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a b s t r a c t

Nickel-silicide-induced crystallization of hydrogenated amorphous silicon thin films has been

investigated. Intrinsic and doped films were deposited on glass substrates by HF-PECVD, and Ni was

dc sputtered on top. Nucleation and growth of grains were followed by optical microscopy, scanning

electron microscopy (SEM), UV reflectance and X-ray diffraction. Homogeneous, large and oriented

grains, with diameters over 25mm, were obtained in intrinsic and lightly boron-doped films.

Phosphorous-doped films presented a random needle-like growing mechanism, instead of the disk

shape shown by the other samples. The effect of doping elements on the crystallization process is

discussed.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

Polycrystalline silicon (poly-Si) in the form of thin films has
attracted considerable attention as a base material to produce
active-matrix liquid crystal displays, active-matrix organic light
emitting diodes, and solar cells. Several methods of preparation
have been developed, like the direct deposition of poly-Si in a CVD
reactor at high temperatures, using hydrogen and chlorosilanes as
reactant gases [1,2], or the indirect deposition through a crystal-
lization process from amorphous silicon. The latter is the
appropriate method when the substrate requires a low-tempera-
ture process, like the glass substrates to be used for solar cells
[3–7] or for large-area imagers based on thin-film transistors [8].

Common methods of crystallizing amorphous silicon are solid
phase crystallization (SPC), excimer laser annealing (ELA) and
metal-induced crystallization (MIC) [9]. SPC, one of the first

techniques explored to crystallize amorphous silicon [10], requires
high temperatures and long annealing periods, which may cause
cross-diffusion of dopants in the case of solar cells. ELA works at
lower temperatures, but has the drawbacks of poor uniformity
and high production costs [11,12]. The addition of some metals—

like nickel—to amorphous silicon reduces the crystallization
temperature in comparison to SPC, leading to a larger grain size
with good uniformity. This MIC process overcomes the problems
of ELA and SPC, and has been widely studied in connection to thin-
film transistors (TFTs) for crystal displays [13]. When the crystal
growth is in the lateral direction from a Ni electrode, the process is
called metal-induced lateral crystallization (MILC) and it is
possible to grow poly-Si at temperatures as low as 500 1C [3–6].
Most of the work done in the field of MIC and MILC for TFTs
applications focused on thin samples, typically of o0.1mm. In this
work, we present results on samples of intermediate thickness, in
the range of 0.3–0.5mm.

Studies on the crystallization mechanisms and the dopant
effects on MILC have been reported. Although there is an
agreement regarding the formation of nickel disilicide (NiSi2),
and the diffusion of this species leaving behind crystalline silicon,
the effect of the dopant atoms in a microstructural level is still
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unclear. Phosphorous is well known for its ability to getter
transition metal elements, so it could trap a fraction of the NiSi2,
retarding the lateral crystallization or favoring the growth of
crystal needles in some directions [6,14].

In this work, we present results of our current research on thin
poly-Si layers grown by MIC for solar cell applications. Starting
from an amorphous silicon layer, we look for a thermal process to
induce a solid phase transformation, leading to a polycrystalline
material with the largest possible grain size. Since we focus on
solar cell applications, we studied the Ni-induced crystallization
of the three individual layers that together form a cell, namely (i)
the n+ layer, strongly doped with P (�1019 at/cm3), (ii) the p layer,
slightly doped with B (�1016 at/cm3), and (iii) the p+ layer,
strongly doped with B (�1019 at/cm3). Different Ni concentrations
and annealing temperatures have been studied, trying to establish
the optimum thermal treatment.

2. Experimental details

Samples were prepared on Schott AF-37 glass in a capacitively
coupled plasma enhanced chemical vapor deposition (PECVD)
reactor. We used a relatively high frequency of 50 MHz and a
power density of 120 mW/cm2, the distance between electrodes
being 1.1 cm. As reactant gases we used silane (SiH4), phosphine
(PH3, for n-type doping) and diborane (B2H6, for p-type doping),
without hydrogen dilution. The substrate temperature was 200 1C
and the gas pressure was 600mbar, leading to a deposition speed
of 15–20 Å/s and film thicknesses in the range of 300–500 nm.
Nickel was deposited on top of the films by dc sputtering. The Ni
concentration was determined on test samples by atomic
absorption spectroscopy [15], and varied between 1.6�1015 and
1.6�1016 atoms/cm2. Samples were annealed in a furnace at
atmospheric pressure under nitrogen flow. After a dehydrogena-
tion step at 400 1C for 24 h, samples were annealed for different
periods at temperatures between 500 and 650 1C. Crystallization
was controlled through optical microscopy, scanning electron
microscopy (SEM), reflectance in the UV and X-ray diffraction.

3. Results and discussion

Fig. 1 (dots) shows the X-ray diffraction spectrum of an as-
deposited intrinsic sample. No diffraction peaks are seen in this
pattern, suggesting that the as-deposited film is amorphous. This
is further confirmed by UV reflectance measurements, which will
be presented later. Fig. 2 shows an image—taken with an optical
microscope in the reflection mode—of a partially crystallized
intrinsic layer (0.3mm thick). The sample was covered with
3�1015 Ni atoms/cm2, annealed at 550 1C for 12 h, and etched
with a Secco solution to reveal the grain boundaries. In the image,
disk-shaped grains—some of them with a diameter of �25mm and
still growing—can be seen.

Fig. 3 is a SEM image of the same layer, focused on a grain
boundary region. Inside the grains, some small pockets of
amorphous material (etched away by the Secco solution) can
still be appreciated. At the grain-growing front, a network
structure of branched crystallites can be seen. The width of the
needle-like crystallites is about 100 nm. The primary and
secondary arms’ directions of the needles have the regular
angles of 701 or 1101 (the so-called bi-directional needle
network structure) [16]. This indicates that the crystal exhibits a
preferential /110S orientation with respect to the normal to the
film surface. It is known that the first stage of the crystallization
process is the diffusion of Ni atoms to form a NiSi2 precipitate,
which should reach a critical size for the crystallization to proceed

[17]. These NiSi2 precipitates can be formed at as low as 350 1C, in
the initial stages of thermal annealing, and act as seeds for the
growth of c-Si. NiSi2 forms octahedral precipitates having eight
{111} faces. The small lattice mismatch (0.4%) between
NiSi2(111) and Si(111) facilitates the formation of epitaxial c-Si
on the {111} faces of the precipitates. In situ studies revealed that
single-crystal Si needles grow in the /111S directions from the
migration of NiSi2 precipitates [17,18]. Only /110S-oriented NiSi2

precipitates, which have four {111} faces perpendicular to the a-Si
surface, can lead to a long-range growth of crystallites. Depending
on the thickness of the samples, a mixture of vertical and lateral
growth may occur; hence, it is important to study the
crystallization of samples having different thicknesses. In the
lateral direction the crystalline regions grow until they collide
with a neighbor region, so the density of the NiSi2 precipitate
determines the grain size. Since the density of the NiSi2

precipitate is related to the average Ni thickness deposited on
the a-Si samples, a precise determination of the initial Ni
concentration is crucial. Some of the methods employed for this
purpose include secondary ion mass spectroscopy, Rutherford
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Fig. 1. X-ray diffraction pattern of the intrinsic sample in the as-deposited state

(dots) and after annealing at 550 1C for 36 h (solid line). Comparison with the

pattern of crystalline silicon powder (dashed line) shows the preferential

orientation of the crystallized film.

Fig. 2. Reflection optical microscope image of a Secco-etched intrinsic sample

annealed at 550 1C for 12 h.
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backscattering spectroscopy, X-ray photoelectron spectroscopy,
Auger electron spectroscopy and spectroscopic ellipsometry (SE).
The technique employed in this work, atomic absorption
spectroscopy [15], is a well-established analytical technique that
has sensitivity in the range of parts per billion and can be easily
implemented. The remaining Ni concentration in the crystallized
samples is also an important parameter for some applications,
since the Ni contamination can alter the material properties. SE
can also be used to determine the Ni concentration inside the
crystallized films, as shown recently [11,19]. In Ref. [11] the
authors show that films crystallized from undoped a-Si keep their
intrinsic nature, i.e., the Fermi level is located close to the mid-gap
of crystalline undoped silicon. This is an indication that at least Ni
does not act as an electrically active impurity. Based on this
evidence, we do not expect an appreciable effect of Ni
contamination on the properties of our samples, since we
are using Ni concentrations slightly lower than those reported in
Ref. [11].

The preferential orientation of our films is confirmed from the
X-ray diffraction spectrum shown in Fig. 1 (solid line), taken for an
intrinsic sample after 36 h of annealing at 550 1C. According to the
American Standard for Testing Materials (ASTM) card no. 27-1402,
the relative integrated intensities for the (111) and (2 2 0) peaks
are 100:55 for a random Si crystal [20]. From Fig. 1 we obtain the
relative integrated intensities 100:5 for the (111) and (2 2 0)
peaks, which means a higher preferential orientation than in
previous reports [3,20,21]. The strong orientation of the grains is
important for practical applications, since the material properties
should be uniform over the dimensions of the device.

The slightly boron-doped layers (�1016 B atoms/cm3) behave
similarly as the intrinsic layers, giving homogeneous polycrystal-
line films. Fig. 4 (squares) presents the average grain size as a
function of Ni concentration, for a series of samples that are
0.5mm thick. A maximum grain size of (26.774.0)mm is obtained
for a Ni concentration of 8.8�1015 Ni atoms/cm2. A photograph of
this sample, after 24 h of annealing at 550 1C, is presented in Fig. 5.
It can be seen that the disk-shaped grains have collided, giving
straight grain boundaries. The high crystallinity is confirmed by
the UV reflectance measurements as shown in Fig. 6, where the
spectrum of this p-doped sample (solid line) is similar to that of a
crystalline silicon wafer (dotted line). The small difference may be
due to the presence of grain boundaries. Fig. 6 also confirms the
amorphous nature of the as-deposited sample (dots). This

spectrum, without any distinctive peaks in the UV reflectance, is
typical for amorphous silicon.

For higher boron concentrations (as in the p+ samples, �1019 B
atoms/cm3), the same sample thickness, Ni concentration and
thermal treatment lead to disk-shaped grains of lower diameter,
typically o12mm, as shown in Fig. 4 (diamonds). This may be an
indication that boron is promoting the NiSi2 nucleation. In
intrinsic a-Si, NiSi2 is usually formed at temperatures above
350 1C. However, in heavily boron-doped Si, Lu et al. [22] reported
the formation of NiSi2 at temperatures as low as 250 1C. The
substitutional nature of B makes the Ni atoms to behave as more
mobile interstitials, thus facilitating the silicide nucleation [14].

Finally, we studied the Ni-induced crystallization of strongly n-
doped samples (0.3mm thick). In this case, we observe that after
12 h of annealing at 550 1C, the nuclei are small and have irregular
borders, showing a needle-like crystal growth without a prefer-
ential direction (see Fig. 7a). After 36 h of annealing at 550 1C, the
crystal grains increase their size without reaching a complete
crystallization. To fully crystallize the samples it was necessary to
anneal them at 650 1C for 24 h, obtaining a polycrystalline layer
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Fig. 3. SEM image of the intrinsic sample of Fig. 2, where a grain boundary region

can be seen. The length of the bar is 1mm.
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Fig. 4. Average grain size obtained after annealing at 550 1C for 24 h the slightly

p-doped (squares) and strongly p-doped (diamond) samples, as a function of Ni

concentration.

Fig. 5. Reflection optical microscope image of a Secco-etched slightly p-doped

sample annealed at 550 1C for 24 h, corresponding to a Ni concentration of

8.8�1015 Ni atoms/cm2.

J.A. Schmidt et al. / Journal of Crystal Growth 311 (2008) 54–5856



Author's personal copy

with a mixture of two types of grains. There are grains of �7mm,
originated by the NiSi2 nucleus, surrounded by nanocrystals
originated in the spontaneous SPC of a-Si at this elevated
temperature (Fig. 7b). The mixed nature of the material is also
revealed in the UV reflectance spectrum of Fig. 6 (dashed line).
This experiment clearly shows that high phosphorous
concentrations do not hinder the incubation and nucleation
steps, but do strongly affect the growing step. This behavior is
in agreement with the results of Ahn et al. [16], who found that
the grain growth rate was drastically decreased as the n-type
doping increased in their experiments. However, our results differ
from reports of Pas et al. [23], who concluded that phosphorous
retards the incubation and nucleation steps, and also contradicts
reports of Kim et al. [6], who observed that the grains grow into a
needle-like shape at low phosphorous concentrations and into
a disk-shape at high concentrations. More experiments, including
a precise determination of the Ni concentration inside the films,
would be needed to clarify the effect of phosphorous doping on
silicon crystallization.

4. Conclusion

In summary, we can conclude that the addition of Ni to
intrinsic or slightly p-doped a-Si:H layers induces its crystal-
lization with disk-shaped grains larger than 25mm. This is
obtained even on layers of intermediate thickness (0.3–0.5mm),
adding some new information to previous results obtained mostly
on thin samples (o0.1mm). The grains are strongly (111)
oriented, which is important for device applications. The presence
of large concentrations of dopants like boron or phosphorous
leads to a reduction in the grain size. Phosphorous seems to retard
the growing step of the crystallization process, although
more experiments—including a precise determination of the
residual Ni contamination inside the samples—should be per-
formed. The process of silicide-mediated crystallization seems
to be appropriate to obtain poly-Si as a base material for solar
cells.
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