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Current-Induced Joule Heating Used to Crystallize Silicon Thin Films
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Electrical-current-induced joule heating was applied to the crystallization of 60-nm-thick amorphous silicon films formed
on glass substrates. Thras-pulsed voltages were applied to silicon films connected with a capacitance in parallel. Coincident
irradiation with a 28-ns-pulsed excimer laser melted films partially and reduced their resistance. Complete meltipg for 12
and a low cooling rate of.1 x 10° K/s were achieved by joule heating from electrical energy that accumulated at a capacitance
of 0.22uF. The analysis of electrical conductivity suggested a density of defect statésfl0'2cm-2 at grain boundaries.

The formation of 3.5em-long crystalline grains was observed using a transmission electron microscope. The preferential
crystalline orientation was (110).
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Polycrystalline silicon films have been applied to many devoltage application. Because of an experimental system de-
vices such as thin film transistors (TFTs) and solar defls. lay, laser pulses were irradiated on samples aboyi @ dfter
The formation of polycrystalline silicon films at low cost hasthe initiation of pulsed voltage application. Although silicon
been demanded in recent years for the fabrication of largélms have high resistivity in the solid phase at room tempera-
area devices. Many technologies have been reported for ttuee because of a low carrier density, the resistance of silicon
formation of polycrystalline silicon films at low processingmarkedly decreases when it is melted, because liquid silicon
temperature$:'9 The pulsed laser crystallization method hasias a metallic phase. Laser-induced melting during voltage
an advantage for the formation high-quality polycrystallin@pplication therefore leads to a high joule heating per unit area
silicon films because of rapid melting followed by solidifica-induced by the electrical current?Rs;/S, whereS is area
tion. This method has therefore been applied to the fabricéwidth x length) of silicon films. The electrical current was
tion of poly-Si TFTs and their electronic circuits. Howevermeasured as a voltage at a load resistance connected between
it is important to fabricate large crystalline grains with a lonsample and ground using a high-speed digital oscilloscope.
density of defect states, especially for solar cell applicatiofrigure 1 shows changes in the electrical current flowing in sil-
Although several methods have been reported for the formigon films with time. The samples were heated with only laser
tion of large crystalline grains using the pulsed laser crystalradiation at 400 mJ/cfas well as with laser irradiation at
lization method:1% it is not easy to control the solidifica- 400 mJ/cr during application of a pulsed voltage at 110 V.
tion parameters such as crystallization velocity, cooling raté small current peak was observed for a very short period
and solidification duration because the laser pulse is too sh¢r50 ns) for only laser irradiation at 400 mJ/&uiue to laser
to control solidification temperature during the crystallizatioinduced rapid melting of silicon films. On the other hand, a
process. longer melting time was observed when silicon was subjected

In this paper, we propose a crystallization method involvto a pulsed voltage at 110V as well as laser irradiation, as
ing pulsed-electrical current-induced heating of silicon filmshown in Fig. 1. The high current 63 A almost leveled off
in order to fabricate large crystalline grains. We report thaintil the termination of pulsed voltage. This means that the
silicon thin films are melted for a long time and their melt dusilicon films were completely melted and the resistance was
ration is easily controlled by electrical current intensity. Largémited by the resistivity of liquid silicon.
grain growth of 3.5:m is demonstrated. Electrical properties In order to melt silicon films for a longer time than the volt-
of the crystalline grains and grain boundaries are analyzed
and a low density of defect states is demonstrated.

Undoped 60-nm-thick amorphous silicon films were 35 e ZM —

formed by low pressure chemical vapor deposition (LPCVD) 30 Re
methods on quartz glass substrates. Some silicon films were JL
doped with phosphorus atoms att & 10" cm~2 using the
ion implantation method. Undoped and lightly doped sili-
con strips with a width of 5aam were defined by lithography
and etching methods. Al electrodes with a gap of 260
were formed on the silicon strips. Samples were placed in 05
a vacuum chamber and metal probes were connected to Al ol . @ . . .
electrodes to apply electrical voltages to the silicon films. A 00 10 200 10 20 30 40
voltage source generating pulsed voltages with a pulse width Time (us) Time (us)

of 3us was used to heat the silicon films. Pulsed voltag%_ 1. Changes in the electrical current in silicon. The samples were
were applied to the samples via simple electrical circuits with heated with only laser irradiation at 400 mJfcas well as with laser irra-

a series resistance, resistance of silicon and load resistanciation at 400 m/cthduring application of a &s pulsed voltage at 110 V.

: : : : : _ The equivalent circuit is shown in the inset. Series resisté&and load
as shown in the inset of Fig. 1. Simultaneous with volt resistanceR were 4.0 and 4.8, respectively. Silicon strips 60-nm thick

age appli_cation, samples were i_r_radiat_ed by a _28'n5'p_U|59q\1ith a width of 50um and a length of 25am were formed on quartz glass
XeCl excimer laser to melt the silicon films partially during substrates.
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age pulse duration and control electrical current precisely,@ntrolled by the capacitance. If the resistances and the ca-
simple circuit was developed with a capacitance connected pacitance are constant with time in the equivalent circuit, the
silicon films in parallel, as shown by an equivalent circuit irelectrical current in silicon films at timieis given by,

Fig. 2(a). The electrical current flowing in the silicon films is

t<T (1)
VO RS Rs+ RI + RSi
() = 1- 1-— st TS
O=RTRs ( Rt R+ RSi) < eXp( R+ Re) Rsct))
t>T
I (t) = 1(T)ex <—i)
- Pl"cR+Ra)

whereR;, Rsj and R, are the series resistance, the resistanamn films is obtained by measuring the voltage at the load re-
of silicon films and the load esistance, respective€lys the sistance, the intensity of the electrical-current-induced joule
capacitancey, is the output voltage at the voltage source antieating of silicon films per unit volume is simply expressed

T is the pulse duration of the voltage source. as
Figure 2(b) shows the electrical current obtained experi- Rl (1)2 V() I measuredt)?
mentally with a capacitance of 0.2F as a function of time, =—v = (lmea O Ru) Vv )
Su

and the current calculated using eq. (1) under the assumption . . . .
that the silicon film was completely melted and had a conYN€re Imeasuredis the electrical current obtained experimen-
stant and minimum resistance. The resistance of silicon wilY; as shown in Figs. 1 and (1) is the calculated voltage
obtained by fitting the calculated current to the experimenté‘to,p“ed at the C"’_‘pa(?'tancg akdis t.he volulme of the silicon
current at a maximum value. Laser irradiation initiated an inSt"PS- The hegtmg Intensity qbtalned using e'q.. ©) yvas used
crease in the electrical current. The electrical current reachf® the calculation of the cooling rate of the silicon films up
a maximum at the termination of voltage pulses ats3 Af-

ter that, an electrical current was still observed. Both experi-

mental and calculated electrical currents decreased with time Voltage source Pused laser
for a while, keeping the same current after termination of the Rg
voltage pulses. This means that the resistance of silicon films J_I_

did not change because the current-induced joule heating kept
the silicon at the melted state for a long time. However, the N
experimental electrical current started decreasing rapidly at ¢
the point indicated by an arrow in Fig. 2(b) compared with
that obtained by eq. (1) with a constaRg;. This reduction

of the electrical current means an increase in the resistance (@)

of the silicon films. It indicates the solidification initiation 10

point. Solidification initiated at 7.8s after termination of C=0.22uF
the 3wus voltage, as shown in Fig. 2(b). We also determined
the solidification duration to be the time difference between
the solidification initiation point and the point at which the
electrical current reduced to zero; it was g% This means

that the present current-induced joule heating makes it possi-
ble to control the melt duration, the cooling rate of the silicon
film and the solidification duration, which are important pa-
rameters in the crystallization of silicon films.

We estimated the cooling rate by numerical analysis of heat
diffusion into the glass substrate under the condition of time-
dependent joule heating. We assumed that there was no sub-
stantial supercooling and silicon was solidified at the melting Time (us)
point of 1412C for every heating case. A numerical analysis )
of temperature change was conducted using the follwing heat
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flow equationl,“) Fig. 2. Equival_ent circuit with a capacitance C para_llel to silico_n films
(a) and electrical current obtained experimentally with a capacitance of
8T/8t = Q(T)/cp +8/82(DST/82) (2) 0.22uF as a function of time, and current calculated using eq. (1) under

the assumption that the silicon films were completely melted and had a
where T, Q, z are temperature, heating energy intensity, constant and minimum resistance (b). A voltage pulse at 125V was used

; ; _~  to obtain almost the same maximum current for the no capacitance case as
a.n.d depth, respectlvely, arg P D are re;pgctlvely spe that shown in Fig. 1. Arrow indicates the point at which the experimental
cific heat, density and heat diffusion coefficient for silicon gjectrical current started decreasing rapidly compared with the calculated

and glass* 1% Because the electrical current flowing in sili- current. Arrow indicates the solidification initiation points.
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to the solidification initiation point under the assumption thatal thermodynamical conditions maintaining the charge neu-
silicon solidified at the melting point at the time obtained extrality among the densities of ionized dopant atoiNg)( de-
perimentally, as shown in Fig. 2(b). The cooling rate at thiect states charged negatively with electron carrigtg énd
solidification point was estimated to be about ¥ 1®K/s free carriersn), Ny = n + Xq, in the whole region includ-
for crystallization at a capacitance of 0,2E. On the other ing crystalline grains and grain boundaries. However, the
hand, the cooling rate was%x 10°K/s for crystallization density of ionized donors is higher than that of free elec-
at zero capacitance. The present current induced-joule heabns in crystalline grains because some electrons produced
ing reduced the cooling rate accompanied by an increasefiom doped phosphorus atoms are trapped at grain bound-
melt duration. A high capacitance reduced the cooling rate &mies. This space-charge effect in crystalline grains causes
~1 x 108 K/s at the solidification point in the present condiband bending and results in a potential barrier at grain bound-
tions. In contrast, simple pulsed laser heating results in a veayies. We also introduced scattering effects due to dopant
high cooling rate of-10'°K/s because of the very short meltions, lattice vibration and disordered states at grain bound-
duration,<100 ns'®) aries, which reduced the carrier mobifty?V

Figure 3 shows the electrical conductivity as a recipro- Agreement between temperature dependences of calcu-
cal function of absolute temperature for47x 10'’cm™ lated and experimental conductivities revealed that planes of
phosphorus-doped silicon films crystallized by the electricagrain boundaries had a high defect density.843 1012 cm3
current induced joule heating at a capacitance of @R2and in the case of simple laser crystallization at 400 m3/cin
at zero capacitance, as well as for simple laser crystallizatitiis estimation, the average grain size was 45nm, as deter-
at 400 mJ/crh Al electrodes with a narrow gap ofidn were  mined by TEM observation. For the crystallization of sili-
formed after crystallization at edge regions of silicon stripeson films by electrical-current induced-joule heating, we did
as shown in the inset of Fig. 3. For simple laser crystallizazot determine the distribution of the crystalline grains and the
tion at 400 mJ/crh the electrical conductivity was very low number of grain boundaries in 4-mm-long electrodes; we hy-
at room temperature and it rapidly increased with an activgothesized that there was a single grain boundary between
tion energy of 0.54 eV as the temperature increased. On tbkectrodes. We introduced a numerical factad ] to obtain
other hand, high electrical conductivities were observed fahe effective width of the electrode for fitting the calculated
the current-induced joule heating cases and the activation @fectrical conductivity to the experimental one, because the
ergy decreased, as shown in Fig. 3. In the case of crystallizaectrical current must flow along the path that has the low-
tion at 0.22uF capacitance, the electrical conductivity and thest number of grain boundaries or has grain boundaries with
activation energy were 3.5 S/cm and 0.042 eV, respectively.the lowest potential barrier. For crystallization at zero capac-

We analyzed changes in the electrical conductivity of polyitance, the best agreement between the calculated and the ex-
crystalline films using a statistical thermodynamical analysigerimental temperature change in the electrical conductivity
program*’~1%) We introduced a Gaussian-type energy distrigave a density of defect states per unit area at grain bound-
bution of the density of defect states in the band gap at graamies of 15 x 102cm~2, which was much lower than that
boundaries. Phosphorus dopant atoms were assumed toobsilicon films by laser crystallization. The potential barrier
distributed uniformly in silicon films. Electron carriers areheight at grain boundaries was 0.11 eV at room temperature.
generated from the phosphorus dopant atoms via their ionizan the other hand, the calculation of temperature change in
tion, whose probability is determined using the Fermi-Dirathe electrical conductivity assuming no defect states showed
statistical distribution function. Free carriers are trapped byood agreement with the experimental result for crystalliza-
the localized defect states and the defects are charged netian of 0.22uF, as shown in Fig. 3. The electrical conductiv-
tively. The Fermi energy level is determined by the statistity gradually increased with an activation energy of 0.042 eV

as temperature increased only because the ionization proba-
bility of dopant atoms and the density of thermionic carrier

10 increased. Single-domain crystalline regions were probably
! C=022uF, 0.04eV formed in the 4-mm-long electrodes via crystallization with a
5 N“-\"’"‘-\ low cooling rate of~1.1 x 10°K/s and a long melt duration
_;; 101} capacitance C= 0, of 12us.
£ 402/ activation energy=0.17eV A transmission electron microscope was used for observa-
§ 3 . tion of the distribution of crystalline grains. Figure 4 shows a
g 10 only laser photograph of the bright-field image at the edge region of sili-
§ 10 gystallization con stripes crystallized by the present method at a capacitance
3 of 0.22uF. Crystalline grains about 3:&m long were formed
w 10°f from the edge. The width of the grains was rather narrow at

106 about 0.5um. Crystalline grains were formed close to each

2 2.5 3 3.5 other and there is no marked disordered region among them.

1000/T (1/K) The preferential crystalline orientation direction to the sub-
Fig. 3. Electrical conductivity measured (dotted curves) and calculate%t.rate was (110). The Igrge grain gr(_avyt_h at the edge region in-
(solid curves) as a reciprocal function of absolute temperature falicates that crystallization probably initiated at the edge of the
7.4 x 10t cm™2 phosphorus-doped silicon films crystallized by electri-sjlicon stripes and proceeded inside. The solidification veloc-

cal-current-induced joule heating at a capacitance of @Rand at no : P _
capacitance, as well as for simple laser crystallization at 400 MJ/Ehe ity was rothIy estimated from the average CryStalllzatlon du

inset shows the image of Al electrodes with a narrow gapjefformed ~ 'ation of 4.5us and the average grain SiZ? of 3% obtained
at the edge region of silicon strips after crystallization. by measurements of the transient electrical current and TEM
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states at grain boundaries plane was abdis 10'>cm—2 and

the potential barrier height at grain boundaries was 0.11 eV
for crystallization at zero capacitance. Transmission elec-
tron microscopy revealed that 3.5-mm-long crystalline grains
were formed at the edge regions. The grains were formed
close to each other and were aligned along the silicon stripes.
Preferential crystalline orientation normal to substrate was
(110). These results showed the possibility of the formation
of large crystalline grains with a low defect density using the
electrical-current-induced joule heating method.
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Fig. 4. Photograph of the bright-field image at the edge region of silico
stripes crystallized by the electrical-current-induced joule heating metho
at a capacitance of 0.28 and a pulsed voltage of 125V.

1
observation, as shown in Figs. 2 and 4; it was about 0.8 m/sz)
(=3.5/4.5). It is interesting that the crystallization velocity 3)
for the present method is almost the same as that for sim-
ple pulsed laser crystallization of silicon thin films formed on 4
glass substraté) although the melt duration and the cooling 5)
rate were very different between them. Optical microscopys)
revealed that there was no change in the film thickness during
crystallization. )
In summary, we investigated electrical-current-inducedg,
joule heating for the crystallization of silicon films. Pulsed 9)
voltages with a width of 3s and coincident irradiation with
a 28-ns-pulsed excimer laser at 400 m¥emere applied to
60-nm-thick amorphous silicon films formed on glass sub-
strates and capacitance connected in parallel. A large eletd)
trical current flowed in the silicon films and joule heatingig)
melted the silicon films completely for a long time. The joule )
heating from electrical energy accumulated at the capacitange)
at 0.22uF caused the duration of complete melting and thé5)
solidification duration to be 7,8s and 4.5us, respectively.
Heat flow analysis gave the cooling rate of ¥ 108 K/s. For
the crystallization of Z x 10'" cm~3 phosphorus-doped sil-
icon films, the high electrical conductivity further increased!?)
from 0.1 to 3.5S/cm and the activation energy decreased)
from 0.17 to 0.042eV as the capacitance increased from 0
to 0.22uF when 4um-long electrodes were used for current19)
measurements. Statistical thermodynamical analysis of tH#€)

electrical conductivity showed that the density of the defecﬁ)

16)
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