promising candidates to
be used as a thermoelectric material [9,34-36]. On the other hand, the
Si:Si interfaces between silicon grains in polycrystalline films are ex-
pected to increase the scattering of conduction electrons thus leading to
a worsening of the thermoelectric properties. The absence of incoherent
Si:Si interfaces in the nanocomposites consisting of NiSiy nanoplates
coherently grown in single crystalline Si wafers studied in the present
work may lead to the development of new nanostructures, with elec-
trical transport properties better than those of nanocomposites in which
nanoinclusions of NiSiy; are embedded in polycrystalline Si films. In
addition, the described novel preparation procedure does not require
expensive deposition methods and in view of environmental issues the
substitution of Co by Ni is desirable.

The relevant effects of different chemical parameters and thermal
conditions on the final nanostructures of the studied materials were not
quantitatively determined. In order to achieve a reliable control of the
final nanostructures and verify the reproducibility of different experi-
ments, additional systematic investigations under different preparation
conditions are required.
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