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Abstract Stabilization of wurtzite Si nanocrystals
embedded in a metal/metal silicide matrix by the metal
induced crystallization process is demonstrated. The pro-
cess involves the growth of 50 nm thick Ni films on
borosilicate glass (BSG) substrates followed by 700 nm
thick amorphous Si films and annealing of this multilay-
ered stack at 550 °C in furnace atmosphere for 1 h. The
presence of wurtzite Si is established based on electron
diffraction studies and is also confirmed by the Raman
signature of wurtzite Si at 504 cm™". It is shown that the
growth of wurtzite Si is mediated by the formation of
Nickel Silicide, as evidenced by the Raman signal at
294 cm ™. The films exhibit a band gap greater than 1.9 eV
with dc resistances of the order of 10 GQ. It is proposed
that such high resistivities should make this form of Si
ideal for PV and microwave device applications.

Introduction

Silicon (Si) usually crystallizes in the cubic diamond
structure with fourfold coordinated symmetry. Numerous
high-pressure experiments have been performed, revealing
no less than 12 different polymorphs of silicon between the
well characterized diamond cubic phase and theoretically
intractable amorphous phase. With the release of pressure
several metastable phases are observed [1, 2]. For example,
a nonmetal to metal transition from the ambient pressure
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cubic-diamond phase occurs at 10™'* GPa to form a f-tin
structure, which transforms on slow pressure release to a
rhombohedral phase. The latter transforms reversibly at a
pressure of 2 GPa to a body-centered-cubic phase (bc8).
Hexagonal-wurtzite silicon (w-Si) can be formed by heat-
ing the bc8 phase to above 200 °C, or directly from the
cubic-diamond phase in the presence of shear stresses at
twin intersections [3], or a non-hydrostatic stress of 8 GPa
in indentation experiments [4, 5]. w-Si material is rarely
studied by spectroscopic measurements, because it cannot
be obtained in a stable phase. Zhang et al. [6] produced
stable w-Si phase by laser ablation. Its identification by
electron diffraction has been confirmed by micro Raman
spectroscopy. Bandet et al. [7] deposited w-Si during
elaboration of SiO, thin films and reported that oxygen
seems to play a crucial role in the stabilization of the
uncommon metastable structure. Kim et al. [8] reported
that, the micrometer-sized diamond cubic silicon (c-Si)
crystals contain minority part of hexagonal silicon, when a-
Si films crystallized by a pulsed laser. In this study the
authors have crystallized the silicon film with a metal
contact, which is well known as metal-induced crystalli-
zation (MIC) and found that silicon nanocrystals are in
wurtzite phase. In MIC, metals like Pd, Ni, Al, Ag, Au, etc.
when contact with Si, will act as a seed layer for crystal-
lization and lower the crystallization temperature and
anneal times. Among the metals employed for the study of
the MIC of amorphous silicon (a-Si), [9, 10] the preferable
metal up to date has been the nickel (Ni) due to its low
residual metal contamination in the poly-Si region [11]. It
is also found that good performance MIC TFT’s can be
obtained when Ni is employed in the MIC process. In the
previous study, a preliminary study of the stabilization of
wurtzite Si by Cr MIC process was reported [12]. In this
study Ni-induced crystallization of amorphous Si (a-Si)
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films is reported. The stabilization of Si in the wurtzite
structure is established based on Transmission electron
microscopy and Raman spectroscopy evidence. The films
were characterized for optical and dc resistivity behavior
and it is shown that they have large band gap and high
resistivity.

Experimental

Nickel and Silicon films were deposited by electron beam
evaporation on to BoroSilicate Glass (BSG) substrates in
high vacuum of the order of 107® Torr. In all cases the
substrate to source distance was kept constant at 10 cm.
The starting materials were granular pure silicon powder
(99.999%) and nickel powder (99.99% pure). First a 50 nm
thin nickel blanket bottom layer was deposited on BSG
substrates maintained at ambient temperature. This is fol-
lowed by the deposition of a 700 nm thick Si film, without
breaking vacuum, to form a BSG/Ni/Si stack.

The thickness of the films is measured after deposition
using a surface profilometer (model XP-1 Ambios Tech.,
USA). The films were annealed in a furnace atmosphere (in
air) at 550 °C for 1 h. Before and after annealing, the films
were characterized for transmission in the wavelength
range 200-2400 nm by means of a dual-beam spectro-
photometer (UV—vis—NIR, model, Jasco V-570) having a
resolution limit of 0.2 nm and a sampling interval of
2 nm. The surface morphology of the films was examined
by atomic force microscopy (AFM) (SPA 400 of Seiko
Instruments Inc., Japan with SPI-3800 probe station).
Transmission electron micrographs were obtained by a
Tecnai 20 G2 STwin, FEI electron microscope, operated at
200 kV. Electron diffraction patterns (EDPs) were

Fig. 1 Electron diffraction pattern along with indexing of selected w-
Si part of BSG/Ni/Si stack annealed at 550 °C for 1 h, inset shows the
bright field image of the above diffraction area, b Electron diffraction

recorded with a Gatan CCD camera. A 10 nm gold film
deposited on the grid was used for camera length calibra-
tion purposes. The Raman spectra were recorded in air
using an Nd-YAG 532 nm laser in the back scattering
geometry in a CRM spectrometer equipped with a confocal
microscope and 100x objective (1 um diameter focal spot
size) with a CCD detector (model alpha 300 of WiTec
Germany). The phase content with in the samples was
investigated in a spectral region 200-1500 cm™'. For DC
resistance measurements we have coated film as BSG/Si/Ni
to investigate the diffusion of Ni layer into Si layer. DC
resistivity measurements were made using a standard two
probe geometry.

Results and discussion

Figure 1a shows the electron diffraction pattern along with
a bright-field transmission electron micrograph obtained
from a region in the silicon thin film crystallized by a MIC
process in the inset. The typical microstructure shown in
inset of Fig. la consists of spherical particles with
approximate diameter of 40 nm. The diffraction spots can
be identified as belonging to well defined orientations. The
calculated interplanar distances of the lattice planes at
different spots of the diffraction pattern assigned by sym-
bols A, B, and C in Fig. 1 are A = 0.256, B = 0.237, and
C = 0.237 nm, respectively. From the calculated inter-
planar distances the diffraction spots were indexed as
(100), (11 1),and (O 1 1), which belong to the [1213]
zone axis. These diffraction spots were diffracted from a
grain which has a hexagonal structure and oriented in the
[1213] direction and the spots A, B, and C were diffracted
from the (1 0 0), (1 1 1), and (O 1 1) planes, respectively.

pattern of selected NiSi, part of BSG/Ni/Si stack annealed at 550 °C
for 1 h, inset shows the bright field image of the above diffraction
area
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The corresponding lattice parameters were calculated as
a = 0.296 nm, ¢ = 0.629 nm with c/a ratio of 2.13. The
angle calculated between these planes using c/a value is
found to be exactly matching with the measured values
suggesting that Si crystallizes in the hexagonal structure.
For diamond cubic Si crystals the interplanar distances of
the lattice planes should be 0.33 1, 0.33 1, and 0.331 nm,
respectively and the angles between transmitted beam and
the spots will be 60°, 60°, and 60°, with the diffraction
pattern showing the expected six fold symmetry. But in this
case the angles between the dots are ZAOB = 65°,
/ZBOC = 55°, and ZAOC = 120°, respectively, clearly
not cubic Si. Figure 1b shows the TEM diffraction pattern
of another part of the same sample whose bright field
image is shown in the inset of the figure. The inset shows a
cluster of particles whose diffraction pattern consists of
polycrystalline rings. The calculated interplanar spacings
are 0.197, 0.171, 0.115, and 0.103 nm, respectively. Due to
the very bright spot of direct beam, the closest 0.312 nm
ring is not visible in the image. This polycrystalline ring
pattern may belong either to face centered cubic phase of
NiSi, or diamond cubic Si phase. From the ratio of the
square of the radii of the rings it was determined that the
diffraction pattern fits to a face centered cubic structure
(1,3,4,8,11,12...) rather than the cubic phase of Si. Hence it
is confirmed that the polycrystalline diffraction pattern
belongs to NiSi,. The rings are indexed as corresponding to
the (220), (311), (422), and (440) planes with the central
ring attributed to the (111) plane. Thus, the TEM analysis
shows that the BSG/Ni/Si stack after heat treatment con-
sists of 40 nm particles of hexagonal Silicon with c/a ratio
of 2.11 along with polycrystalline NiSi,.

Additional evidence for the formation of w-Si is pro-
vided in the form of Raman spectra of the films. It has
earlier been used to characterize porous Si [13] and Si
nanostructures [14]. The Raman shift and the shape of the
Raman peak yield information on the degree of crystal-
linity achieved in Si by MIC process. Figure 2a shows
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Raman spectra from the Silicon film annealed at 550 °C for
1 h. A sharp peak at 504 cm™' and weak broad peaks
around 300 and 950 cm™!, are associated with optical
phonons, two transverse acoustic (2TA) phonons, and two
transverse optical (2TO) phonons of w-Si, respectively
[1, 2, 15, 16]. The asymmetric nature of the peak at
504 cm™' can be attributed to the presence of small
amounts of a-Si, which has its broad peak at 480 cm™ . In
general, when Si crystallizes in cubic diamond structure the
Raman peak occurs at 520 cm™'. NiSi phase has two rel-
atively strong Raman peaks at 195 and 214 cm™' with
minor peaks at 258, 294, and 362 cm™! [17]. Due to cubic
structure of NiSi,, there are no symmetry allowed first
order Raman peaks, consequently all the other vibrational
peaks (232, 297, 320, 402 cm_l) are weak and broad [18—
20]. So the broad peaks around 283 cm ™! in the observa-
tion is may belong to NiSi, NiSi, or to wurtzite TA mode.
However, this observation implies that, at 550 °C nickel
silicides are present in the samples. Figure 2b and ¢ show
Raman images mapped for w-Si and NiSi, distribution
across a 5 x 5 micron area of sample scanned by selecting
a particular part of spectrum [(a)500-510 cm™', which
belong to w-Si, (b) 250-320 cm™' a very broad peak of
NiSi, NiSi, and w-Si]. The bright area in the figure shows
the Si rich area of selected part of the spectrum. As dis-
cussed above a broad peak around 280 cm™' could be due
to NiSi, NiSi, and acoustic phonon modes of w-Si. These
maps confirm that the peak around 280 cm™" is not from
w-Si but has a major contribution from NiSi,. Furthermore,
Fig. 2b shows the distribution of w-Si is not uniform
throughout the area. In contrast, Fig. 2c shows that the
signal around 280 cm ™' peak is uniform across the maxi-
mum part of scanned area. These observations suggest that
NiSi,, act as seed for crystallization of Si, and eventually
moves away from the crystallization centre leaving c-Si.
Tan et al. [21] reported a stress-induced metastable form
of hexagonal silicon, which has the wurtzite structure with
the c/a ratio close to 1.63, the interplanar distances and

Fig. 2 a Raman spectra of BSG/Ni/Si stack annealed at 550 °C for 1 h; b Raman mapping of (a) w-Si, (filter selected for 500-510 crnfl) ¢ NiSi,
(filter for 250-320 cm™') across a selected 5 x 5 micron area of the BSG/Ni/Si stack annealed at 550 °C for 1 h
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angular relationships obtained from our experiment were
compared with those of silicon which has the wurtzite
structure. However, for silicon with the wurtzite structure,
no exact coincidence was obtained. Kim et al. reported a
similar observation and suggested a hexagonal phase of Si
with a = 0.382, ¢ = 1.024 nm and c/a ratio of 2.68 [22].
Parson and Hoelke suggested similar hexagonal structure
for Ge with c/a ratio of 2.17 [23, 24]. Zhang et al. [25] have
reported wurzite silicon by laser ablation, and they
observed Raman peaks at 516 and 518 cm™' due to the
hexagonal silicon. Kumar et al. [12] observed w-Si in
chromium-induced Si crystallization evidenced by a peak
at495 cm™'. Kailer et al. [4] performed indentation Raman
investigations and reported that, shear deformation leads to
w-Si phase formation. They also stated that high pressure
phases leads to the formation of w-Si at moderate tem-
peratures and to the reversal to the original diamond
structure at higher temperatures. In a very detailed and
interesting study, Zhang et al. [26] have investigated the
stability of polycrystalline and wurtzite Si nanowires via
symmetry-adapted tight-binding objective molecular
dynamics. They have also shown, from ab initio calcula-
tions, that nanocrystalline (~10 nm or less diameter)
wurtzite wires of threefold symmetry in addition to achiral
polycrystalline of fivefold symmetry are the most favour-
able quasi-one-dimensional Si arrangements.

It appears that the mechanism of crystallization of a-Si
in the present case involves the following sequence: 1.
Diffusion of Ni into a-Si; 2. Reaction of Ni with Si to form
a Silicide; 3. Growth of Si nanocrystals on the Silicide
seeds; 4. Movement of the silicide seeds away from the
crystallization front, and 5. Formation of Si nanocrystals in
a silicide matrix.

Measured spectral transmittance has been shown to be
an extremely useful tool to probe the process of MIC [27].
Figure 3a shows the measured spectral transmittance data
over the wavelength range from 200 to 2400 nm for the as
deposited as well as annealed films. The spectra in both
cases can be divided into regions of high transmission
where interference fringes occur and the region of band gap
with low transmission, high absorption and no interference
fringes. The height of the fringes is a measure of the
refractive index while their width relates to the thickness of
the film [28]. The absolute values of transmission give an
indication of the optical losses in the films due to absorp-
tion and scattering. The band gap is estimated from the
calculated absorption coefficient in the short wavelength
region. It is evident from these figures that the height of the
fringes decreases on annealing indicating a decrease in the
refractive index. This is accompanied by a decrease in
transmittance signifying an increase in optical losses on
annealing. The decrease in transmittance after heat treat-
ment can be attributed to the formation of NiSi,.

Reflectance spectra for the same films are shown in the
inset of Fig. 3a. A remarkable increase in reflectance was
observed after heat treatment at 550 °C for 1 h. The sum of
transmittance [shown in Fig. 3a] and reflectance [inset of
Fig. 3a] at any wavelength, for the annealed films, is less
than unity indicating the presence of absorption. This
observation strongly supports our argument that after heat
treatment, the Ni which is at the bottom diffuses through Si
and reaches the surface in the form of silicide that causes
increase in optical absorption. This is also in conformity
with the observations made in the Raman spectra discussed
earlier.

Refractive index (n), absorption coefficient (o) and
average thickness (d) were calculated from the measured
spectral transmission curves (Fig. 3a) using the envelope
technique [28]. Figure 3b shows the variation of refractive
index as a function of wavelength for before and after
annealed sample and is observed that the refractive index
decreases with increase in wavelength at short wavelengths
and then becomes wavelength independent as expected of
normal dispersion behavior. dn/dA was calculated between
800 and 1200 nm which is above the absorption edge where
dn/d/. changes rapidly, and is found to be —1.6 x 107> and
—1 x 107 for the film before and after annealing. This
decrease in dn/d/ suggests increase in long-range order and
hence crystallization of a-Si after heat treatment. Further-
more, a decrease in refractive index from 2.13 to 1.85 (at
1 pm) is observed with heat treatment. It may be noted that
a-Si films show refractive indices of the order of 3.5 to 4.0.
The lower values in the as deposited case, here, are due to
the presence of the thin layer of Ni underneath the Si layer.
On annealing, the refractive index is that of the composite
of Si and Nickel Silicide which is lower than that of pure
crystalline Silicon. Similar observations were reported in
the previous study [27]. The optical absorption edge (Eg)
was calculated by extrapolating the linear portions of the
(ochv)” 2 versus hv curve to (ochv)” 2=0 [27] as shown in the
Fig. 3c. The calculated E, was 1.92 and 1.96 eV before and
after annealing. These are much larger than that for pure Si
and closer to that of a-Si:H. However, no evidence for the
presence of hydrogen was found in our case. Evidently this
is due to quantum confinement as a consequence of the
small crystallite sizes.

The AFM images of the surface of Si thin film deposited
on a BSG substrate taken before and after annealing at
550 °C for 1 h respectively are shown in Fig. 4. The
morphology is homogeneous, dense and crack free, the
mean surface grain size of thin film is found to be 187 and
155 nm before and after annealing, respectively.

Figure 3d shows the d.c resistance of the films as a
function of annealing temperature. For this measurement,
the stack geometry was BSG/Si/Ni which was then sub-
jected to heat treatment from 100 to 500 °C in steps of
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Fig. 4 AFM image of BSG/Ni/
Si stack before and after heat
treatment of 550 °C for 1 h

100 °C, each for 1 h. Up to 200 °C the resistance was in
the KQ range which rather dramatically increased to a few
MQ at 300 °C and finally to GQ at 400 and 500 °C. This
observation strongly supports the argument that as
annealing temperature increases, Ni reacts with Si and
forms nickel silicide, which diffuses into a-Si resulting in
its crystallization. The diffusion and reaction evidently
occur at temperatures >200 °C causing a large increase in
the resistance. Further increase in temperature results in
diffusion of silicide and the transport of polycrystalline
silicon to the surface, causing the resistance to increase into
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the GQ range. Such large dc resistivities make this form of
Si particularly attractive as an alternate to high resistivity
Si. Further studies in this direction are being carried out
and will be reported elsewhere.

Conclusions
The wurtzite form of Si has been stabilized in a nickel

silicide matrix by the metal-induced crystallization process
of a-Si thin films. Raman spectroscopy and TEM evidence
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unambiguously establishes the formation of hexagonal Si.
The Si-silicide nanocomposite exhibits large band gap and
high resistivity that makes this material very interesting for
optoelectronic, PV and microwave applications.
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