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Large crystalline grain growth was demonstrated for 60-nm-thick silicon films using the electrical-current-induced joule
heating method. Tapered electrodes were used in order to ensure distribution of the joule heating intensity in the lateral
direction along the surface in silicon strips. Melting of silicon for 17�s caused by the joule heating resulted in the formation
of 4–8-�m-long crystalline grains. The change in the film thickness was at most 6 nm in the crystallized region. There was a
tensile stress of 5:6� 108 Pa in the film. The heat flow simulation demonstrated that the solidification occurred in the lateral
direction according to the temperature gradient and that the solid/liquid interface moved in the lateral direction at the velocity
of about 1–2m/s. [DOI: 10.1143/JJAP.41.5513]
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1. Introduction

The formation of polycrystalline silicon films on foreign
substrates such as glass has been important for device
applications such as thin film transistors (TFTs) and solar
cells. Many technologies have been reported for the
formation of polycrystalline silicon films at low processing
temperatures.1–10) Rapid thermal crystallization methods
such as, for example, the laser crystallization or photo-
current assisted crystallization methods, have been recently
applied to the formation of high-quality polycrystalline
silicon films with a large grain size.11–14) We have also
reported a crystallization method involving electrical-
current-induced joule heating of silicon films in order to
fabricate large crystalline grains in the lateral direction.15–18)

We have demonstrated the possibility of controlling the
solidification parameters such as the melt duration and the
cooling rate using simple electrical circuits.

In this paper, we propose crystalline grain growth in the
lateral direction during the electrical-current-induced joule
heating of silicon thin films using tapered electrodes.
Temperature distribution in the lateral direction is achieved
by spatially controlling the joule heating intensity using
tapered electrodes. We discuss the melt-regrowth process
from the results of heat flow numerical analysis and
observation under a transmission electron microscope
(TEM). The change of the film thickness and the film stress
are also discussed.

2. Experimental

60 nm-thick amorphous silicon films were prepared on
glass substrates by the low-pressure chemical vapor deposi-
tion method. Silicon strips with a width of 30�m were
defined. Tapered-shaped Al/Cr double layered electrodes
were formed on the silicon strips for voltage application. Cr
was used to prevent diffusion of Al atoms into silicon during
heating. The edge of the Al/Cr electrode was slanted on the
one side so that the length of the gap between the electrodes
changed from 142�m to 98�m as shown in the inset in
Fig. 1. In the longer side of the silicon region, the electrical
resistance is high and the electrical current is low. Therefore,
the joule heating intensity can be low. On the other hand,
high joule heating intensity can be generated in the shorter
side of the silicon region because of low electrical

resistance. Consequently, the spatial distribution of the joule
heating intensity can be realized. A voltage of 90V was
applied to the silicon strip through electrodes and a capacitor
of 0.33�F connected to the silicon strip in parallel as shown
in Fig. 1. When a 5-ns-pulsed laser (355 nm) was irradiated
to silicon strips in order to melt silicon and reduce the
resistance of the silicon strip, the charge accumulated at the
capacitance provided electrical current to the silicon strip.
The electrical current was measured as the voltage at the
load resistance between the sample and ground. We used a
TEM (HITACHI H-9000NAR) to observe the distribution of
crystalline grains formed in the silicon thin films. TEM
observation was carried out after etching of the glass
substrate by the ion milling method from the rear surface.
We investigated the distribution of film thickness by stylus
step measurement. We also measured Raman scattering
spectra to investigate the transverse optical phonon states.
We estimated the temperature change of silicon caused by
time-dependent joule heating using a numerical analysis
program in order to investigate the process of melt-regrowth
of silicon strips.

3. Results and Discussion

Figure 2 shows the change of the electrical current
flowing in silicon strips with time. The electrical current was
observed for 17�s. This means that the complete or partial
melting of silicon continued for a long time, 17�s, from the
initiation of 5-ns pulsed laser irradiation because of the
electrical-current-induced joule heating. The electrical con-
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Fig. 1. Equivalent circuit of electrical-current-induced joule heating,

which consisted of a voltage source, a series resistance of 10 k� and a

capacitor of 0.33�F, the sample and a load resistance of 5�. The inset

shows the 60-nm-thick silicon strip and Al/Cr electrodes for voltage

application (top view). 5-ns-pulsed 355 nm YAG laser was used for

melting silicon.
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ductance of the silicon films, CðtÞ, and the average joule
heating intensity per unit area, PðtÞ, are experimentally given
using the electrical current flowing in silicon strip ISiðtÞ
shown in Fig. 2 as

CðtÞ ¼
ISiðtÞ

V0 �
1

C

Z t

0

ISiðtÞdt � ðRl þ RcÞISiðtÞ
;

ð1Þ

PðtÞ ¼
ISiðtÞ2

CðtÞ � S
; ð2Þ

where V0 is the initial applied voltage, C is the capacitance,
Rl is the load resistance, Rc is the resistance including that of
the metal electrode layers and metal/Si contact and S is the
area of the silicon strips. Figure 3 shows changes in the
electrical conductance and the average joule heating
intensity per unit area in the case of the electrical current
flowing in the silicon strip shown in Fig. 2. The electrical
conductance of silicon strips had the maximum value of
0.023 S/sq for the first 4.5�s. This means that the silicon
film completely melted within 4.5�s.19) The electrical
conductance gradually decreased from 4.5�s to 17�s. This
shows that the solidification of the liquid silicon layer was
initiated at 4.5�s and it completed at 17�s. The average
joule heating intensity monotonically decreased from the
high initial value at 4� 106 W/cm2. It exponentially
decreased with the time constant in the initial stage up to
4.5�s. Afterwards, the joule heating intensity decreased
further due to the reduction of the electrical conductance of
the silicon strips because of solidification. The joule heating
intensity is lower at the longer side of the silicon strip than
the shorter side. Moreover, observation under an optical

microscope revealed that crystallized regions were formed
parallel to the silicon strip in the length direction. We
therefore infer that the reduction of the electrical conduc-
tance of the silicon strip resulted from the solidification
proceeding from the longer side to the shorter side of the
silicon strip. When the liquid silicon is assumed to maintain
a strip shape parallel to the initial silicon strip during
solidification, the relation between the electrical conduc-
tance CðtÞ and the position of the liquid silicon region with
the longer side xlðtÞ and shorter side, xsðtÞ in the width
direction is expressed as

CðtÞ ¼ A �
Z xsðtÞ

xlðtÞ

� � d
LðxÞ

dx

¼
A � � � d �W
Ls � Ll

ln
ðLs � LlÞxsðtÞ þ LlW

ðLs � LlÞxlðtÞ þ LlW
;

ð3Þ

where the x-axis is positioned along the width direction and
x ¼ 0 and W are at the edges of longer and shorter side,
respectively, W is the width of the strip of 30�m, LðxÞ is the
length at x of the silicon strip, Ll is the length of the strip on
the longer side, 142�m, Ls is the length of the strip on the
shorter side, 98�m, d is the film thickness of 60 nm, � is the
electrical conductivity of the liquid silicon, which is
assumed to be independent of temperature, and A is the
experimental factor, which was given by variations of the
liquid silicon area in the length direction of the strip or the
film thickness. We assumed that the electrical conductivity
of solid silicon was negligible compared with the electrical
conductivity of the liquid silicon �. The experimental result
for the electrical conductance shown in Fig. 3 reveals that
xlðtÞ ¼ 0 and xsðtÞ ¼ W until 4.5�s because of the complete
melting of the strip. The electrical conductance in the
complete melting case is described as

C0 ¼
A � � � d �W
Ls � Ll

ln
Ls

Ll
; ð4Þ

We determined the A value from the experimental
conductance and eq. (4). The result of Fig. 3 shows that
the width of the liquid silicon decreased due to solidification
after 4.5�s. In order to estimate the melt-solidification
process, we calculated the temperature change of the silicon
strip caused by the time-dependent joule heating intensity.
For calculation of temperature, the density of joule heating
intensity per unit volume, Qðx; tÞ, at a point x and time t is
given using the electrical conductance CðtÞ and average
joule heating intensity per unit area PðtÞ as,

Qðx; tÞ ¼
� � ISiðtÞ2

LðxÞ2 � CðtÞ2
¼

� � S � PðtÞ
LðxÞ2 � CðtÞ

; ð5Þ

From eqs (2)–(5), Qðx; tÞ is therefore described as

Qðx; tÞ ¼
W2ðL2s � L2l ÞPðtÞ

2d ðLs � LlÞxþ LlWð Þ2ln
ðLs � LlÞxsðtÞ þ LlW

ðLs � LlÞxlðtÞ þ LlW

�
1

A
;

ð6Þ

We calculated the temperature change of the silicon strip by
applying a numerical analysis program using the density of
joule heating intensity per unit volume Qðx; tÞ as the heat
source. The finite element method was used in this program.
The program was constructed two-dimensionally with a
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Fig. 2. Change of the electrical current flowing in silicon strips with time

when 90V was applied to the silicon strip as well as the 0.33�F
capacitor.
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Fig. 3. Changes of the joule heating intensity per unit area and the

electrical conductance of silicon strip with time. The dashed carve shows

the calculated joule heating intensity as a function of time if silicon strips

were completely melted.
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system of heat flow equations derived from a heat-balance
condition at each of a set of points along the depth direction
and the lateral direction along the width of the silicon strip in
order to analyze temperature distribution for a multilayered
structure comprising different materials. For the point ði; jÞ,
the equation is19,20)

Tnþ1
i; j � Tn

i; j

�t
¼

Qi; j

ci; j�i; j
þ

1

�2

 Xþ1

l¼�1

ðDn
iþl; jðT

n
iþl; j � Tn

i; jÞ

þ
Xþ1

m¼�1

ðDn
i; jþmðT

n
i; jþm � Tn

i; jÞ

!
;

ð7Þ

where � is the distance from the neighboring lattice point of
the finite element, Tn

i;j is the temperature at time tn of the
point ði; jÞ, Di;j

iþl;j is the average thermal diffusivity constant
between points ði; jÞ and ðiþ l; jÞ, ci;j is the specific heat, �i;j
is the density of weight and Qi;j is the heating intensity per
unit volume at point ði; jÞ. The temperatures of the silicon
thin films were determined by the heat balance between the
heat supply from the joule heating intensity and heat
dissipation into glass substrates. We assumed that silicon
melted at 1685K for every heating case and the temperature
was maintained at the melting point until the latent heat
energy (1810 J/g)21) was given to the silicon layer. Until
4.5�s, temperature was calculated under the condition of
complete melting of the silicon strip, as indicated by the
experimental results. The density of the joule heating
intensity was given for all points of the silicon layer in the
finite element system. After 4.5�s, there was a solid silicon
region as well as a liquid silicon region in the silicon strip
because of the solidification of silicon. Temperature at time
t þ�t was calculated using the joule heating intensity,
Qðx; tÞ, at the prior time t for all cases of the position and
width in the liquid silicon region indicated by xlðtÞ and xsðtÞ,
respectively, which satisfied eq. (3). The liquid silicon
region was defined as the region in which the temperature
was above or equal to the melting temperature. The
conductance of liquid silicon and xlðt þ�tÞ and xsðt þ�tÞ
at t þ�t were also obtained. The most probable position
and width of liquid silicon for xlðt þ�tÞ and xsðt þ�tÞ at
t þ�t was determined when the calculated conductance of
liquid silicon was coincident with the experimental con-
ductance at t þ�t shown in Fig. 3. The temperature
distribution in the width direction was consequently
obtained via these calculation steps. Figure 4 shows the
temperature distribution at the silicon surface in the lateral

direction from the edge of longer side to the edge of shorter
side with different times. The position where temperature
decreased below the melting point corresponds to the region
of the solid phase, and the position under the temperature is
1685K corresponds to the region of the liquid phase. The
temperature at the edge of longer side first decreased at
4.5�s below the melting point because of the low joule
heating intensity as well as heat diffusion to the periphery of
the strip, while the other region was in the liquid phase at the
melting point. Afterwards, the solidification proceeded from
the edge of longer side towards the edge of shorter side. The
solidification velocity, estimated from the velocity of the
movement of the liquid–solid interface, was initially 1.2m/s.
It gradually increased to 2.0m/s. It is interesting that the
solidification also occurred from the edge of shorter side
14�s after the initiation of silicon melting, as shown in Fig.
4. The temperature decreased at the edge of shorter side
because of the heat diffusion into the glass substrate in the
lateral direction, although the joule heating intensity was
high. The results of heat flow calculation consequently
showed a decrease of the temperature at the position 6�m
inside the edge of shorter side below the melting point at
17�s. This means that the solidification was complete 6�m
inside the edge of shorter side 17�s after the initiation of
silicon melting, based on the results of the heat flow
simulation. The cooling rate at the leading edge of
solidification was high at 1:7� 108 K/s at the onset of
solidification. It decreased to 6:1� 107 K/s at the termina-
tion of the solidification as shown by reduction of the
temperature gradient in the depth direction associated with
heat diffusion into a deeper region. Figure 5 shows a bright-
field image obtained from TEM observation at the shorter
side. Formation of large crystalline grains was observed in
the region over 18�m from the edge of the shorter side of
the silicon strip. In the region, many bend contours were
observed, as shown by arrows in Fig. 5. Those clearly
indicate that there was growth of crystalline grains with sizes
from 4�m to 8�m. The heat flow calculation suggests that
the crystalline grain growth in the lateral direction occurred
during the electrical-current-induced joule heating with the
tapered electrodes. The large grains were probably formed
according to movement of the solid/liquid front, as shown in
Fig. 4. Figure 6 shows the distribution of the film thickness
in the crystallized region with large grains near the shorter
side measured by stylus step. The film thickness distribution
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was from 66 nm to 58 nm. The film thickness changed
negligibly compared with the initial amorphous silicon
thickness. This means that silicon atoms in the liquid state
did not move much on the quartz substrates. Although the
measurement of the electrical conductance indicated that the
silicon strip completely melted in the initial 4.5�s, there
was tight bonding between the silicon and substrate surface
during the melt-regrowth process. Figure 7 shows the Raman
scattering spectrum of crystallized silicon film with large
grains and that of single crystalline silicon. In the films
crystallized by the present method, the sharp crystalline
transverse optical (TO) phonon peak was observed around
517.4 cm�1. A peak red shift of 2.9 cm�1 from the crystalline
TO phonon peak of single crystalline silicon bulk
(520.3 cm�1) was observed. This means that there was a
tensile stress of 5:6� 108 Pa in the crystallized films on the
quartz glass substrate.22) These results suggest that the
bonding between the silicon and substrate surface was
maintained and the atoms near the film-substrate interface
moved negligibly so that the stress between Si/substrate was
not completely released.

4. Summary

We demonstrated the crystalline grain growth in the
lateral direction using the electrical current induced joule
heating with tapered electrodes. When the 5-ns-pulsed laser
was irradiated to 60-nm-thick silicon strips with voltage

application to the silicon strips as well as capacitance, the
silicon strips melted and the melting continued for 17�s in
the case of applying a voltage of 90V and capacitor of
0.33�F. The tapered shape of the electrode allowed spatial
distribution of joule heating intensity: high intensity at the
shorter side and a low intensity at the longer side. We
calculated the temperature change of the silicon strip during
joule heating using the two-dimensional numerical analysis
program. The solidification of silicon was initiated 4.5�s
after 5-ns-pulsed laser irradiation. The solid/liquid interface
moved towards the edge of the shorter side in the lateral
direction. The solidification velocity was estimated to be
1.2–2.0m/s. The cooling rate decreased from 1:7� 108 to
6:1� 107 K/s during the process of solidification. Transmis-
sion electron microscopy revealed that large crystalline
grains ranging from 4�m to 8�m in the size were formed in
the thin silicon films. The solidification in the lateral
direction resulted in the formation of large crystalline
grains. The surface of the silicon film was shown to be very
flat by stylus step measurement. Raman scattering measure-
ments demonstrated that the crystallized films had a tensile
stress of 5:6� 108 Pa on quartz substrates.
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