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Abstract 

Laser crystallization and amorphization of silicon films are discussed. Poly-Si films with fine crystalline grains ( < 100 
nm) are formed by liquid/solid interface controlled growth with a velocity of 0.6 m/s by a XeCl excimer laser irradiation. 
Large grain growth of silicon films ( > 1 km) is also discussed. An amorphous state is achieved via rapid solidification when 
silicon films are melted completely. Crystallization and amorphization are reversible. They are governed by the laser energy 
density. The application of the rapid laser heating method to fabrication of top-gate-type poly-Si and a-Si thin film 
transistors (TFTs) is discussed. TFTs with a high mobility, 620 cm’/Vs (poly-Si) and 2.6 cm’/Vs (a-Si) were achieved by a 
270°C fabrication process. Application of a laser-induced-forward transfer to TFT fabrication is proposed for a simple 
process with a low cost. 

1. Introduction 

The pulsed-laser-induced rapid heating method 
has been applied to fabrication of thin film semicon- 
ductor devices, especially, polycrystalline silicon thin 
film transistors (poly-Si TFTs) [l-5]. Crystallization 
of silicon films and activation of dopant are achieved 
without heating substrates to a high temperature. 
Good crystallized films with a high carrier mobility 
are realized. These characteristics of the pulsed laser 
heating method are suitable for a low temperature 
processing. For example, it allows an usage of a 
cheap glass as a substrate, on which switching tran- 
sistors are fabricated for liquid crystal display (LCD) 
devices. The pulsed laser induced melting of silicon 
thin films also allows amorphization of thin silicon 
films [6,7]. Amorphization occurs for irradiation with 
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higher energies than the energies required for crystal- 
lization. It is therefore important to control the laser 
energy to get good crystalline films for the TFT 
application. 

This paper first discusses characteristics of laser 
induced crystallization and amorphization of silicon 
films. It then reports an application of the laser 
heating method to fabrication of polycrystalline and 
amorphous (poly-Si and a-Si) TFTs at a low temper- 
ature ( < 300°C). It is demonstrated that the forma- 
tion of a good SiOJSi interface is essential for 
fabricating TFTs with high performances. This paper 
also discusses an application of laser ablation to TFT 
fabrication processing. 

2. Pulsed laser-induced melting of silicon films 

Fig. 1 shows threshold energies for crystallization 
and amorphization as a function of the film thick- 
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Fig. 1. Threshold energies for crystallization and amorphization as 
a function of film thickness. Initial materials were a-Si:H de- 
posited on quartz substrate. A 30 ns pulsed XeCl excimer laser 
were used. 

ness. Hydrogenated amorphous silicon (a-Si:H) films 
formed on quartz substrates were melted by irradia- 
tion with 30-ns-pulsed XeCl excimer laser with an 
energy above surface melting threshold of 160 
mJ/cm’ and a liquid-solid interface is formed in the 
films. The threshold energy for crystallization was 
almost independent of the film thickness because the 
most of the heating energy produced in silicon films 
by irradiation diffuses into the quartz substrate until 
the silicon surface is heated to the melting tempera- 
ture. After irradiation, the liquid/solid interface 
moves toward the surface through heat diffusion into 
the substrate. The speed of the interface is governed 
by heat diffusion. It was experimentally determined 
as 0.6 m/s using transient conductance for 20 nm 
thick silicon films [7]. Crystallization occurs along 
the direction of interface movement to the surface. 
Crystalline grains can grow spherically from nucle- 
ation sites located near the Si/quartz interface in the 
initial stage of melting (interface controlled growth). 
The grain growth is then limited by the film thick- 
ness and the melt duration, 

The crystalline grain size increases as the laser 
energy increases. Transmission electron microscopy 
(TEM) measurement revealed that 30 nm thick sili- 
con films crystallized with an laser energy of 240 
ml/cm* had grain size no more than 60 nm. On the 
other hand, Kuriyama et al. made crystalline films 
with grains larger than I km using hundred laser 

pulses with a help of substrate heating (- 45O”C), 
which enhanced grain growth in the lateral direction 
[8]. Im et al. reported an interesting grain growth 
larger than 1 urn, which is achieved by a single 
pulse irradiation with an energy just below the amor- 
phization threshold without heating the substrate [9]. 
In Im’s condition, the films are almost melted 
throughout the film thickness so that the density of 
the crystalline nucleation is reduced and rapid crys- 
tallization in the lateral direction is caused by a large 
difference of the free energy between the liquid 
silicon and the solid silicon at the solidification 
point. Furthermore. we also observed that large grain 
growth, 1.2 pm X 0.5 urn, when patterned silicon 
islands with a size of 10 pm X 40 pm and a 
thickness of 70 nm were melted completely by irra- 
diation with an energy of 360 mJ/cm* [lo]. When 
silicon islands formed on quartz substrates were 
melted completely by irradiation, the film shape was 
changed into a globular shape due to surface tension. 
The area shrank from edges by a size of 3.3 km and 
the thickness increased to 270 nm at the edge re- 
gions. The heat diffusion was reduced and thermal 
energy was piled up in liquid silicon at the edge 
regions during the melting. This resulted in an incre- 
ment of melt duration to 400 ns and a reduction of 
the cooling rate to 2 X lo9 K/s at the edge, while 
the melt duration was short, 170 ns, and the cooling 
rate was high, 6.5 X lo9 K/s at the middle region in 
the island. A temperature gradient was therefore 
caused in the lateral direction and an interface con- 
trolled growth in the lateral direction was occurred. 
The crystalline grains were lined in two deep along 
the length of the islands. The position of grains in 
the direction of grain length were defined well. The 
definition of size and position of grain is an advan- 
tage for fabrication of electron device such as thin 
film transistors on controlling grain boundary in a 
channel region. 

No serious defects were observed in crystalline 
grains. Grain boundaries was formed well defined; 
no disordered region was observed among crystalline 
grains. The surface was still smooth after crystalliza- 
tion and the roughness was about 2 nm. These 
characteristics indicate that the laser crystallized films 
have good electrical properties with a low density of 
defects. 

On the other hand, amorphization occurs when 
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Fig. 2. Electrical Conductance change of 20 nm thick silicon films 
doped with 2-atomic% phosphorus with irradiation with 2 pulses. 
‘S’ shows a solidification point, which was determined by de- 
crease of optical reflectivity at the silicon surface. 

non-patterned silicon films are melted completely. 
The amorphization threshold energy was much larger 
than the crystallization threshold energy. The thresh- 
old energy for amorphization increased from 195 to 
290 ml/cm’ as the film thickness increased from 6 
to 36 nm, as shown in Fig. 1. Complete melting of 
silicon films on a glassy quartz substrate results in a 
super cooling state because there is few nucleation 
sites. The liquid silicon can be cooled much below 
the melting temperature. Very rapid solidification 
with a high liquid/solid interface velocity is realized 
because the free energy in liquid silicon in a deep 
super cooled state is much larger than solid silicon at 
a solidification temperature [Ill. The rapid solidifica- 
tion, which resulted in amorphization, was observed 
using a transient conductance measurement in the 
case of amorphization. Fig. 2 shows the conductance 
as a function of time during and after irradiation for 
20 nm thick silicon films doped with 2-atomic% 
phosphorus. The initial crystallized film was melted 
followed by amorphized by the first irradiation with 
a laser energy of 240 mJ/cm*. The conductance due 
to molten silicon rapidly increased by the irradiation. 
It rapidly decreased 70 ns after the initiation of melt. 
The decrease of the conductance was completed 
within 5 ns (= time resolution). After the termina- 
tion of melt, the electrical conductivity decreased to 
1 X lo-’ S/cm, while the original polycrystalline 
film had a high electrical conductivity of 1.5 X lo3 

S/cm. This decrease of conductance after solidifica- 
tion means that the silicon film was completely 
amorphized [12]. The transition from the amorphous 
state to the crystalline state also occurred when the 
silicon film was irradiated with a laser energy of 220 
mJ/cm2. The electrical conductivity first increased 
due to melting and gradually decreased after the 
peak, as shown in Fig. 2. After solidification, the 
electrical conductivity backed close to the initial 
value. Crystallization and amorphization of silicon 
films are reversible. An amorphized silicon can be 
crystallized again by irradiation with an energy low 
enough to cause the interface controlled growth. 

Silicon films solidifying to the amorphous state is 
reheated caused by the latent heat, which is released 
during the rapid solidification of the liquid silicon 
(recalescence). Crystallization was caused by the 
recalescence when the film was thicker than 20 nm 
because the latent heat energy per unit area increases 
as film thickness increases [13]. On the other hand, 
complete amorphous films with a high defect density 
is realized for films thinner than 20 nm. They have a 
very high electrical conductivity, _ 10m3 S/cm, 
characterized as the variable-range hopping conduc- 
tion with a density of localized states of 1 X 10” 
cmm3eV -’ even in undoped condition. 

3. TFT fabrication and results 

N-channel poly-Si and a-Si TFTs were fabricated 
using methods of pulsed laser rapid heating with 30 
ns pulsed XeCl excimer laser and the SiO, forma- 
tion methods [5,14-171. The schematic fabrication 
processes are shown by Fig. 3, (a) for poly-Si TFTs 
and (b) for a-Si-TFTs. Islands of 20 nm thick hydro- 
genated amorphous silicon films doped with 2- 
atomic% phosphorus were first formed on a glass 
substrate at 250°C using conventional plasma en- 
hanced chemical vapor deposition (PECVD) and a 
etching method as dopant sources for forming source 
and drain regions, as shown in Fig. 3. A 20 nm thick 
undoped a-Si:H film was then deposited using 
PECVD over the whole area. Islands patterning was 
conducted by etching the amorphous layers. 

For fabricating the poly-Si TFTs, the silicon lay- 
ers were crystallized by laser irradiation in vacuum. 
In order to have a smooth surface by slowly taking 
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Fig. 3. Schematic fabrication flows of poly-Si (a) and a-Si TITS 
(b). 

out hydrogen from a film, irradiation with multi 
energy steps was performed 1181. The laser energy 
was controlled up to 230 mJ/cm2, which is below 
the amorphization threshold (240 mJ/cm*) for 20 
nm thick films. The crystalline films had fine grains 
with a size of 50 nm at most. The laser heating also 
caused diffusion of dopant atoms with a diffusion 
length at most 60 nm from the doped region [19]. 
The dopant atoms therefore diffuse vertically through 
the whole thickness of Si layers, but they did not 
shorten the channel length significantly. After the 
irradiation, the silicon layers were hydrogenated us- 
ing hydrogen plasma with 5 W for 30 s at 270°C in 
order to reduce defect states [20]. 

In order to form a SiO, gate insulator layer at a 
low temperature with low damage, two technologies 
were developed. One is a triode type remote plasma 
CVD [15] and the other is SiO evaporation with an 
oxygen ambient [ 161. The remote-plasma-CVD 
equipment had mesh electrodes between the top 
electrode and the substrate in order to confine the 
plasma and keep it away from the substrate. Mixed 
gases with oxygen and helium were introduced and 
their plasma was generated by applying RF voltage 
to the top electrode. The Langmuir analysis with 
dependence of current on voltage applied at the 

meshes revealed that the electron density was lower 
than lo4 cmA3 in the region between the meshes and 
the substrate, while the electron density was higher 
than lo9 cmm3 in plasma above the meshes [15]. The 
oxygen and helium radicals come down in a lower 
part through the holes in the meshes and decompose 
SiH, gas which was flowed below the meshes. A 
SiO, film was consequently formed on a substrate 
heated at 270°C. The deposition rate was 6 nm/min 
at RF power (13.56 MHz) of 5 W. The breakdown 
voltage was 4.5 MV/cm. The investigation of the 
Al-gate metal-oxide-silicon CMOS) capacitor using 
single crystalline silicon revealed that the minimum 
interface trap density was 2 X 10” cm-2eV-’ [5]. 
On the other hand, the interface trap density for a 
MOS capacitor fabricated using conventional plasma 
CVD without any mesh was 7 X 10” cm-‘eV_‘. 

SiO evaporation with an oxygen atmosphere was 
also used for forming the gate insulator. A powder of 
SiO with a purity of 99.99% put in a Ta boat was 
evaporated by heating the Ta boat with an oxygen 
flow. Hot molecular SiO evaporated from heated SiO 
powders effectively reacts with oxygen gas so that 
SiO, films were formed on substrates at room tem- 
perature. The deposition rate was controlled 8 
nm/min. The deposited film can have a large amount 
of oxide charge caused by E’ centers (dangling bond 
of Si in SiO,) for the deposition condition of a lower 
oxygen flow rate. The density of the oxide charge is 
reduced to as small as 8 X lo9 cm-’ by increasing 
oxygen flow rate to 2.5 Seem during deposition [21]. 
The minimum interface trapping density at the mid 
gap was estimated to be lower than 1.5 X 10” 
cm-2eV-’ by measuring the capacitance response 
as a function of voltage in an Al-gate MOS capaci- 
tor. The good interface with the low interface trap- 
ping density results from the fact that there are no 
ions or electrons with a high energy during the film 
formation. The break down voltage however was 2 
MV/cm, which was lower than that of the remote 
plasma CVD SiO,. After SiO, formation, 100 nm 
thick Al was then deposited by evaporation and the 
gate electrodes were defined. 

For fabricating the a-% TFTs, the laser irradiation 
was carried out after the formation of the Al gate 
metal in order to form doped poly-Si source and 
drain regions with a resistivity of 1 X IO3 Clcrn and 

to keep the channel region the amorphous state by 
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Fig. 4. The transfer characteristics for poly-Si and a-% TFTs. ‘A’ 
shows TFTs with SiO, fabricated using remote plasma and ‘B’ 
shows TFTs with SiO, fabricated using evaporation. The maxi- 
mum field effect mobility and threshold voltage are presented. 

reflecting the laser light with the Al gate, as shown 
in Fig. 3(b). 

Contact holes were opened in the SiO, layers at 
the source and drain regions for both TFTs. The Al 
source and drain electrodes were formed using evap- 
oration and lift-off methods. After the fabrication 
poly-Si and a-Si TFTs were annealed at 270°C for 1 
hr in H,O vapor atmosphere, in order to improve 
properties of SiO, and the SiO,/Si [22]. 

Fig. 4 shows the transfer characteristics for the 
poly-Si TFTs and a-Si TFTs, respectively. The TFTs 
had low threshold voltages from 0.9 to 1.4 V. The 
density of trapping states in the TFT was estimated 
with the sub-threshold slope of the transfer character- 
istics neglecting the component of capacitance caused 
by a depletion region because the thickness of the Si 
films in the channel region was very thin (20 nm) 
[5,23]. The poly-Si TFTs and a-Si TFTs have similar 
defect density (2 N 3.5 X 10” cm-‘eV_‘). The 
maximum field effect mobility was 620 cm*/Vs at 
around 1 V above the threshold voltage for the 
poly-Si TFTs and 2.6 cm2/Vs for the a-Si TFTs. 

So far, it has been recognized that polycrystalline 
films with a large grain is essential to fabricate 
poly-Si TFTs with a high mobility. However, the 
results of Fig. 4 show two important points. One is 
that crystalline films fabricated by the laser melting 
method have good electronic properties with a high 
mobility even if the films have grains smaller than 

100 nm. The other is that the formation of the 
insulator/Si is essential to fabricate good TFTs. 
Formation of the interface with low damage is im- 
portant for TFTs. a-Si TFTs had the high field effect 
mobilities and the low threshold voltages as well as 
poly-Si TFfs, as shown in Fig. 4. This means that 
there is still a damage problem in conventional fabri- 
cation process of a-Si TFTs using plasma CVD. 

4. Application of laser ablation 

Laser ablation has been widely studied to form 
films of insulator, semiconductor and superconductor 
materials. Moreover, it has been also investigated for 
fine patterning. Laser ablation is an attractive tech- 
nique for TFf processing. Especially, film formation 
is expected at low temperature. We have recently 
tried a kind of laser ablation. so called laser-induced 
forward transfer, to form thin films. Similar tech- 
nologies have been already reported by some re- 
searchers [241. The point of our method is the usage 
of a layer containing volatile atoms in the layer, 
which can be evaporated by laser heating. An Al 
film was formed both on an a-Si:H layer which have 
a hydrogen atoms with a concentration of 10 atomic% 
and on poly-Si region with no hydrogen, which was 
fabricated by laser irradiation, as shown in Fig. 5. 
XeCl excimer laser with an energy of 200 ml/cm* 
was irradiated to the films from the rear side of the 
transparent glass substrate. Only Al layer formed on 
the a-SiH was removed as shown by an inset photo- 
graph in Fig. 5 and attached to another substrate 
positioned in front of the sample. After the irradia- 
tion, the amorphous silicon film was not destroyed 
and kept the smooth surface. On the other hand, the 
Al layer formed on the poly-Si was not removed. 
These phenomena are interpreted as follows. When 
the silicon film is rapidly heated by the laser irradia- 
tion, the evaporation pressure of hydrogen in the 
a-Si:H film increases. The Al film can be removed 
by the high pressure of hydrogen evaporating from 
the a-Si:H and attached to the substrate facing the 
sample. On the other hand, Al formed on the poly-Si 
is not removed because there is no evaporative 
species. Although the poly-Si film was also heated 
by the irradiation, the energy is too low to ablate 
poly-Si or Al films directly. This result of Fig. 5 
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Fig. 5. Schematic experiment of laser-induced forward transfer of 
an Al layer using an 50 nm thick a-Si:H layer with 10 atomic% 
hydrogen atoms. A 50 nm thick polycrystallized silicon without 
hydrogen was also used for comparison. Insets are photographs of 
the sample before and after irradiation. 

shows evaporation of hydrogen has a role for remov- 
ing an overlaying layer at a low laser energy. The 
present method may be useful for forming metal 
electrodes for TFT fabrication. Moreover, It would 
make a new and simple fabrication process possible. 
For example, TFTs could be directly transferred into 
an every display pixel as a switching element in a 
panel with a large size for LCD from a source of 
TFTs, which are fabricated with a high packing 
density on another substrate coated with an appropri- 
ate film with volatile atoms. The process steps and 
the tact time for forming TFTs on the display panel 
could be reduced using this system. Since TFT is 
very small compared with a display element in gen- 
eral, a small substrate can be used for the preparation 
of dense TFTs. It allows a very fine and precise 
design rule although it is still difficult to fabricate 
very small TFTs on a large substrate. 

5. Summary 

Pulsed laser melt-regrowth of silicon films formed 
on a quartz substrate provides solidification modes 
of crystallization and amorphization. Poly-Si films 
with fine crystalline grains ( < 100 nm> and a smooth 

surface were formed by the interface controlled 
growth with a velocity of 0.6 m/s by a XeCl 
excimer laser irradiation. Large grain growth (> 1 
km> was achieved by many pulses irradiation, ex- 
plosive crystallization and by temperature gradient 
induced in the lateral direction via change in the film 
shape. On the other hand, an amorphous state was 
realized via rapid solidification when silicon films 
were melted completely. Crystallization and amor- 
phization are reversible. They were governed by the 
laser energy density. 

Top-gate-type poly-Si(fine grain) and a-Si TFTs 
were fabricated at 270°C using technologies of laser 
crystallization and methods of 50, formation in 
remote plasma chemical vapor deposition or SiO 
evaporation with an oxygen ambient. The maximum 
field effect mobility was 620 cm*/Vs for poly-Si 
TFTs and 2.6 cm2/Vs for a-Si TFTs. The low 
threshold voltage were 0.85 _ 1.4 V for both TFTs. 
These results demonstrate that TFT can have good 
performances by forming SiO, gate insulator with 
low damage. 

Application of a laser-induced-forward transfer to 
TFT fabrication was proposed. An Al film was 
removed and transferred by heating an a-Si:H film 
and evaporating hydrogen gas from the silicon film, 
on which the Al was formed. It may have a possibil- 
ity to establish a simple fabrication process with a 
low cost. 
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