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Using a field-aided lateral crystallization technique, we were able to crystallize amorphous silicon
films at temperatures in the range of 400 ∼ 500 ◦ C. Amorphous silicon films coated with a 50 Å-thick
nickel catalyst, except for 120 µm patterns, were furnace annealed in an applied electric field of 180
V/cm for 5 hours. A comparison between the field-aided lateral crystallization (FALC) process and
the metal-induced lateral crystallization (MILC) process in which an electric field was not applied
was also performed on identically prepared samples in order to study the effect of the electric field.
The degree of crystallization reached 88 % at a temperature of 500 ◦ C in case of the FALC process,
and the crystallization velocity of the FALC sample at 500 ◦ C was about 70 times faster than
that of the MILC sample at the same crystallization temperature. In addition, reasonably fast
crystallization was achieved in FALC samples even at 400 ◦ C. The activation energies of the FALC
process and the MILC process turned out to be 1.47 eV and 1.9 eV, respectively. Such a difference
in the activation energy is attributed to the electric-field-enhanced diffusivity of Ni atoms during
the crystallization procedure.
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I. INTRODUCTION

process, a significantly enhanced crystallization velocity, thus, the crystallization time could be noticeably
shortened. Moreover, the metal contamination in the
transistor channel region could be eliminated due to the
impurity-gettering effect of the electric field. In previous
works, we investigated the FALC characteristics and successfully fabricated a poly-Si TFT by using a Ni-FALC
process at a temperature of 500 ◦ C [7]. However, the
crystallization temperature of 500 ◦ C was still not low
enough for practical application. Since the crystallization velocity of the FALC process is much faster than
those of other processes at the same crystallization temperature, a margin still exists for reducing the crystallization temperature further at the sacrifice of the crystallization time.
In this research, we carried out field-aided lateral crystallization of amorphous silicon films by using a Ni catalyst in the range from 400 ◦ C to 500 ◦ C in order to investigate the crystallization behavior at low temperatures.
The MILC process was also performed for a relative comparison. The crystallization velocities and the degrees of
crystallization of a-Si films were measured and compared
from samples with various process conditions. In addition, activation energies for both Ni-FALC and MILC
were calculated from the crystallization velocities at various annealing temperatures. The difference in the activation energy between FALC and MILC is interpreted
in view of the crystallization kinetics.

Recently, poly-crystalline silicon thin film transistors
(poly-Si TFTs) have been widely used as pixel and driver
transistors for high performance in active matrix liquid
crystal displays (AMLCDs). Many studies have been focused on the crystallization of amorphous Si films at low
temperatures in order to realize a system on glass (SOG)
for commercial applications. Therefore, various low temperature crystallization techniques, such as eximer laser
annealing (ELA) [1–3], metal-induced lateral crystallization (MILC) [4], and field-aided lateral crystallization
(FALC) [5], have been focused on. Despite the superiority that each technique claims, completion of these
processes has more or less not been realized yet. In
ELA, a sequential lateral solidification (SLS) process [6],
the inhomogeneous crystallization over large- area panels, hampers its extensive use. For the case of MILC,
in which the size of the panel is not a serious concern,
the electrical properties of TFTs are deteriorated because of the residual metal impurities in the channel regions of TFTs. These problems can be avoided in the
FALC technique. In FALC process, an electric field is
applied during the annealing for crystallization. When
an electric field was applied during the crystallization
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II. EXPERIMENT
Amorphous silicon films with a thicknesses of 800
Å were deposited on Corning 1737 glass substrates at
280 ◦ C by using plasma-enhanced chemical vapor deposition (PECVD) and disilane (Si2 H6 ) gas. The glass
substrates were cut 3×3 cm pieces. Thin silicon dioxide (700 Å) deposition was followed by a radio-frequency
sputter at room temperature. T-shaped patterns, 120
µm in width, were generated by using a photolithography process. The oxide outside the patterns was etched
using a buffered oxide etchant (BOE). Then, 50 Å-thick
Ni was deposited using a DC magnetron sputter at room
temperature. Before deposition, any native oxide that
might have been formed on the a-Si film was removed by
dilute HF.
A DC power supply was used to apply an electric field
to a patterned substrate, through the electrodes formed
on two opposite sides of the substrate, during the thermal annealing in a tube furnace. The heat treatment was
performed for 5 hours in the temperature range of 400
∼ 500 ◦ C in 25 ◦ C intervals in a N2 ambient to prevent
oxidation of the metal catalyst or the amorphous silicon
films. The electric field was fixed at 180 V/cm for all
the samples. After the crystallization process, the degree of crystallization was estimated using micro-Raman
spectroscopy, and the velocity of crystallization was calculated with measuring the crystallization distance with
an optical microscope.

III. RESULTS AND DISCUSSION
The confirmation of crystallization was done by using
Raman spectroscopy, and the results are shown in Fig.
1. In the temperature range from 400 ◦ C to 500 ◦ C, all
the specimens show a sharp spectroscopic peak at a wave
number of 521 cm−1 . Since single-crystal silicon has a
characteristic peak at 521 cm−1 whereas amorphous silicon has a broad peak near 480 cm−1 , we can conclude
that the amorphous silicon films had crystallized. Low
temperature crystallization using a metal catalyst was
studied in depth by Hayzelden and Batstone [8]. Among
the possible forms of the silicides in binary systems of
Ni and Si, such as Ni2 Si, NiSi, and NiSi2 , they explained
through their comprehensive microscope study that the
NiSi2 phase was the crucial phase that mediated the lowtemperature crystallization of the amorphous silicon because it had a very close lattice match to crystalline silicon. Because the kinetics freezes very rapidly as the
temperature decreases, most of the reported experimental results from metal-induced crystallization are for at
least 500 ◦ C. In this experiment, however, a clear indication of crystallization even at 400 ◦ C was seen for the
FALC process. This temperature is far lower than the
typical process temperatures. Therefore, in the FALC

Fig. 1. Raman spectra intensities from samples crystallized at various annealing temperatures by using the FALC
process (180 V/cm for 5 hrs). The inset shows an example of
peak separation by computer program.

process, which utilizes an electric field during the annealing, it now appears likely that the electric field can
accelerate the crystallization process, which will be discussed more in a later part.
In order to quantitatively compare the temperature
effect on the crystallization, the degree of the crystallization was calculated from [9]
σ=

Ic
Ic + γIa

(1)

In this equation, Ia and Ic represent the integrated areas
under the amorphous peak and the crystallization peak,
respectively. The amorphous peak was separated from
the crystalline peak, and the areas under the peaks were
measured using a computer program. γ is the ratio of
the backscattering cross section, and the value is 0.8 in
our system [10]. Figure 2 presents the degree of crystallization calculated from Eq. (1). The degree of crystallization increases monotonically with the crystallization
temperature, and it reaches 88 % at a temperature of
500 ◦ C. Even for a 400 ◦ C FALC process, crystallization
was successfully achieved with a fairly high degree of 75
%.
The crystallization morphologies in the T-shaped patterns for both the MILC and the FALC specimens at
various crystallization temperatures were examined by
using an optical microscope. As seen in the case of MILC
in Fig. 3(a), the crystallization proceeded from the edge
of the pattern with a uniform speed of 0.86 µm/h. This
conformal crystallization behavior results from the random nature of thermal diffusion and is a typical behavior in the MILC process. On the other hand, directional
crystallization from the negatively biased side toward the
positively biased side occurred in the FALC-processed
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Fig. 2. Degree of crystallization as a function of the crystallization temperature calculated from the peak area of the
samples in Fig. 1.

Fig. 3. Optical microscope images of crystallized patterns
showing the crystallization velocity after annealing for 5 hrs
at (a) 500 ◦ C by using MILC and at (b) 400 ◦ C, (c) 450 ◦ C,
and (d) 500 ◦ C by using FALC with an applied voltage of 180
V/cm.

specimen due to the effect of the electric field. The crystallization velocities were measured to be 2 µm/h, 12
µm/h, and 60 µm/h when the FALC temperatures were
400 ◦ C, 450 ◦ C, and 500 ◦ C, respectively. For the 450 ◦ C
sample in Fig. 3(c) where the crystallization boundary
is bowed, the average of the crystallization distance was
selected in calculating the crystallization velocity. Sur-
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Fig. 4. Arrhenius plots and activation energies of the
FALC and the MILC processes.

prisingly, the crystallization velocity of the FALC sample
at 400 ◦ C was even faster than that of the MILC sample at 500 ◦ C. At the same crystallization temperature
of 500 ◦ C, it becomes almost two orders of magnitude
larger than the value for the MILC-processed one.
Since crystallization velocities at various temperatures
are available, we can estimate the activation energies in
both processes. Figure 4 shows the Arrhenius plot of the
FALC and the MILC processes. Due to the freezing of kinetics below 450 ◦ C in the case of MILC, the lowest temperature data available were those at 475 ◦ C. The slope
of the plot reveals that the activation energy associated
with the FALC process is 1.47 eV whereas that associated with MILC is 1.9 eV. In diffusion-controlled crystallization, the crystallization velocity is proportional to
the flux of the major diffusion species. In this binary
system, the key species that determines the overall crystallization velocity has been understood to be Ni atoms
in the nickel-silicide phase [8]. The driving force for the
diffusion of Ni atoms in NiSi2 was interpreted in terms of
a chemical potential difference between the Ni atoms at
the boundaries facing the amorphous silicon (NiSi2 /a-Si)
and the crystalline silicon (NiSi2 /c-Si). Therefore, the
activation energy of the MILC process is directly associated with the diffusivity of the Ni atoms. In the case of
FALC process, however, the driving force for the movement of atoms is not only the chemical potential gradient
but also the electric potential gradient. From the fact
that the FALC process has strikingly faster crystallization velocity than the MILC process, it is plausible for
one to conclude that the FALC process has a larger flux
due to the high driving force. If the microscopic procedure of crystallization is judiciously imagined under the
assumption that the major diffusion species governs the
overall crystallization velocity, it is not difficult to visualize three simplified sequential steps in the steady state.
The first step would be the dissociation of Ni atoms from
nickel silicide at the boundary between the crystalline sil-
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icon and the silicide (NiSi2 /c-Si). The second step would
be the diffusion of Ni atoms at the crystalline silicon
boundary through the silicide to the amorphous silicon
boundary (NiSi2 /a-Si) due to the chemical activity difference, as explained earlier. The final step would be
the reaction of Ni atoms with the amorphous silicon and
the formation of new atomic layers in the silicide. The
electric field would not affect the dissociation of Ni atoms
because the electric field intensity would have to be enormously high so as to cause field-driven emission of atoms.
By the same token, its effect on the final step would also
be insignificant. The most important role of the electric
field on the crystallization seems to be associated with
the second step, namely, an electric-field-aided enhanced
diffusion of Ni atoms through silicide crystallization mediator, considering the high possibility of Ni atoms being charged. Because the velocity of the crystallization
is determined by the diffusion of Ni atoms [11], which is,
in turn, governed mostly by the field-aided diffusion of
Ni atoms in the silicide phase, the overall crystallization
activation energy should depend on the intensity of the
electric field.

IV. CONCLUSION
The FALC process is demonstrated to be superior to
the MILC process in the sense that a considerable degree of crystallization can be achieved at a crystallization temperature as low as 400 ◦ C. The crystallization
velocity of the FALC process is 70 times larger than that
of the competing crystallization process, MILC. Such a
fast crystallization velocity in the FALC process implies
a potential for realizing the same degree of crystallization
at even lower temperatures with sufficiently long annealing times. From a comparison of the activation energies
between the FALC and the MILC processes, we could
conclude that the faster crystallization in the FALC pro-

cess can be attributed to the enhanced diffusivity of Ni
atoms through a nickel-silicide crystallization mediator
with the aid of an electric field.
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