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The nickel metal induced lateral crystallization of amorphous silicon is studied by transmission
electron microscopy in the range of temperatures from 413 to 521 °C. The structural characteristics
of the whiskers grown at 413 °C are compared to the grains grown at 600 °C, where both Metal
Induced Lateral Crystallization (MILC) and Solid Phase Crystallization (SPC) are involved. At
413°C, long whiskers are formed at any crystallographic direction almost free of defects. In
contrary, whiskers grown by MILC around 600 °C are crystallized along the (111) directions.
These differences are attributed to the low crystallization rate and suppression of the SPC process.
The activation energy of the pure MILC was measured in the order of 2eV. The effect of Ni on the
crystallization rate is studied by in-sifu heating experiments inside the microscope. The role of
contamination that can inhibit MILC is discussed. The cases of MILC process under limited Ni and
unlimited Ni source were studied and compared to in-situ annealing experiments. The
crystallization rate is strongly influenced by the neighbouring Ni sources; this long-range interac-
tion is attributed to the requirement of a critical Ni concentration in amorphous silicon before the
initiation of the MILC process. The long-range interaction can enhance crystallization along a cer-
tain direction. The transition from MILC to SPC and the change of the crystallization mode due to
the lack of Ni are discussed. The beneficial effect of long annealing at 413 °C is also discussed.

© 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4941349]

I. INTRODUCTION

The crystallization of amorphous silicon (a-Si) thin films
below 600 °C is essential for device processing on inexpen-
sive substrates, like soft glass, for the production of Thin
Film Transistor (TFT), in order to drive Liquid Crystal
Display (LCD), organic light-emitting diodes with poly-Si
TFTs, solar cells, and sensors.'™ For lowering the crystalli-
zation temperature of a-Si, several methods have been used,
such as solid-phase crystallization (SPC),* Rapid Thermal
Annealing (RTA),” and Excimer Laser Annealing (ELA).°
The SPC method has the advantage of low cost; however, it
is hampered by the need for elevated temperatures above
600 °C and also long processing time. The RTA method is
essentially a high-temperature process, and many substrates,
including most forms of glasses, cannot withstand this pro-
cess. Although ELA gives large, high quality crystallites, it
is an expensive technique and requires complex facilities;
moreover, it also has the drawback of poor uniformity. Metal
Induced Crystallization (MIC) is a process in which an amor-
phous semiconductor undergoes a transformation to a crys-
talline state at a low temperature under the presence of a
metal, such as aluminium, nickel, gold, silver, etc.” A spe-
cific version of MIC, namely, Metal Induced Lateral
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Crystallization (MILC) process, has been introduced, by
which the a-Si thin film can be crystallized laterally at a tem-
perature below 500°C; in this case, no laser annealing is
required, and high-performance TFTs have been fabricated
on these films.® Therefore, MILC has been proposed as an al-
ternative low temperature mechanism for crystallization of
a-Si films. Among the metals employed for the study of the
MILC, the preferred metal up till date has been nickel (Ni)
due to its low residual metal contamination in the poly-Si
region.” The Ni-metal induced lateral crystallization (Ni-
MILC) is an extension of the MIC process; it is based on the
formation of nickel di-silicide (NiSi,) precipitates and their
one-dimensional migration. For the Ni-MILC process, at
first, thin Ni pads are formed by lithography on the a-Si film,
which are then annealed at 250 °C for 10 min. The Ni reacts
with the Si in the pads forming polycrystalline NiSi, there
(see details in Section II). Crystallization of the a-Si starts
around the pads even at 413 °C, with the NiSi, grains acting
as seeds, as shown in Fig. 1. In this way, long, needle-like Si
grains (whiskers) are formed.'?

A. The standard Ni-MILC process

The Ni-MILC growth mechanism at first proposed by
Hayzelden and Batstone'® also by Jang er al.'' and Cheng
et al."? can be described as follows. The NiSi, precipitates

© 2016 AIP Publishing LLC
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FIG. 1. Model of the MILC process: (a) Nickel atoms from the crystalline
NiSi, diffuse to the a-Si leaving behind Ni vacancies, which are occupied by
Si atoms migrating from the a-Si. (b) New NiSi, is formed in the front of the
pad leaving behind crystalline Si in epitaxial relation with the NiSi, grain.
(c) As the crystalline Si grows, the NiSi, pad moves forward loosing Ni,
which dopes the c-Si.

have the form of regular octahedra, bounded by eight {111}
faces having 0.4% lattice mismatch with Si. The Ni from the
leading Si edge of the needle-like crystallite moves to a new
leading edge, forming there a new nickel di-silicide precipi-
tate to maintain the needle-like crystalline growth along one
of the equivalent (111) directions, as schematically shown in
Fig. 1. The most favourable case is when the [110] direction
of the octahedral NiSi, grain is perpendicular to the a-Si
film, because two (111) equivalent directions are parallel to
the a-Si film, as schematically shown in Fig. 2(a). The Ni-
MILC process was confirmed by in situ heating experiments
in a Transmission Electron Microscope (TEM), and needle-
like crystallites were formed at 480 °C, as shown in Fig.
2(b)." In this case, the needle-like grains can change direc-
tion to another equivalent (111) direction, which is also par-
allel to the plane of the a-Si film resulting in the formation of
large grains exhibiting [110] preferred orientation, as shown
in the inset of Fig. 2(c). Grains having their (111) directions
inclined to the plane of the film also grow fast but soon reach
the bottom or the top of the film and stop there.'*'* The
needle-like crystallites scan the a-Si film, switching the
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FIG. 2. (a) The most favourable case for Ni-MILC is when the [110] direc-
tion of an octahedral NiSi, grain is perpendicular to the a-Si film. In this
case, four of the eight equivalent (111) directions are parallel to the film. (b)
Bright field TEM micrograph from in situ crystallized a-Si film at 480 °C;
needle-like crystallites emanate from the NiSi,-pad denoted by arrows. In
the inset, diffraction patterns from a crystallite reveal the growth along the
[111] direction. (c) Low magnification TEM micrograph of poly-Si film
crystallized by Ni-MILC after annealing at 600 °C for 1 h. The NiSi, pads
are denoted by letter P. When the crystallization fronts from the neighbour-
ing pads meet, holes due to NiSi, precipitates are formed, denoted by
arrows. In the inset, the diffraction pattern from the grain, denoted by letter
G, shows the strong preferred [110] orientation. (d) High magnification
TEM micrograph from a grain. The grain consists of slightly misoriented
partially overlapped sub-grains, resulting in the formation of moiré fringes
of the rotational type, denoted by arrows.

growth direction to all the possible (111) directions, which
are parallel to the plane of the film retaining the [110] pre-
ferred orientation, until the entire area is crystallized.13 The
remaining narrow amorphous silicon gaps between the
needle-like crystallites are crystallized by conventional SPC
with the needle-like crystallites acting as crystalline seeds. In
this way, a one-dimensional growth along [111] direction
leads to two-dimensional crystallization. It is worth noticing
that an amorphous silicon film exhibits more than 10 h incu-
bation period for random nucleation at 600°C.'*!5 In
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contrast, the incubation time for Ni-MILC at 600 °C is zero,
and nickel-induced-crystallization starts with the onset of the
annealing. Moreover, the crystallization rate of Ni-MILC
process is about 18 um per hour, which is roughly 50 times
faster than the standard SPC process.'® The NiSi, clusters
promote a faster crystallization and rule out the long incuba-
tion period, which is required for the formation of the first
nuclei in a-Si. Therefore, well above 500 °C, both MILC and
SPC run in parallel, and this case is discussed in Section
IID.

The completion of the Ni-MILC process after annealing
at 600°C for 1 h in a two dimensional periodic array of
NiSi, pads is shown in Fig. 2(c). The crystallization starts
from the pads, forming V-shaped grains having [110] pre-
ferred orientation, as shown in the related Selected Area
Diffraction (SAD) pattern in the inset of Fig. 2(c), which
was taken from the grain denoted by letter G. When the crys-
tallization fronts from neighboring pads meet each other, a
wall of small holes is formed as shown by arrows in Fig.
2(c). These holes are attributed to the leading NiSi, precipi-
tates, which were subsequently etched out by the HF solution
during TEM sample preparation. The same happened with
the NiSi, in the pads, which appear empty, denoted by letter
P in Fig. 2(c). The small holes are located in the middle of
the distance between the neighboring pads, proving that the
growth rate from each pad is the same. As it is evident from
Fig. 2(c), the grains exhibit a black and white mottle like
contrast, which is a characteristic in mosaic structures. This
is evident from the diffraction spots, which are arcs, like the
222 in the inset of Fig. 2(c). This is also confirmed by the
high magnification micrograph in Fig. 2(d), which reveals
that the large grains consist of a high number of slightly
misoriented sub-grains, about 60 nm in size. Moiré patterns
of the rotational type are produced by the overlapping,
slightly misoriented sub-grains, shown by arrows in Fig.
2(d). From the periodicity of the Moiré patterns, the degree
of misorientation of the sub-grains was estimated, and misor-
ientations up to 8° were measured.'*

The driving force for the phase transformation is the
reduction in free energy associated with the transformation
of metastable a-Si to the stable c-Si.'® More specifically, the
chemical potential of Ni is lower at the NiSi,/a-Si interface.
This is the driving force for Ni to move toward a-Si in order
to reduce free energy.

The MILC process starts at 400 °C; however, most of
the MILC experiments presented in the literature were per-
formed at the temperature range of 500 to 650 °C.'%"? As far
as we know, no systematic MILC studies were performed at
the temperature range of 400 to 500°C. Only Makihira
et al."” performed experiments in this range, showing the for-
mation of very long needle-like crystallites without the
change of their growth direction. Even in this case, the struc-
tural characteristics and the mode of growth of these long
whiskers were not studied. It is worth noticing that TFTs fab-
ricated on such whiskers exhibit very good performance.'®

In this work, we study the structural characteristics and
the mode of growth of the whiskers grown by Ni-MILC at
the temperature range of 413 to 521 °C using TEM. In this
range, the crystallization is solely affected by Ni-MILC; on
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the contrary, at higher temperatures, the SPC contribution is
signiﬁcant.12 Strong anisotropic Ni-MILC growth is
observed at the temperature range of 400—450°C. As far as
we know, this is the first time where the structural character-
istics of the pure Ni-MILC are studied without the involve-
ment of SPC. The crystallization rate is strongly influenced
by the distribution of the neighbouring NiSi, pads, and this
long-range effect is discussed in detail in Section III C. The
formation of nickel silicides and the crystallization of a-Si
under limited and unlimited Ni supply conditions were also
examined by in-situ experiments in TEM.

Il. EXPERIMENTAL PROCEDURE

For the MILC in situ experiment under Ni limited
source, a 3in. (001) Si wafer was thermally oxidized so that
a 200 nm thick SiO, buffer layer was formed. A 50 nm thick
intrinsic a-Si film was deposited by Low-Pressure Chemical
Vapour Deposition (LPCVD) at 500 °C using silane. Then, a
50nm thick silicon oxide capping layer was deposited by
Plasma Enhanced Chemical Vapour Deposition (PECVD).
For the conventional Ni-MILC process, windows having dif-
ferent geometries at different distances were opened by li-
thography on the upper oxide protection layer. Specifically,
windows with sides from 1 pum to 100 um having different
periodic distances were opened on the capping oxide layer,
and subsequently a 15-nm-thick nickel film was deposited on
top by vacuum evaporation, so that Ni pads were formed,
and the substrate during Ni evaporation was kept at RT. The
thickness of the Ni and Si films in the pads was chosen to be
close to the NiSi, stoichiometry. Recently, a new, simpler,
and faster method was proposed for the formation of Ni
nanosize particles.'” In order to observe the formation of
NiSi,, as well as the crystallization of the a-Si during the in
situ annealing experiment in cross-section, TEM specimens
were prepared by the Focused Ion Beam (FIB) technique.20
This technique ensures that the area of interest is transparent
to the electrons, in the present case the area around a Ni pad.
A Philips CM20 TEM equipped with a heating holder was
used for the in situ heating experiment. The temperature was
measured by a thermocouple. The accuracy of the measured
temperatures was tested by in situ phase transformations,
which shows a temperature difference between the speci-
mens and the thermocouple up to *=15°C. High Resolution
TEM (HRTEM) observations were subsequently performed
on the annealed specimen using a JEOL 3010 JEM micro-
scope equipped with Electron Energy Loss Spectroscopy
(EELS) analysis. Analysis by EDS (Energy Dispersive
System) was carried out in a FEI Tecnai 200kV field emis-
sion gun STEM equipped with EDAX EDS for the character-
ization of the FIB prepared specimens.

Conventional Ni-MILC process was performed at low
temperatures, in the range of 413 to 521 °C. For this purpose,
the remaining wafer was annealed in nitrogen atmosphere at
250°C for 10 min for the formation of NiSi, in the area of
the windows. The remnant of the nickel layer was washed
off by nitric acid; in this way, periodic NiSi, pads were
formed. Subsequently, rectangular pieces, with dimensions
Smm X 15mm, were cut from this wafer and placed in
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quartz ampoules, which were sealed in vacuum at 6 X
10 *Torr and placed in furnaces for the low temperature
annealing. The structural characteristics of the annealed
specimens were studied by Plane View TEM (PVTEM)
observations. Specimens for PVTEM observations were pre-
pared by etching the upper-level protection SiO, layer and
the SiO, buffer layer using HF and subsequently lifting off
the Si film. Specimens suitable for cross-section TEM
(XTEM) observations were also prepared at first by mechani-
cal thinning the specimens down to 20 um and then by thin-
ning to electron transparency using Ar" ion milling at a low
incident angle of 4°, in order to avoid amorphization during
the ion thinning process.

For the unlimited Ni-MILC in situ annealing experiment
in TEM, a Ni grid was used as Ni source. First, an a-Si film
having a thickness of around 50nm was deposited on a
cleaved NaCl by magnetron sputtering. The film was
removed from the substrate by dissolving the NaCl in water
and transferred to the Ni grid. During this process, the forma-
tion of a native oxide ~2nm on both sides of the film was
inevitable.

lll. EXPERIMENTAL RESULTS
A. In situ experiments
1. Limited Ni supply condition

The overall view of the cross-sectional FIB specimen
near the edge of the window opened by lithography and etch-
ing before heating is shown in Fig. 3(a). Due to the 54 nm
thick SiO, capping layer, nickel is in contact with the a-Si
only in the window area, and a small over-etching of the
SiO, capping layer at the window edge is observed. The
thickness of the deposited Ni layer was sufficient to react
with the underneath a-Si in the window area layer in order to
turn it to NiSi, without leaving a large amount of non-
reacted Ni in order to exclude the formation of NiSi, outside
the window area (the pad). This is the concept of the limited
Ni supply condition. A simple calculation shows that for the
formation of NiSi,, the thickness (hy;) of the Ni film must be
related with the thickness (Hg;) of the underneath a-Si layer,
with the following relation: hy; = Hg;(an;)*/(as;)’, where ay;
and ag; are the lattice parameters of the Ni and Si unit cells,
0.35228 nm and 0.543 nm, respectively. For a 50nm a-Si
layer, the corresponding Ni film must be 12.9nm; in prac-
tice, the deposited layer was slightly thicker, about 15 nm.

The formation of nickel silicide was already studied by
in situ heating experiments by Thron er al.*' and it was
shown that NiSi, is formed at temperatures as low as 280 °C.
In this experiment, we focus to the formation of NiSi, in the
window area and the start up of the Ni-MILC process at the
edge of the pad.

The in situ heating was performed at the temperatures
range of 250-650°C. The first NiSi, grains were formed at
the Ni/a-Si interface after in situ heating at 250 °C for 3 min,
as shown in Fig. 3(b). As the time passes, the crystallization
is extended in depth inside the a-Si, as is evident in the
sequence of the micrographs in Figs. 3(c) and 3(d) taken,
respectively, after 12 and 18 min. After 61 min, 25 nm of the
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WSS A 5 =5
250°C . 3min
Ni ' 15nm

FIG. 3. XTEM micrographs of the FIB specimen taken during the in situ
heating experiment. (a) The structure of the specimen at the edge of the win-
dow before annealing. (b) The same area after annealing at 250°C for 3
min. (c) The same area after annealing at 250°C for 12 min. (d) After
annealing at 250°C for 18 min. (¢) The same after annealing at 250 °C for
61 min. (f) The same area after annealing at 400 °C for 3 min. (g) The over-
all view of the area around the edge of the window at low magnification af-
ter cooling down the specimen to RT. (h) An area of the window far from
the edge after further annealing at 400 °C for 29 min. (i) The area around the
window after annealing at 500 °C for 28 min.

a-Si was crystallized to NiSi,, as shown in Fig. 3(e). The
15nm thick Ni layer was only partly consumed, about
7.8nm of the Ni layer was left; also, the formation of the
NiSi, was not homogenous along the window, as shown in
Fig. 3(e). Near the edge of the window and up to a distance
of 87 nm from it, no NiSi, was formed; the Ni film along this
distance remained intact. It is speculated that this is due to
contamination related with the lithography for the window
formation, which inhibits the reaction of Ni with the a-Si.
Increasing the temperature to 400 °C, the remaining a-Si in
the window was consumed forming NiSi, up to the thermal
oxide within 3 min; in the same area, all the Ni, which was
left after the annealing at 250 °C, was reacted and consumed,
as shown in Fig. 3(f). The only exception was the 87 nm long
a-Si zone from the edge of the window, which remained
intact, although the Ni layer there was reduced. We speculate
that there was a nickel migration to a neighbouring area for
the formation of NiSi, there. Further heating for another 26
min did not produce any change, as shown in Fig. 3(g), sug-
gesting that the formation of the NiSi, was already com-
pleted, and no lateral crystallization of the a-Si occurred
because at this temperature the MILC process is very slow.
The formation of the NiSi, inside the window, far from the
edge, after annealing at 400 °C for 26 min, is shown in Fig.
3(h). The Ni was consumed, and the NiSi, touched the ther-
mal oxide everywhere.

After increasing the temperature to 500 °C, Si crystalli-
zation occurred due to the MILC process; this is shown in
Fig. 3(i), which was taken after in sifu heating for 28 min.
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FIG. 4. (a) Bright field micrograph from a NiSi, grain in the window area.
The related diffraction pattern is shown in the inset. (b) Tilted dark field
micrograph from the same area taken from the (111) spot. (c) The overall
view of the crystallized a-Si outside of the window.

The a-Si was laterally crystallized to a distance of 41 nm,
having as marker the end of the nickel at the edge of the win-
dow. It is worth noticing that the already existing 6 nm thick
Ni film did not react with a-Si. The two black grains that are
shown by arrows in Fig. 3(i) are attributed to contamination
of the protective layer (Pt and carbon), deposited at the be-
ginning of the FIB process.””> Low magnification Bright
Field (BF) and Dark Field (DF) micrographs, taken from the
area of the window after the in situ annealing, reveal the for-
mation of grains that are extended to 50nm in depth and
250 nm laterally, as shown in Figs. 4(a) and 4(b), respec-
tively, with no traces of the Ni film left. The related Selected
Area Electron Diffraction (SAED) pattern is shown in the
inset of Fig. 4(a). From the SAED pattern, we can measure
the inter-planar lattice distances with an accuracy of 1%
using as reference the d-spacing of the single crystalline Si
substrate. This ambiguity exceeds the 0.4% difference of the
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NiSi, and Si lattice parameters. Therefore, SAED patterns
are insufficient to distinguish the Si and NiSi, compounds.
However, considering that at this temperature, the MILC
process is insignificant; it is safe to conclude that the grains
are NiSi,.

In order to remove any ambiguity, EDS analysis was
performed, and Z-contrast images were taken, which con-
firmed the formation of NiSi, compound, and this is dis-
cussed in the next paragraph. Finally, the specimen was
annealed at 650 °C for 16 min; during this period, the a-Si
was crystallized by MILC to a distance of 620nm from the
edge of the window, as shown in Fig. 4(c). During this last
annealing, no changes were observed in the already crystal-
lized zone on the left side of the window. At this tempera-
ture, SPC also starts; therefore, small isolated c-Si islands
were formed inside the a-Si, as shown on the right-end side
in Fig. 4(c). The Ni layer over the SiO, buffer layer precipi-
tated, forming large droplets of Ni in order to reduce the sur-
face energy of the system and creating distortion of the SiO,
capping layer, and the Ni granulates are always separated by
an oxide layer from a-Si. Granulation of the Ni layer does
not play any role in the standard MILC process because first
it occurs only above 600 °C and second the non-reacting Ni
after the formation of the NiSi, at the pads is washed off, as
it is described in Section II.

The region shown in Fig. 4(c) was also investigated by
EDS in a STEM equipped with a HAADF detector. In Fig.
5(a), the Z contrast image is shown with a dotted arrow
inside the MILC stripe indicating the position of the line
scan. Along this line, 20 EDS spectra were taken. The

Ni

NN

e ———

SI FIG. 5. Chemical composition study of
the sample annealed at 650°C. The
arrow in (a) HAADF STEM image

. shows the EDXS line-scan measure-
o= ment position. (b) EDXS spectrum
recorded at the Ni-rich region. (¢ and
d) Intensity profiles of Ni K edge and
Si K edge extracted from the EDXS
experiment. Dotted square in (e)
HAADF STEM image showing EDXS
map position. The extracted (f) Ni and
(g) Si maps reveal Ni-rich crystals and
homogenous Si distribution.
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distribution of Si and Ni is presented in Figs. 5(c) and 5(d),
respectively; for the EDXS elemental maps, the Ni K-lines
(Kae=7.474, K =8.267 keV) and the Si K-lines (Ko = 1.74,
Kp=1.837keV) were used. The Ni content is high in the
window region where originally the Ni metallization was in
contact with amorphous silicon, and first, this turned to NiSi,
during annealing. As we leave the window region with the
line scan, the Ni content is dropped, and pure silicon is meas-
ured. This is consistent with the fact that the MILC crystal-
lized silicon does not contain nickel or at least it is below the
detection limit of the apparatus. The Si content in Fig. 5(d)
remains more or less the same because it corresponds to the
a-Si that was initially deposited and had the same thickness
inside and outside of the window.

Our next goal was to detect the NiSi, “seed” crystals
that leave behind the crystallized silicon during the MILC
process. For this purpose, two dimensional scans were car-
ried out in the dotted square region shown in Fig. 5(e) in
which two small grains are seen in front of the crystallized
Si stripe. The Ni and Si maps are shown in Figs. 5(f) and
5(g). The Si distribution is very homogeneous in this map,
while the two small crystals contain Ni as well, proving that
we could detect and localize the NiSi, small crystals. We
have not observed Ni pile up at the Si/thermal oxide buried
layer interface, as it was reported by Zhonghe et al.*
because in our case, all the a-Si in the window was trans-
formed into NiSi,.

The grains grown by the MILC are relatively small of
the order of 50 nm, as shown in Fig. 4(c). The orientation of
some Si grains crystallized by the MILC process was studied
by HRXTEM. Two grains denoted by letters A and B in Fig.
4(c) are shown at higher magnification in Fig. 6. Part of the
area of the grain A is shown in the inset on the upper left
hand-side in Fig. 6 at high resolution and part of the area of
the grain B is shown in the upper right corner in the same fig-
ure. The observed lattice planes are not resolved well due to
the radiation damage produced in the lattice by the FIB pro-
cess. The noise in the related diffraction patterns was
reduced by applying filtered Fast Fourier Transform (FFT)

FIG. 6. High resolution micrographs from the grains A and B denoted by a
rectangular shown in Fig. 5(c). Diffraction pattern from the grain A, after
Fast Fourier Transform (FFT) processing, is shown in the inset at the left-
side of the figure, together with the filtered lattice image after applying
inverse FFT. The same is shown for the grain B in the insets at the right-side
of the figure.
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as shown in the insets denoted by IFFT (Inversed Fast
Fourier Transform) in Fig. 6. For grain A, the (111) section
is evident, revealing that the [111] direction is perpendicular
to the plane of the figure. A preferential growth along this
direction due to MILC is limited by the thickness of the FIB
specimen, which does not exceed 60 nm. The corresponding
IFFT is also shown on the low left corner in Fig. 6. Grain B
in the same figure is observed in the (211) section as is evi-
dent from the masked FFT, which is shown on the upper
right side in Fig. 6. The IFFT lattice image is also shown on
the low right side in Fig. 6. In this case, the [111] direction is
in the plane of the figure, but it is inclined to the long side of
the FIB forming an angle of 16° with it; consequently, the
MILC growth along this direction stops after 170 nm. It is
worth noticing that the area of observation in a FIB specimen
is three order of magnitude lower in respect of a standard
PVTEM specimen. Therefore, it is very unprobable to see in
a FIB specimen a whisker like the one shown in Fig. 2(b).

2. Unlimited Ni supply condition

In this experiment, a Ni grid was used as Ni source for
our annealing experiment. First, an a-Si film was deposited
on cleaved NaCl by magnetron sputtering. The film thickness
was around 50 nm. The film was removed from the substrate
by dissolving the NaCl in water and transferred to the Ni
grid for in-situ heat treatment. During this process, the for-
mation of native oxide of ~2nm on both sides of the film,
and <1nm on the Ni grid, is expected. These oxides inhibit
the reaction at low temperatures during the in situ heating.
Silicide formation started at 600 °C near the grid bars. The
growth front was moving in small abrupt steps, and in each
step, a small grain was transformed to dark contrast silicide
grains about 10 nm in size, as can be seen in Fig. 7(a). The
polycrystalline structure behind the growth front has elon-
gated grains reaching to the growth front. Most of the grains
had a width between 30 and 100 nm. A second growth front
appeared behind the first one with about 300-1000 nm sepa-
ration. Behind the second growth front, larger grains
appeared. These are also elongated grains mostly reaching to
the growth front (the second front), and their width is
200-400nm (Fig. 7(b)). SAED patterns showed that the fine
grained phase is mostly NiSi, (inset at the lower right-hand
corner in Fig. 7(b)), and the large grains are Ni3Si, (inset at
the upper left-hand corner in Fig. 7(b)). The SAED results
were confirmed by performing qualitative EELS Ni elemen-
tal mapping of the annealed film, as shown in the micrograph
on the lower left-hand corner in Fig. 7(b). The Ni content of
the two crystalline phases clearly differ; additionally, no gra-
dient is seen in the three phases (Ni3Si,, NiSi,, and amor-
phous Si) on the map. We did not observe the NiSi phase,
which is a stable phase with a Ni content between the two
phases.”* The Ni concentration changes in steps at the
growth front.

B. Low temperature long time annealing

The patterned wafer described in Section II was used for
the formation of NiSi, pads as already described. Pads hav-
ing different periodicity and size were used as shown in the
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FIG. 7. Silicide formation under unlimited Ni supply condition. (a) Silicide
grains formation at 600°C. (b) Overall view of the crystallized area after
cooling down the specimen to the room temperature. The inset at the upper
left-hand side shows the diffraction pattern from a Ni;Si, grain. The inset at
the lower right-hand side shows diffraction pattern from small polycrystal-
line NiSi,. The inset at the lower left-hand side is the EELS Ni elemental
mapping of the film.

Optical Microscope (OM) micrograph in Fig. 8. Pieces from
this wafer were annealed in vacuum at different tempera-
tures, in the range of 413-521°C, for 3 to 32 days.
Specifically, the following low temperature annealing
experiments were performed.

1. Annealing at 413°C for 11Ds (days) and 32Ds

Tetragonal periodic NiSi,-pads with sides of about 70
um are shown in Fig. 8. Between them, there are smaller
ones, 10 um in size, denoted by letters A and B. After
annealing at 413 °C for 11Ds, the a-Si around the large pad
was crystallized to a distance of 3.5 um. Part of the crystal-
lized zone is shown in the lower part of the optical

FIG. 8. Optical micrograph in reflectance mode of the tetragonal periodic
NiSi,-pads before annealing. Small, 10 um pads are denoted by A and B,
also 74 um large pads are shown.
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micrograph in Fig. 9(a). The crystallized zone is very irregu-
lar, with long whiskers emanating from the (a-c) interface.
Some of these whiskers exceed 10 um, as shown in the inset
at the lower left side in Fig. 9(a). TEM observations reveal
that the whiskers have a width of the order of 200 nm; far
below, the resolution of the OM, therefore, could not be
resolved on optical images. However, they give a faint con-
trast by dispersing the light due to their length. The crystalli-
zation around the small pad (A) retards in respect to the
large pad, and it is asymmetric as shown in Fig. 9(a). The
asymmetry was created by the influence of the neighbouring
pads, and it is attributed to the long-range interaction in the
MILC process, and this effect is discussed in Section IIIC.
The crystallization around the pads was significantly
extended after 32Ds annealing, as shown in Fig. 9(b), sug-
gesting a rather constant growth rate within the experimental
error. The crystallization rate increases with the size of the
pad, as it is evident by comparing the crystallization front
around the small pad (A) with respect to the large pad in
Figs. 9(a) and 9(b). This is also evident by comparing three
rows of small pads with different sizes annealed under the
same condition, namely, at 413°C for 11Ds, as shown in
Figs. 9(c)-9(e). The structure of a pad after annealing is
shown in the low magnification TEM micrograph in Fig. 9(f)
(further details of the same pad are shown in Fig. 16(c) and
will be discussed later).

The crystallization rate versus the size of the pads at
constant annealing temperature and time is exponential. This
is shown in the plot in Fig. 9(g) for annealing temperature
413 °C and time 11Ds. This can be explained by considering
that MILC mediated by the formation of NiSi, in the head of
the crystallized front and a small Ni portion was trapped due
to the Ni solubility in Si. Although this is very small, under
limited Ni supply condition, the available Ni after long
annealing is exhausted and the MILC process retards.
Therefore, larger pads ensure higher crystallization rate
under the same annealing temperature and time. It was
shown by Jin ef al.* that in Ni-MILC, at 500 °C, the crystal-
lization is almost constant for the first 20 h and then is pro-
gressively reduced. The exhaust of Ni during the MILC
readily explains this behaviour.”> In contrast, in our long
annealing experiment at 413 °C for 11 and 32 Ds, shown in
Figs. 9(a) and 9(b) respectively, the crystallization rate is
almost constant. This discrepancy is expected because at this
low temperature the crystallization rate is more than one
order of magnitude lower than at 500 °C. Therefore, the con-
sumption of Ni is insignificant, and consequently, the rate
remains constant for this long annealing time.

The crystallization rate is progressively reduced versus
annealing time at higher temperatures, for example, in the
3 mm long NiSi, bar after annealing at 590 °C for 1, 2, 3, and
4 h, as shown in Fig. 10. The crystallization distance and rate
versus time of the c-Si front from the NiSi, bar are shown in
Fig. 10(e). The crystallization around two neighbouring A
and B pads is also shown for comparison in Figs.
10(a)-10(d). The crystallization rate at the Ni-bar is signifi-
cantly higher than in pads A and B due to the different geom-
etry and the higher Ni content in the bar, as it was predicted
by Qin et al®® Tn MILC, the NiSi, front moves into the a-Si
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FIG. 9. Annealing of the NiSi, pads at 413 °C; at this temperature, crystalliza-
tion occurs only due to MILC and no SPC process is involved. (a) Optical
micrograph from the crystallized Si around the 10 um pad A, also at the 70
um large pad, after annealing for 11Ds. Whisker emanating from the crystal-
lized area of the large pad is shown at higher magnification in the inset. (b)
Crystallization around the same pads after 32Ds annealing. (c) Crystallization
around 6 um pads after annealing for 11Ds. (d) Crystallization around 3 ym
pads after 11Ds. (e) Crystallization around 1 um pads after 11Ds. (f) TEM
micrograph from a 6 um pad after 11Ds annealing. The microstructure of
crystallized Si outside the pad is evident. The area denoted by the rectangular
at the up right-side of the figure is shown at higher magnification in Fig.
17(c). (g) Plots of crystallization distance and crystallization rate versus pad
size after annealing for 11Ds, both are exponential.

leaving in the crystallized silicon about 0.08 at. % Ni, which
replaces the Si atoms.'*?” The concentration of crystalline Si
is 5 x 10%* atoms cm >, Therefore, the Ni concentration in
the crystallized Si is 8 x 1074 x 5 x 10?2 cm_3, almost one
Ni atom per 10° Si atoms. Consequently, as the length of the
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FIG. 10. Optical micrographs showing the crystallization fronts of a 3 mm
long bar, also the crystallization around two 10 um pads A and B after
annealing at 590 °C. (a) For 1h, (b) 2h, (c) 3h, (d) 4h. (e) Plots of crystalli-
zation distance and rate versus annealing time of the a-c Si front from the
NiSi, bar. Decline of the growth rate is observed after long time annealing
due to nickel consumption.

¢-Si increases, the thickness of the NiSi, front is reduced,
and after a distance, the growth ceases.”> However, the crys-
tallization in the pads A and B in Fig. 10 is more compli-
cated, and it is strongly anisotropic due to long range
interaction. This effect is discussed in Section III C.

The inhomogeneous crystallization around the pads is
more pronounced as their size and temperature are reduced.
This is evident in the set of the 1 um pads that were annealed
at 413 °C for 32Ds, where whiskers up to 23 um long were
formed around the pads, as shown in Fig. 11(a).

Contamination plays a significant role in the MILC pro-
cess, especially at low temperatures. This is evident in the
set of the 36 pads, as shown in Fig. 11(b). The crystallization
around the pads retards progressively from the right to the
left and from the top to the bottom in this set. Contamination
is more pronounced as the size of the pad is reduced. It is
speculated that this is related to the etching process for open-
ing the windows, as we have seen in the in situ experiment
in Fig. 3(f). Consequently, the role of contamination at the
rim of the pads becomes more decisive as their diameter is
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FIG. 11. Optical micrographs from specimens annealed at 413 °C for 32Ds.
(a) The crystallization is very inhomogeneous when the pads are very small,
and very long whiskers are frequently formed. (b) This set of NiSi, pads was
formed and treated under the same conditions; however, due to contamina-
tion, significant differences in the crystallization rate are observed from right
to the left and from the top to the bottom.

reduced. Nevertheless, as we have seen in the in situ experi-
ment in Section III A 2, contamination due to native oxides is
an obstacle for MILC, which starts only above 650 °C.

2. Three days (3Ds) annealing at 442, 454, 492, 512,
and 521°C

In this experiment, we have studied the evolution of the
MILC at these temperatures for the same annealing time in
pads with size of 6, 3, and 1 um. The crystallization of these
pads after 3Ds annealing at these temperatures is shown in
the OM micrographs in Fig. 12. From this figure, it is evident
that the a-c interface becomes smoother as the temperature
and the size of the pads increase. At 492 °C, the a-c front is
very smooth for the 6 um pads, as shown in Fig. 12(f). In
contrast, in the 1um pads, it remains discontinuous, as
shown in Fig. 12(g). Above 512 °C, the a-c front around all
pads is smooth, as shown in Figs. 12(h) and 12(i).

The activation energy of crystallization versus the size
of 6, 3, and 1 um pads was calculated by the logarithm plot
of the crystallization rate r versus 10%/T , where T is the abso-
lute temperature, and the results are shown in Fig. 12(j).
Pads with sizes 6, 3, and 1 um are denoted by letters A, B,
and C, respectively. The log(r) versus 10%/T describes the
Arrhenius equation of the crystallization process for the pads
A, B, and C, respectively. The parameters of these lines after
best fitting are given in Fig. 12(j) (low left-side), and
from their slopes, the activation energy was calculated. For
pad A, the slope is 9.61801 =E, x 107 x log(e)/k, where
k=8.63x 107> eV/K, and log(e) = 0.434294; therefore, the
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FIG. 12. Optical micrographs showing the crystallization around pads that
were annealed for 3Ds in the range of temperature from 442 to 521 °C. The
crystallization changes from very inhomogeneous at low temperatures and
small pad size to very homogeneous at high temperatures and large pad size.
(a) Pad size 6 um, annealed at 442°C. (b) Pad size 3 um, annealed at
442°C. (c) Pad size 1 um, annealed at 442 °C. (d) Pad size 3 um, annealed
at 454 °C. (e) Pad size 1 um, annealed at 454 °C. (f) Pad size 6 um, annealed
at 492 °C. (g) Pad size 3 um, annealed at 492 °C. (h) Pad size 1 um, annealed
at 512°C. (j) Pad size 1 um, annealed at 521 °C. (k) Arrhenius plots of the
growth rates for pads having size 1, 3, and 6 um.

activation energy is E,=1.91eV. For the pad B,
Eg=2.01eV and for pad C is Ec =2.11eV. Within the ex-
perimental errors, the activation energy is independent of
the size of the pads. It is evident that the activation energy
for MILC is significantly lower than that of the conven-
tional SPC, which is around 4 eV.?® The pre-exponential
factor (a) in Arrhenius equation is significantly different for
the pads A, B, and C, a, =0.915 x 10'°, a5 =4.05 x 10",
and ac=11.62 x 10", respectively. This is related to the
frequency of the reaction, and the difference is attributed to
the different Ni content in the pads.
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C. Long range interaction

The isolated pads exhibit a symmetrical radial crystalli-
zation; however, if in the vicinity of the pad another Ni-pad
exists, the crystallization becomes inhomogeneous, strongly
depending on the relative position of the Ni pads. This is the
case with pads A and B, as shown in the OM micrograph in
Fig. 10. After annealing at 590 °C for 1h, the crystallization
front around the pads is slightly enhanced at the inner side of
the pads, with respect to the outer sides, as shown in Fig.
10(a). The asymmetric crystallization is greatly enhanced af-
ter 2 h annealing, as shown in Fig. 10(b). After 3 h anneal-
ing, crystallization occurred mainly at the inner side, Fig.
10(c). Finally, after 4 h, the two inner fronts touch each
other, and the crystallization front at the outer side of pad B
was only slightly advanced; on the contrary, the outer side of
pad A is significantly advanced, as shown in Fig. 10(d). This
difference is attributed to the influence of the advanced front
of the crystallized bar, which influences the crystallization
front of pad A.

There are two possible mechanisms for the long-range
interaction:

(a) The local increase of the temperature due to heat
release by the amorphous-crystalline transformation.
The amorphous to crystalline transformation in silicon
films is exothermic, and the heat released per unit area
of the film is proportional to the film thickness. A part
of this heat is dissipated to the surroundings through the
surface of the film, and the remaining increases the tem-
perature of the film close to the crystallized area. Thick
or thin films have the same free surface and conse-
quently roughly the same losses. Therefore, a thicker
film is expected to increase the temperature in the a-c
interface more than a thin one, namely, the crystalliza-
tion rate would depend on the thickness of the film. The
crystallization rates in two a-Si films with thickness 50
and 100 nm, respectively, annealed simultaneously were
measured. For this purpose, tetragonal 20 ym x 20 ym
pads of a-Si 50nm thick were formed by lithography
denoted by letter A in the inset of Fig. 13. Subsequently,
a second a-Si film having the same thickness was depos-
ited on top, as denoted by letter B in Fig. 13. In the area
of the two overlapping films, the total thickness was
100 nm and out of this only 50 nm, as it is shown sche-
matically in cross-section in the inset of Fig. 13. Then, a
50nm thick silicon oxide capping layer was deposited
by PECVD. For the Ni-MILC process, long rectangular
windows were opened in the oxide capping layer and a
15 nm thick nickel film was deposited on top so that Ni
pads were formed. The wafer was annealed at 250°C
for 10 min for NiSi, formation. This specimen was
annealed at 590 °C for 30 min, and the result is shown in
the PVTEM micrograph in Fig. 13. In both sides (A and
B), the crystallization rate was the same revealing that
the crystallization rate is not affected by the thickness of
the film, at least in this rage of thickness. Therefore,
heat release during crystallization does not affect the
MILC process.

J. Appl. Phys. 119, 065303 (2016)

FIG. 13. The plane view TEM micrograph shows that the crystallization rate
is independent of the thickness of the film. Letters A and B denote 100 nm
and 50nm thick films. The inset shows schematically in cross-section the
thickness of films A and B. The film was annealed at 590 °C for 30 min, and
the a-c interface has advanced at the some distance independent of the thick-
ness of the films.

(b) Due to Ni diffusion into the a-Si ahead of the advanc-
ing a-c front.
The Ni concentration in the a-Si in the front of the
advancing a-c interface must reach a critical concentra-
tion before the onset of the crystallization there. This
behaviour agrees well with other observations in
metal-semiconductor multi-layers where metals, such
as Ti, Ni, Co, Zr, and Pt, induce crystallization in Si,
by metallic-semiconductor elements inter-diffusion.
Thus, an amorphous mixture is produced prior to the
onset of the crystalline phase formation by the solid
state reaction.” ! The driving force for the formation
of this intermediate amorphous compound before the
onset of crystallization is the large negative free energy
of mixing between Ni and Si at a maximum rate.**
Therefore, the long range interaction is attributed to the
Ni diffusion into the a-Si before the onset of the Ni-
MILC, which starts when the Ni in the a-Si reaches a
critical concentration. The Ni concentration can reach
this critical point faster when independent Ni sources
contribute to the same a-Si area of interest. This was
confirmed by SIMS analysis, which reveals that Ni
concentration in a-Si is about 0.01% the Si atomic per-
cent.'? The long-range interaction permits the enhance-
ment of the crystallization rate along certain direction
by proper arrangement of the NiSi, pads.

D. Preferred orientation of the grains crystallized
by Ni-MILC at 590°C

The critical role of the Ni concentration in the a-Si for
the initiation of the MILC process is shown in Figs.
10(b)-10(d). The crystallization at the outer part of the pad
A has ceased after 2h annealing due to Ni depletion, estab-
lishing slow SPC, as shown in Figs. 10(b) and 10(c).
However, the MILC process is restored as soon as the
advancing crystallization front from the NiSi, bar reaches
the pad due to Ni enrichment of the a-Si from the approach-
ing crystalline front from the bar, as shown in Fig. 10(d).
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The long-range interaction affects not only the crystalli-
zation rate but also the mode of growth. As it was confirmed
by in situ experiments,”> above 500°C, MILC and SPC
coexist. This is also evident by the increase of the activation
energy at higher temperatures due to the contribution of the
SPC.'? The degree of the contribution of MILC and SPC
depends on the annealing conditions and can change during
annealing. For example, Fig. 14(a) is a low magnification
PVTEM micrograph of two Ni-pads A and B after 1h
annealing; the asymmetric crystallization around the pads is
evident. Close to the pads and up to a distance of 6 um,
V-shaped grains were formed as already described in Section
T A, typical of a MILC process. At larger distances, signifi-
cant differences are observed in the microstructure at the
inner and outer sides of the pads. These differences are
shown by the PVTEM micrographs in Figs. 14(b) and 14(c),
which were taken from the areas (1) and (2) at the inner and
outer part of the pad B near the a-c interface. In area (1), the
crystallization proceeds with the formation of long needle-
like crystallites with NiSi, precipitates at the leading edge,
denoted by arrows in Fig. 14(b) and having [110] preferred
orientation, revealing a typical MILC process.'*'* In con-
trast, the crystallized front at the outer side area (2) of the
pad B is different. No needle-like crystallites or holes due to
advancing leading NiSi, grains were observed, Fig. 14(c),
suggesting Ni depletion conditions. The crystallization
resembles SPC process, where the [111] preferred orienta-
tion prevails. The [111] preferred orientation is attributed to
the strong heterogeneous nucleation at the Si/SiO, interface
and the anisotropic growth of Si.°*** The difference in
the mode of growth in area (1) and (2) is attributed to the

FIG. 14. Plane view TEM micrographs of a film crystallized after annealing
at 590 °C for 1 h. (a) Overall view of the NiSi,-pads A and B and the crystal-
lized area around them. Appearance of cracks around each pad very close to
the a-c front is evident. (b) Dark field (DF) TEM micrograph taken from the
area denoted by letter 1 in figure (a) at the inner side of pad B. The crystalli-
zation mediated by the formation of needle-like crystallites, which are char-
acteristic of the MILC process. Holes appearing black in DF, at the tips of
the needles, denoted by arrows are attributed to the NiSi, grains at the tips
of the whiskers, which were etched off in HF during the TEM specimen
preparation. The related diffraction pattern shown in the inset confirms the
preferred [110] orientation. (c) Bright field TEM micrograph taken from the
outer side of the pad B, denoted by number 2 in figure (a). No needle-likes
crystallites are observed in this area resembling conventional SPC process.
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long-range interaction, which ensures a higher level of avail-
able Ni at the inner side, area (1) of the pad.

It is worth noticing that cracks were formed around the
pads, during the TEM specimen preparation after etching the
SiO, buffer layer by HF and lifting off the film. The cracks
are very close to the a-c front, as shown in Fig. 14(a). It is
speculated that this is the result of strain deformation due to
the small volume change during the a-c transformation.

The change of the preferred orientation from [110] for
pure MILC to [111] for pure SPC occurs during the crystalli-
zation by progressive rotation of the small sub-grains shown
in Fig. 2(d). It occurs by successive tilt of the sub-grains
along a common crystallographic axis, which lies on the
plane of the film. This is shown in the sequence of the micro-
graphs in Fig. 15. Thus, Fig. 15(a) is a DF micrograph taken
from the 022 spot, by placing the selected area aperture in
the area K. This is a typical diffraction pattern of the (111)
section, shown in the inset of Fig. 15(a). A large area is dif-
fracting strongly, as shown in Fig. 15(a). However, this is
not a single grain, since only part of the grain is diffracting
strongly with the 220 spot, as shown in Fig. 15(b), revealing
that we are dealing with a bi-crystal having as common
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FIG. 15. TEM micrographs show the change of the preferred orientation of
the grains occurring by progressive rotation of the sub-grains during MILC
due to Ni consumption. (a) DF micrograph taken from 022 spot that shows a
long grain. The related diffraction pattern was taken by placing the Selected
Area (SA) aperture at the place K, corresponding to the (111) section, see the
inset. (b) DF micrograph from the same area keeping the SA aperture at the
same place and taking as operating reflection the 220 spot. Now only the half
of this grain is diffracting, revealing that this is not a single grain but a bi-
crystal having the 022 as common reflection. (c) For confirmation, a DF
micrograph was taken by placing the SA aperture in the area denoted by letter
L. This area has different orientation exhibiting the (233) section, as shown in
the inset. The micrograph was taken from the non-common reflection 311,
now the other half of the grain is diffracting strongly. (d) The characteristic
feature of this bi-crystal is the absence of a defined grain boundary, the change
of the orientation is progressive. This is shown by the schematic representa-
tion of the sub-grains in the area between L and K. These sub-grains are
rotated progressively around the common [01] axis for about 10°. The corre-
sponding crystallographic directions are shown in the inset.
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reflection the 022; this is confirmed by the DF micrograph in
Fig. 15(c). The area denoted by letter L corresponds to the
(233) section, having with the section (111) the common 022
reflection, as shown in the inset of Fig. 15(c). This is evident
by taking a DF micrograph from the non-common reflection
311. Now, only the upper half of the grain (area L) is diffract-
ing strongly, as shown in Fig. 15(c). Therefore, the grains
with sections (111) and (233) are rotated around the common
axis [011] by 10°. The tilting from the (233) to the (111) sec-
tion occurs progressively within a distance of 1 um, as sche-
matically shown in Fig. 15(d). The absence of a sharp grain
boundary (GB) in this bi-crystal is explained by the existence
of an intermediate transition zone as it is evident from Figs.
15(b) and 15(c), where the contrast fades progressively. The
appearance of grains having the not so common [233] orienta-
tion is considered as the precursor to the transition from the
Ni-MILC to the standard SPC mode of growth. This explains
the relatively high percentage of grains with [233] preferred
orientation at the a-c interface after a long annealing. The
driving force for this transition is the reduction of the free
energy of the system by changing from the amorphous to the
crystalline state at a maximum rate under Ni depletion.

E. Structural characterization of the whiskers
crystallized at 413°C

1. Orientation of the whiskers

A PVTEM low magnification micrograph of a tetragonal
5.8 um x 5.8 um NiSi, pad with rounded corners is shown in
the BF and DF micrographs in Figs. 16(a) and 16(b). The
related SAD pattern, which was taken from the pad, is shown
in the inset of Fig. 16(b). The diameter of the aperture for
SAD was 0.8 um, and the (111), (220), and (311) diffraction
rings are observed. It is impossible to distinguish the Si and
NiSi, rings due to the very small misfit between them. The
DF micrograph in Fig. 16(b) was taken by placing the objec-
tive aperture (OA) in the (111) diffraction ring. Due to the
coincidence of the Si and NiSi, rings, we observe strongly dif-
fracting grains inside the pad, which belong to NiSi,, as well
as outside of it which belong to the crystallized Si. The latter
is at least three times larger, in respect to the former not
exceeding 150 nm. The generation of the Si crystallites from
the borders of the NiSi, pad is shown in the higher magnifica-
tion micrograph in Fig. 16(c), which was taken from the
delineated area in the low magnification micrograph in Fig.
9(f). Three whiskers are emanating from the edge of the NiSi,
pad, denoted by letters A, B, and C. From them, A and B are
in the section (112), having the same orientation as revealed
by the corresponding SAD patterns, suggesting that they origi-
nated from the same NiSi, grain. The crystallographic section
of whisker C is (110), as shown in the related SAD. None of
the whiskers has the [111] crystallization direction as should
be expected according to the standard MILC process.
Whiskers A and B grow close to [131] direction and whisker
C grows close to [001]. The Ni-MILC process at 413°C
results in the formation of whiskers in several crystallographic
directions. Examples are given in Figs. 16(d) and 16(e); in
this last case, two whiskers having the same crystallographic
section are crystallized in different directions. It is concluded
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a-c Interface

FIG. 16. TEM micrographs from specimens annealed at 413°C for 11Ds.
(a) BF from a NiSi, pad and the crystallized Si. (b) Tilted DF from the same
area. The related SAD is shown in the inset. The TEM micrograph was taken
by placing the objective aperture (OA) in the 111 ring shown by an arrow in
the inset. (c) High magnification micrograph from crystallized Si delineated
by a rectangular in Fig. 9(f). Three Si whiskers denoted by letters A, B, and
C emanate from the NiSi, pad. The A and B are in the (112) section as the
related SAD pattern reveals in the inset. Their crystallization direction is
close to [131]. The whisker C is in (110) section and is crystallized along the
[001] direction as the corresponding SAD shows. (d) A long whisker in the
(233) section, which was crystallized along the [320] direction. (e) Two
whiskers having the same (435) section, which were crystallized along the
[211] and [557] directions, rgsﬁectively.

that the requirement for the (111) preferred orientation is not
a necessity for Ni-MILC process in the range 413-500°C.
This exclusion explains the easy formation of whiskers in this
range of temperatures, with the only requirement remaining,
the whiskers to be parallel to the plane of the film.

2. Ingrain defects in whiskers crystallized at 413°C

Another feature of the whiskers shown in Fig. 16 is the
low density of the ingrain defects and the absence of the
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mottle-like contrast being characteristic for the mosaic struc-
tures, which is observed in crystallites grown by MILC at
600 °C, as shown in Fig. 2(d), also in Fig. 14. For compari-
son, the whisker shown at high magnification in Fig. 17(a)
was grown at 413 °C having the [110] preferred orientation.
No moiré patters or misoriented sub-grains are observed, as
is the case of grains crystallized at 600 °C, shown in Fig.
2(d). The quality of this whisker was also confirmed by
HRTEM, as shown in Fig. 17(b). The only highly disturbed
area is the tip, where the NiSi, reactive grain boundary
advances into a-Si. Nickel EELS mapping of this area
reveals a high Ni concentration at the head of the whisker, as
shown in the inset of Fig. 17(a). The high magnification
micrograph in Fig. 17(c) and the related HRTEM in the inset

R R R R R r
=0.192nm
OBV OENDOOE 22

FIG. 17. (a) High magnification TEM micrograph from the head of a
whisker crystallized at 413 °C for 11Ds. No misoriented sub-grains or other
defects are observed. The inset is the nickel EELS mapping of the whisker,
and high Ni concentration is observed only at the tip of the whisker. (b)
High resolution micrograph of the whisker, the (111) and (220) lattice planes
are resolved. The inset shows the related diffraction pattern. The section of
the whisker is the (110) and the direction of crystallization is the [110]. (c)
High resolution micrograph from the tip of this whisker. In the inset, the
(111) lattice planes of the NiSi, precursor are resolved at high resolution. In
the tip, a mixture of crystalline and amorphous material is observed.
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FIG. 18. Defects observed in the whiskers that are crystallized at 413 °C for
11Ds. (a) The high resolution TEM micrograph shows an extrinsic SF, such
defects observed rarely in the whiskers. (b) Planar defects exhibiting very
strong contrast are frequently observed. These defects resemble prismatic
SFs in which two successive (111) lattice planes are missing, as shown by
the two arrows. (c) The same defect at higher magnification reveals that in
the reality the two lattices are severely bended in opposite directions leaving
a gap in between, suggesting the formation of a plate-like precipitate there.
(d) For comparison, Si that was crystallized by SPC at 600 °C, and a high
density of twins is evident. (¢) The same grain at high magnification, bands
of twins are evident.
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confirm that the tip consists of a mixture of crystalline NiSi,
grains and amorphous domains.

Defects, which were found rarely in the whiskers, are
extrinsic Staking Faults (SFs) as shown in the Fourier-
filtered HRTEM micrograph in Fig. 18(a). Also, defects
resembling extrinsic prismatic SFs, where two lattice planes
are missing, exhibiting very strong diffraction contrast, are
shown in Fig. 18(b). Such prismatic SFs should be very
unstable; however, a more careful examination reveals that
the two Si lattice planes were not missing but are highly dis-
torted leaving a gap between them, as shown in Fig. 18(c).
The gap is filled by a plate-like precipitate, probably Ni, and
this defect is under further investigation. The ingrain defects
of the Ni-MILC whiskers, which are crystallized at 413 °C,
are compared to the ingrain defects, which are formed during
the standard SPC crystallization at 600 °C, as shown in the
low and high magnification TEM micrographs in Figs. 18(d)
and 18(e), respectively. The grains crystallized by SPC have
a high density of micro-twins of the order of 5 x 10"
cm2.® The crystallization by SPC is mediated by twin for-
mation,®” which permits a fast incorporation of the atoms at
the corners of the twin planes resulting in a fast growth of
the film.>® From energetic point of view, the formation of
large heavily twinned grains is more favourable than the for-
mation of small grains free of twins, with a high density of
GBs, because the formation energy of a coherent twin in sili-
con is 30 erg cm 2, while that for GBs is 1000 erg cm 2,374
Therefore, SPC through twin formation is an example of the
minimum action principle, where the system takes a lower
energy state in the minimum time. In the pure Ni-MILC pro-
cess in the range of temperatures 400 to 500 °C, the crystalli-
zation rate is very slow, giving chance to the incorporated Si
atoms to find the lowest energy position in the lattice. An
example of the formation by diffusion of a high quality epi-
taxial film at low temperature is the case of a gold film on a
Si substrate. At first, a polycrystalline gold film was depos-
ited on the 3C-SiC surface grown on the Si-substrate, then
after annealing at 500 °C for 20 days, the gold was diffused
through the 2.5 um thick 3C-SiC to the SiC/Si interface
forming there an almost continuous gold film.*' This film
was in perfect epitaxial relation with the Si substrate; no lin-
ear or planar defects were observed in this film in spite of the
25% misfit between Au and Si. It is worth noticing that
the gold diffusivity in 3C-SiC was greatly enhanced due to
the high SFs density in SiC.

IV. CONCLUSIONS

The formation of NiSi, grains under limited Ni supply
condition was studied in situ by TEM. The nickel-disilicide
grains are formed at 250 °C, and no other silicide compounds
were formed in the temperature region of 250 to 400 °C. No
MILC process was observed at 400 °C or below. Significant
MILC was observed above 500 °C. Contamination could in-
hibit the formation of NiSi, as it was revealed by observa-
tions at the edge of the window, Fig. 3(f).

The structural characteristics and the growth mode of
the grains crystallized by Ni-MILC, in the range of tempera-
tures 413 to 523°C, were systematically studied and
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compared to the grains grown by MILC and SPC at 600 °C.
In this range of temperatures, the crystallization rate is rela-
tively low. However, the grains exhibit some interesting
characteristics, which must be attributed to the pure MILC
process without involvement of SPC. The most interesting
characteristics are

) The formation of very long whiskers with high aspect
ratio.

(I)  The whiskers are almost free of defects.

(IIT)  The crystallization rate is strongly influenced by the
neighbouring Ni sources, due to the long-range inter-
action, so the crystallization can be enhanced prefer-
entially to a certain direction by properly distributing
the Ni sources.

(IV) The whiskers are crystallized in any crystallographic
direction not only along the (111) as it is the case for
temperatures above 500 °C.

(V)  The activation energy for a uniform a-c front, in the
range of temperatures 400-520°C, is approximately
2 eV, irrespectively of the size of the Ni source. In the
case of the whiskers, the activation energy is reduced
to 1.3 eV as it was measured by Makihira et al.'” This
means that the crystallization rate of the whisker is
more than three times higher than the uniform a-c
front.

(VI) The amount of nickel left inside the MILC crystal-
lized region mainly depends on the annealing temper-
ature, but not on the annealing time, and it is smaller
at lower temperatures.'? It is expected that TFTs fab-
ricated in this range of temperatures will exhibit bet-
ter performance due to the low defect density and the
low Ni concentration inside the grains.

The key parameters that determine the orientation of the
growing whiskers at 413 °C require further study; this prob-
lem is under investigation.
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