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Crystallization of amorphous silicon beyond the crystallized
polycrystalline silicon region induced by metal nickel∗
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Crystallization of amorphous silicon (a-Si) which starts from the middle of the a-Si region separating two adjacent
metal-induced crystallization (MIC) polycrystalline silicon (poly-Si) regions is observed. The crystallization is found to
be related to the distance between the neighboring nickel-introducing MIC windows. Trace nickel that diffuses from the
MIC window into the a-Si matrix during the MIC heat-treatment is experimentally discovered, which is responsible for
the crystallization of the a-Si beyond the MIC front. A minimum diffusion coefficient of 1.84× 10−9 cm2/s at 550 ◦C is
estimated for the trace nickel diffusion in a-Si.
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1. Introduction
Low-temperature polycrystalline silicon (poly-Si) tech-

nology has been intensively studied for various kinds of ap-
plications, such as active-matrix flat-panel displays, three-
dimensional integrated circuits, and thin-film solar cells.
Metal-induced crystallization (MIC) of amorphous silicon (a-
Si) is one of the low-temperature fabrication technologies that
can achieve high quality poly-Si. Choices for the crystalliza-
tion metallic catalysts include nickel (Ni),[1] aluminum,[2,3]

copper (Cu),[4] palladium (Pd),[5] etc., among which Ni-based
MIC has been most widely investigated.

Though there have been many variations of Ni-based MIC
technology, such as confining crystallization catalyst nickel to
specified regions for longitudinal poly-Si grains[6–8] or intro-
ducing tiny amount of nickel uniformly or randomly for large
domain poly-Si,[9–12] the same crystallization mechanism is
involved, i.e., the formation and migration of Ni silicide at
the crystallization front.[13–15] When there is sufficient nickel
at the crystallization front, a large amount of crystallization
nuclei will be formed and poly-Si grains can grow simultane-
ously at the same speed such that the interface between the
MIC poly-Si and the uncrystallized a-Si can keep smooth, but
it will become ragged if the amount of nickel at the crystal-
lization front is insufficient.[16]

For Cu- and Pd-based MIC, it has been reported that the
lateral crystallization rates could be enhanced by reducing the
separation between adjacent crystallization-inducing metal re-
gions. For Cu, such a proximity effect is attributed to heat gen-
eration and accumulation[4] and for Pd, it is explained with the

diffusion of Pd in a-Si.[5] For Ni-based MIC, dependences of
the crystallization rate on the a-Si island length and the pres-
ence of a metal-gettering region have also been reported.[14]

In this paper, we report the observation of the crystallization
of the a-Si from the middle of the a-Si region that separates
two neighboring MIC poly-Si regions. Trace Ni diffuses from
the MIC windows and accumulates in the a-Si beyond the
MIC poly-Si is experimentally discovered and such trace Ni
induced crystallization is responsible for the observed crystal-
lization phenomenon.

2. Experiments
The 4-inch silicon wafers covered with 500-nm thermal

oxide were used as the starting substrates. Two kinks of crys-
tallization samples were prepared. By using plasma-enhanced
chemical vapor deposition (PECVD) at a substrate tempera-
ture of 200 ◦C, 500-nm a-Si:H was deposited on Type-I sam-
ples and 50-nm a-Si:H was deposited on Type-II samples.
Before the deposition of 300-nm PECVD SiO2 and subse-
quent MIC windows definition, phosphorus implantation at a
dosage of 1×1016 cm−2 was performed selectively to 36 µm
wide regions on the Type II sample to form metal-gettering
regions,[17–19] which locates equally from two neighboring
MIC windows. The 50-nm thick Ni was then deposited by
electron-beam evaporation and 10 h pre-annealing at 400 ◦C
was performed for the outdiffusion of hydrogen from the a-
Si:H layer. The MIC heat-treatment was then carried out in
nitrogen atmosphere at 550 ◦C for 24 h for Type-I samples
and 600 ◦C for 2.5 h for Type-II samples, respectively.
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The morphology of the sample surface after the MIC
heat-treatment was studied under an optical microscope,
which was also used to measure the dimensions of the MIC
poly-Si region and the a-Si region remained between the MIC
poly-Si regions. The crystallinity characteristic was analyzed
based on Renishaw InVia micro-Raman spectroscopy mea-
surement with a lateral spatial resolution smaller than 1 µm.
Lateral nickel distribution in the MIC poly-Si and the a-Si was
measured with a PHI7200 time-of-flight secondary ion mass
spectrometer (TOF-SIMS).

3. Results and discussion
Figure 1 shows a picture of a Type-I sample after 24-h

heat-treatment at 550 ◦C, which includes two MIC windows.
The MIC poly-Si region can be easily distinguished from the
uncrystallized a-Si region by the color difference under the mi-
croscope. The length of MIC poly-Si regions is thus measured
to be ∼ 50 µm and the lateral crystallization rate is estimated
to be 2.1 µm/h. As the distance between the two neighboring
MIC windows is∼ 350 µm, there is an approximately 250 µm
wide a-Si region separating the neighboring MIC poly-Si re-
gions.
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Fig. 1. (color online) Picture of a Type-I sample after MIC heat-
treatment where the distance between the two neighboring MIC win-
dows is 350 µm.

When the distance between the two neighboring MIC
windows is reduced to about 250 µm, i.e., 150 µm wide a-Si
region remains, a line-shaped region which shows similar but
weaker color than the MIC poly-Si regions appears in the mid-
dle of the a-Si region as shown in Fig. 2(a). Furthermore, in
the case when two neighboring MIC windows are separated by
160 µm as shown in Fig. 2(b), the line-shaped region becomes
more obvious with an average width of 18 µm. Micro-Raman
analysis was performed to the MIC poly-Si, the a-Si separating
the MIC poly-Si regions, and the line-shaped region appeared
in the a-Si, respectively. It can be seen from Fig. 3 that there is
a signal peak locating at 480 cm−1 for the a-Si region, indicat-
ing that its amorphous nature remains. However, the charac-
teristic amorphous peak is absent from the Raman spectra for
the line-shaped region and the MIC poly-Si region, which con-
firms the crystalline nature of the line-shaped region appeared
in the a-Si matrix.
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Fig. 2. (color online) Pictures for the morphology of the Type-I sample
after the MIC heat-treatment. (a) The distance between the two MIC
windows is 250 µm; (b) the distance between the two MIC windows is
160 µm.

The heat-treatment during the MIC process could lead
to the crystallization of the a-Si due to the solid-phase crys-
tallization (SPC) effect, but the SPC process usually needs a
heat-treatment at a temperature higher than 600 ◦C and time of
tens of hours, so the heat-treatment at 550 ◦C during the MIC
process should not induce any crystallization effects. The heat
accumulation could also enhance the crystallization and it is
also dimension-related, but it is the crystallization front rather
than the middle position of the a-Si region separating the crys-
tallization fronts that is affected,[4] so there should be some
different mechanism reasons for the observed crystallization
phenomenon.
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Fig. 3. (color online) Raman spectra for the a-Si region, MIC poly-Si
region, and the poly-like region in the a-Si matrix.

Further careful observation of the morphology of the
poly-Si appeared in the a-Si matrix shown in Fig. 2(b), which
reveals that the crystallization edges are very ragged, which
is similar to the typical morphology characteristic of MIC
poly-Si region when the supply of nickel to the MIC front is
insufficient.[14] It suggests that there could be some trace Ni
distributed in the a-Si matrix in front of MIC poly-Si, which
induces the crystallization of the a-Si when its local concen-
tration is accumulated to be high enough.[11]

To verify the hypothesis that some trace Ni has diffused
from the MIC windows into the a-Si matrix beyond the MIC
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front during the MIC heat-treatment process, it would be con-
vincing if nickel could be directly detected in the a-Si region.
However, the nickel concentration in the a-Si region on the
Type-I sample is too low to be detected by the TOF-SIMS, so
Type-II samples with phosphorus-implanted metal-gettering
regions are prepared. The gettering regions can collect those
nickel atoms that have diffused into the a-Si all the way during
the MIC process and increase the local nickel concentration to
reach the detection limit of the TOF-SIMS. After the removal
of the covering oxide, TOF-SIMS analysis is performed on
the Type-II sample and the lateral distributions of nickel and
phosphorus are plotted as shown in Fig. 4. As expected, it is
observed that there is some trace nickel detected in the phos-
phorus implanted a-Si region. The relatively higher Ni con-
centration in the phosphorus-implanted a-Si region is believed
to be the result of the collecting effect of the metal-gettering
region on the nickel atoms that diffused into the a-Si beyond
the MIC front.

0.10

0.08

0.06

0.04

0.02

phosphorus implanted
region

(a)

P
h
o
sp

h
o
ru

s 
c
o
u
n
ts

/
a
rb

. 
u
n
it
s

MIC window region

poly Sipoly Si

a Si

0.20

0.15

0.05

0.10

0
0 50 100 200150 250

Distance/mm

(b)

N
ic

k
e
l 
c
o
u
n
ts

/
a
rb

. 
u
n
it
s

Fig. 4. (color online) Lateral distribution of (a) phosphorus and (b)
nickel in the MIC poly-Si region and a-Si region on the Type-II sample.

The observed crystallization in the middle of the a-Si re-
gion between two MIC fronts can thus be explained as fol-
lows. During the MIC heat-treatment, each MIC window will
contribute a nickel distribution in the a-Si, and the superposi-
tion of the two nickel distributions induced by the two neigh-
boring MIC windows will provide a peak nickel concentra-
tion in the middle of the a-Si region between the two MIC
windows. Local metal-induced crystallization occurs once the

peak nickel concentration is high enough to form crystalliza-
tion nuclei.[11] The shorter the distance between the two neigh-
boring MIC windows is, the easier for the nickel to diffuse
from the MIC windows to the middle of the a-Si matrix and
accumulate there, resulting in a more observable line-shaped
crystallized region as shown in Fig. 2.

The occurrence of the a-Si crystallization means that
nickel has diffused from the MIC windows to the crystalliza-
tion location during the MIC heat-treatment. Though there
have been many investigations on metal diffusion in a-Si in
the literature, reports on the diffusion of nickel in a-Si ma-
trix are very limited.[20] One can notice from Fig. 2(a) that
the crystallization takes place at the position of approximately
125 µm away from the MIC window, so the minimum diffu-
sion length (L) of nickel at 550 ◦C in 24 h is 125 µm. Based
on the diffusion length estimation equation L =

√
DNit, where

DNi is the diffusion coefficient of Ni and t is the heat-treatment
time, a minimum DNi in a-Si at 550 ◦C is estimated to be
1.84× 10−9 cm2/s, which is 56 times higher than the value
of 3.28×10−11 cm2/s that is extrapolated from lower temper-
ature values.[20] With the previously reported diffusion coef-
ficient of 3.28× 10−11 cm2/s, one could estimate a diffusion
length much smaller than the MIC length and the distance be-
tween the MIC window and the observed line-shaped poly-Si
region, so the reported DNi in this paper is more reliable for
modeling the MIC process.

4. Conclusions
In this paper, the lateral diffusion and distribution of trace

Ni in the a-Si matrix beyond the MIC poly-Si front during the
MIC heat-treatment is discovered, which indicates that besides
those Ni atoms formed silicide at the MIC front, some trace Ni
atoms diffuse in the a-Si matrix beyond the MIC front at a rate
much faster than the MIC rate. Such trace Ni could induce
local crystallization of a-Si when its local concentration is ac-
cumulated to be high enough for crystallization nuclei forma-
tion. A minimum diffusion coefficient of 1.84×10−9 cm2/s at
550 ◦C is thus estimated for trace Ni diffusion in a-Si based on
the observation.
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