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Abstract 
 

In Joule-heating-induced crystallization, solid-to-solid or liquid-to-solid phase transformation could occur. It was found that 
novel physical phenomena that randomly nucleated liquid seeds, followed by rapid solidification in an amorphous matrix, during 
the Joule-heating-up period play an important role especially in liquid-to-solid transformation. Under some processing conditions, 
super-grains sized 6-8 μm were produced by the lateral growth from the initial seeds, without any artificially control. 
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1. Introduction 
 
The methods of forming poly-Si at a low temperature 

include solid phase crystallization (SPC) [1], metal-induced 
crystallization (MIC) [2], metal-induced lateral crystalliza-
tion (MILC) [3], and excimer laser crystallization (ELC) [4]. 
A crystallization method named Joule-heating-induced 
crystallization (JIC) has been reported [5]. In this technique, 
Joule heat is generated by applying an electric field to a 
conductive layer and is used to raise the temperature of the 
silicon film to the crystallization temperature. In this study, 
a conductive Mo-layer, which was located beneath the 
amorphous silicon film, was used for JIC crystallization as 
a Joule-heat source. Crystallization was accomplished with-
in the range of a millisecond. Reported here are the JIC 
crystallization mechanisms especially for liquid-to-solid 
transformation. 

 
2. Experimental Methodology 

 
Schematic diagrams that illustrate the constitution of 

JIC specimens have already been reported elsewhere [5-7]. 
Using the plasma-enhanced chemical vapor deposition 
(PECVD) method, a SiO2 layer (first dielectric layer) with a 

thickness of 300 nm was formed on a 0.7mm-thick glass 
substrate. A Mo thin film (conductive layer) with a thick-
ness of 100 nm was deposited on the first dielectric layer by 
sputtering, and then a SiO2 layer (second dielectric layer) 
with a thickness of 300 nm was deposited thereupon using 
the PECVD method. The PECVD method also resulted in 
the depositing of an amorphous silicon thin film with a 
thickness of 50 nm sited on the second dielectric layer. Thus, 
a glass/SiO2/Mo/SiO2/a-Si array with the size of 20 mm x 
20 mm was prepared. The sheet resistance of the conductive 
layer was measured as -2 Ω /□ . An electric field with dif-
ferent magnitudes was applied to a Mo film at a constant 
pulsing time of 12 μs. 

 
3. Results And Discussion 

 
The pulsed voltages of 1,050 V, 1,100 V, and 1,150 V 

were applied for 12 μs Mo films for crystallization. Fig. 1 
shows the changes in the voltages and currents as functions 
of time during the application of the pulsed voltage of 1,050 
V. As shown in Fig. 1, the pulse width at 80% of the peak 
voltage was measured as 12 μs. The current decreased 
rapidly as soon as the electric field was applied to the sam-
ple, which means that the resistance of the Mo layer in-
creased due to Joule heating. 

The JIC poly-Si that was crystallized at 1,050 V was 
observed to have partially crystallized. The Raman spec-
trum in Fig. 2 for the 1,050V sample was taken inside the 
crystallized region. As the strength of the applied voltage 
increased to 1,100 V, the crystallinity of the poly-Si did not 
change much, as indicated in Fig. 2. The Raman crystal-
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Fig. 1. The measured voltage and current during the electric field 
application. 

 

Fig. 2. The Raman spectra of the JIC poly-Si that was produced 
by applying the electric field with different magnitudes. 

Fig. 3. The SEM micrograph for the JIC poly-Si that was pro-
duced by applying a pulsed voltage of 1,050 V for 12 μs. Notice 
that partial crystallization was observed. 

linity increased, however, as the pulsed voltage increased to 
1,150 V. Fig. 3 shows the microstructure of the JIC sample 
that was crystallized using the pulsed voltage of 1,050 V, 
which was observed via scanning electron microscopy 
(SEM). It can be seen that partial crystallization ensued by 
applying an electric field with a condition of 1,050 V for 12 
μs, as indicated in Fig. 3. Crystalline solids with circular 
geometries that were embedded in an amorphous matrix 
were observed. The experimental observation that disc-
shaped crystalline solids were formed implies that crystalli-
zation occurs through phase transformation from the liquid 
phase to the solid phase. Unlike in the case of the ELC me-
thod, layer-by-layer melting from the surface could not be 
expected in the JIC process. Instead, the microstructure 
observed in Fig. 3 may explain how melting and crystalliza-
tion take place in the JIC process. 

As the temperature of the silicon films approaches the 
melting point of the amorphous phase (Tm

a), the liquid 
seeds are formed randomly inside an amorphous matrix. A 
preferential site for the nucleation of the liquid seed would 
be one with more disordered structures inside an amorphous 
phase. Once the liquid seed is formed, it would solidify 
very rapidly due to a significant degree of supercooling. 
During the solidification of the liquid seed, the latent heat 
would be released isotropically toward the surrounding 
amorphous solid. Then a ring of the liquid layer may form, 
and it will propagate explosively until the released latent 
heat could no longer melt the surrounding amorphous phase. 
In this manner, the liquid layer propagates explosively and 
isotropically, which results in the formation of a number of 
crystalline solids with circular shapes and with almost equal 
diameters, as can be seen in Fig. 3. 

In this study, as the pulsed voltage was increased to 
1,100 V, complete crystallization occurred. Fig. 4 shows the 
SEM microstructure of the 1,100V sample. At first glance, 
grains sized 3-4 μm seem to have been formed. When the 
microstructures inside the grains that were surrounded by 
protrusions were examined, however, it was observed that 
nano-crystalline phases were formed. As the pulsed voltage 
was increased to 1,150 V, super-grains sized 6-8 μm were 
observed. It is speculated that these super grains were 
formed by the lateral growth from the initial seeds that were 
located near the center of the grain. 
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Fig. 4. The SEM micrograph for the JIC poly-Si that was pro-
duced by applying a pulsed voltage of 1,100 V for 12 μs. 

 

Fig. 5. The SEM micrograph for the JIC poly-Si that was pro-
duced by applying a pulsed voltage of 1,150 V for 12 μs. 

 

Using the abovementioned experimental results, a pic-
ture may be formed of the crystallization mechanism when 
accompanied by melting during JIC crystallization. Amor-
phous Si is reported to melt at temperatures of 200 to 250 K 
below the crystalline value [8]. As the temperature of a-Si 
films approaches Tm

a, randomly distributed liquid seeds can 
be formed, followed by rapid crystallization, since they are in 
a severely super-cooled state. Then explosive melting occurs 
isotropically due to the released latent heat from the initially 
solidified seed. At this stage, there would be two possibilities 

for the crystallization routes--whether solidification will be 
induced through lateral growth or through random nucleation. 
After the formation of the initial crystalline seed, the tem-
perature of the melted part of the silicon will depend on the 
processing parameters such as the power density and the 
pulsing time. The nucleation from the liquid phase requires a 
certain degree of supercooling. Therefore, under the circum-
stance in which the liquid phase contains solid seeds, a criti-
cal temperature should exist, whether solidification proceeds 
dominantly via the lateral growth from the seed or via ran-
dom nucleation. The microstructure shown in Fig. 4 would 
occur if the melting temperature is located below a critical 
temperature. In this case, rapid random-nucleation will occur, 
which will result in the formation of fine-sized crystals, while 
the liquid phase will propagate isotropically due to the re-
leased latent heat and the Joule-heat input into the silicon. 
This may explain why nano-crystalline grains surrounded by 
protrusions were observed, as already seen in Fig. 4. Mean-
while, the lateral growth from the initial seeds would proceed, 
which would result in the formation of the super-grains 
shown in Figure 5 when the melting temperature exceeds the 
critical temperature. 

 
4. Conclusions 

 
In the conduct of this study, it was observed that novel 

phase transformation phenomena occurred during Joule-
heating-induced crystallization when accompanied by melt-
ing. It was found that the initial liquid seeds, followed by 
rapid solidification, play a critical role in phase transforma-
tion. The final grain size depended on whether the solidifi-
cation proceeded dominantly from the lateral growth or 
from the random nucleation from the initial seed. In the 
case of excimer-laser-induced crystallization, there have 
been many reports concerning artificially controlled lateral 
growth, including sequential lateral solidification. The JIC 
process, however, could produce natural lateral growth 
without any artificial effort. 
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