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Abstract: Laser crystallization of a-Si film on insulating substrate is a promising technology to fabricate
three-dimensional integrations (3D ICs), flat panel displays (FPDs), or flexible electronics, because the
crystallization can be performed on room temperature substrate to avoid damage to the underlying
devices or supporting plane. Orientation-controlled grain-boundary-free films are required to improve
the uniformity in electrical characteristics of field-effect-transistors (FETs)fabricated in those films.
This paper describes the recently found simple method to obtain {100}-oriented grain-boundary-free
Si thin-films stably, by using a single scan of continuous-wave (CW)-laser lateral crystallization of
a-Si with a highly top-flat line beam with 532 nm wavelength at room temperature in air. It was
difficult to control crystal orientations in the grain-boundary-free film crystallized by the artificial
modulation of solid-liquid interface, and any other trial to obtain preferential surface orientation with
multiple irradiations resulted in grain boundaries. The self-organized growth of the {100}-oriented
grain-boundary-free films were realized by satisfying the following conditions: (1) highly uniform
top-flat line beam, (2) SiO; cap, (3) low laser power density in the vicinity of the lateral growth
threshold, and (4) single scan crystallization. Higher scan velocity makes the process window wide
for the {100}-oriented grain-boundary-free film. This crystallization is very simple, because it is
performed by a single unseeded scan with a line beam at room temperature substrate in air.

Keywords: laser crystallization; crystallographic orientation; grain boundary; silicon thin-film; crystal
growth; continuous-wave laser; line beam; top-flat beam profile

1. Introduction

1.1. Necessity for Laser Crystallization

Demand for monolithic three-dimensional integrations (3D ICs) [1,2], flat panel displays
(FPDs) on flexible substrates, or flexible electronics have been increased recently. To make those
devices, it is necessary to realize high performance and high uniformity of the silicon-on-insulator
(SODfield-effect-transistors (FETs)or thin-film transistors (TFTs) in stacked Si thin-film structures,
keeping the substrate at low temperature. The performance and reliability of Si devices is much
superior to those of oxide [3] or organic devices [4]. Laser crystallization of a-Si on insulating substrate
can grow crystalline Si thin-films, avoiding the substrate temperature rise by utilizing the appropriate
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buffer layers. The buffer layers are used to thermally isolate the surface molten pool from the underlying
low temperature substrate. Figure 1 shows a cross-sectional SEM image of the first ever fabricated
monolithic stacked 3D IC: a seven-stage CMOS ring oscillator [5]. N- and p-MOS transistors are
stacked on each other, making a 3D CMOS inverter as a circuit element. The n-MOS SOI-FETs in the
film crystallized by the continuous-wave (CW) laser were fabricated just above the bulk p-MOS FETs,
but these SOI films contained grain boundaries and showed random crystalline orientations.
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Figure 1. The first fabrication of monolithic three-dimensional integrations (3D IC). The n-MOS silicon
on insulator (SOI) transistor is stacked over bulk p-MOS transistor. (a) Schematic illustration of the 3D
inverter. (b) Cross-sectional SEM view. After Sasaki et al. [5].

Orientation-controlled and grain-boundary-free films are necessary to realize high performance
and high uniformity of the electrical characteristics of SOI-FETs or TFTs, because crystalline defects,
such as grain boundaries, affect threshold voltage [6] and field effect mobility [7], and crystal orientation
again affects threshold voltage [8] and field effect mobility [9,10]. Previously, the grain-boundary-free
{100} surface textured Si films of 50 nm-5 um thickness on insulators were fabricated by using a
strip-heater zone-melt recrystallization (ZMR) as well [11-18], but ZMR cannot be applied to the present
day thin-film applications, because of the necessity of the substrate to be pre-heated to 1100-1300 °C
in ZMR [11]. The crystallization must be carried out for Si thin-film at the substrate temperature of
less than 400-500 °C to make monolithic 3D ICs, FPDs, or flexible electronics to avoid damage to the
underlying layer.

1.2. Comparison Between Continuous-Wave (CW)-Laser Lateral Crystallization (CLC) and Pulse Excimer
Laser Annealing (ELA)

There are two kinds of laser crystallization methods on insulating substrate: the pulse excimer
laser anneal (ELA), and the continuous-wave (CW)-laser lateral crystallization (CLC) [19]. Figure 2
shows a comparison of laser irradiation schemes between these two methods.
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Figure 2. Comparison of laser irradiation between (a) excimer laser anneal (ELA) and (b)
continuous-wave (CW)-laser lateral crystallization (CLC). (a) ELA: Pulse XeCl excimer laser, A = 308 nm,
and power fluctuation ~ +10%. (b) CLC: CW laser (diode-pumped solid-state (DPSS)), A = 532 nm,
and power fluctuation < +1%.

ELA has already been widely used commercially to make FPDs on glass or flexible substrates,
but the commercially-used film crystallized by ELA with 17-20 shots (94%-95% overlapped scan) shows
random crystalline orientations of small grains around 0.2-0.3 pm¢ [20], resulting in a lot of grain
boundaries. The mobilities are limited around 150-250 cm?/Vs for n-MOS TFTs [7], and uniformities in
electrical characteristics of TFT are poor [21]. Operational speed on panel is limited, and compensation
circuit is necessary for organic light-emitting diode (OLED) pixels [21]. The CLC produces much larger
elongated grains, such as ~10 pm wide and ~60 pm long, and higher mobilities of 400-500 cm?/Vs [22];
however, grain boundaries and random surface orientations are still observed in the Si films crystallized
by the conventional CLC with the elliptical line beam for the non-patterned planar a-Si films [22-25].
Figure 3 shows a comparison of crystal growth directions and obtained grain boundary patterns of (a)
ELA and (b) CLC; note that the magnifications of SEM images are different from each other. Figure 4
shows a comparison of the surface roughness obtained by laser crystallization of (a) ELA and (b)
CLGC; vertical magnifications are more enhanced than horizontal in the atomic force microscope (AFM)
images, but the magnifications are the same between Figure 4a,b. The difference in brightness of the
cross-sectional transmission electron microscope (TEM) images corresponds to different orientations of
different grains, due to the bright field diffraction contrast. The rough surface of ELA films shown in
Figure 4a increases the gate insulator leakage current and the threshold voltage fluctuation in TFTs.

So far, every laser crystallization method to produce grain-boundary-free films at a temperature
less than 450 °C has failed to control crystal orientations of the crystallized region, and conversely,
every method to obtain preferentially-oriented films has failed to eliminate grain boundaries from the
crystallized region. The observation of the grain boundaries after the delineation by Secco etching of the
crystallized film reveals that the grain boundaries can be eliminated from a defined area in the CW-laser
crystallization, if isotherms are modulated by beam shaping [26-29], stripe cap patterning [30,31],
Si island patterning [32-34], or substrate patterning [35]. The idea of these methods is to make the
temperature of the controlled crystal growth region less than that of the peripheral regions, to suppress
the disturbance to the growth region from the random nucleation at the peripheral. Even if a grain
boundary happened to be formed in a central crystallized region, the grain boundary is swept outward
with scan travel. However, it is difficult to realize the surface orientation control in addition to
the grain boundary elimination by these isotherm modulations [29,31,34]. Yeh et al. reported a



Crystals 2020, 10, 405 40f 16

1 mm-long grain-boundary-free Si stripe of 4 um-width, having {100}-orientation in surface normal
and {320}-orientation in scan direction, by crystallization with a chevron-shaped CW laser beam and a
300 nm-thick SiO, cap [36]; however, they also reported orientation rotation with the scan travel in
other scans at the same crystallization conditions in the same paper [36]. A wide {100} texture was also
reported by CW-laser crystallization of a 10 pm-thick Si film at an elevated substrate at 700 °C [37,38],
but these Si film thicknesses and substrate temperatures are too large to fabricate FETs or TFTs on glass
or plastic substrate.

Molten Si Molten Si | gteral Crystal Growth
Vertical Crystal Growth

Averaged Solid-Liquid Interface

nuclei Crystallized Si
(randomly nucleated)
o e ]
N grain size = 2~30um = Laser Scan Direction
150-250 cm?/V's Pt Pt mobility = 400-500 cm?2/Vs | o (Crystal Growth Direction)
5pm
1 pm square ‘
(a) ELA (b) CLC

Figure 3. SEM pictures after the delineation of grain boundaries by Secco etching. Crystal growth
directions and grain boundary patterns are shown. (a) A 400 nm-thick buffer SiO, and a successive
45 nm-thick a-5i were deposited by PE-CVD on a glass substrate. ELA was carried out at an energy
density of 450 mJ/cm? and an irradiation of 20 shots for each point. (b) A 400 nm-thick buffer SiO, and
a successive 150 nm-thick a-Si were deposited on a glass substrate. CLC was carried out at 10 W power
and 50 cm/s scanning velocity with an elliptical line beam. Beam size was 400 um x 20 pm.
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Figure 4. Surface roughness. AFM and cross-sectional TEM images of the crystallized films.
(a) crystallized by ELA. (b) crystallized by CLC. The brightness change in TEM corresponds to
crystal orientation change. Conditions of sample fabrication and crystallization are the same as those
in Figure 3.
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Preferentially {100}-oriented films can be also obtained at a room temperature substrate by
overlapped pulse laser irradiations of more than 100 shots of ELA if the Si film thickness is less
than 40 nm [39—41] or by overlapped CW laser scans of more than 10 scans [42—44], but the obtained
films were full of grain boundaries [42—44]. Preferential {211} surface texture has been obtained by a
double-line laser beam, but the film contained elongated parallel boundaries [45]. This {211} surface
textured film changed to preferential {100} surface texture by six-time-overlapped scans, but the film
still comprised grain boundaries [46—48].

This paper describes a recently found {100}-oriented grain-boundary-free film obtained by the
unseeded CW-laser lateral crystallization with a single scan [44,49-54], with a highly top-flat line beam
at the room temperature substrate. The grain boundary generation is suppressed in the crystallized
region even with the simple line beam and without complicated beam shaping to grow the crystal
from the central region outwards. This crystal growth means that {100}-textured crystal growth is
possible, even at the room temperature substrate in the similar growth mechanism to that of ZMR
realized at the elevated substrate temperature [11-18]. In this paper, grain boundaries are defined by
the boundary whose rotation angle is larger than 15°, and sub-boundaries are defined by the boundary
whose rotation angle is less than 15° [53-55], as shown in Figure 5. A grain, which is surrounded by
grain boundaries, usually comprises some sub-grains and sub-boundaries [56].

Grain-Boundary ( 8 >15° ) Subboundary ( 8 <15° )

Grain ‘\S@n

Grain

Figure 5. Definition of grain boundary and sub-boundary.

2. Experimental

2.1. A New CW-Laser Lateral Crystallization (CLC) with a Highly Top-Flat Line Beam

A new CW-laser lateral crystallization (CLC) was performed by using a diode-pumped solid-state
(DPSS) green laser with a wavelength of 532 nm at room temperature in air without seed, as shown in
Figure 6. The equipment was built in our laboratory. A highly top-flat line beam was used, as shown
in Figure 7 [44]. The homogenizer was also built in our laboratory. The beam size was 492 pm X 8 pum,
but the narrower beam width of 5 um was also used in the experiments investigating the effect of scan
velocity. Samples were scanned using an electrically driven X-Y stage.

Beam Homogenizer

Beam Power Attenuator Laser Head

Profiler Meter

| | X-Y stage

L. r‘ Base

Figure 6. Schematic view of the new CLC equipment.
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Figure 7. Beam profile of highly top-flat line beam (arbitrary unit). After Sasaki et al. [44].
2.2. Sample Preparation and Characterization

A undoped 60 nm-thick a-Si was deposited on fused-quartz substrate after wet cleaning by
using inductively coupled plasma chemical vapor deposition (ICP-CVD) with SiHy at 250 °C and
6.7 Pa. An SiO; cap was successively deposited from 86 to 184 nm thicknesses by ICP-CVD with
tetraethoxysilane at 300 °C and 80 Pa. The deposition rate of SiO, was 18 nm/min. After the
dehydrogenation annealing at 500-550 °C for 1 h in nitrogen, the unseeded CLC was carried out at a
laser power of 1.2-3.4 W with a scan velocity of 7.5-15 mm/s. The power density was 3-9 x 10* W/cm?.
Crystal quality was investigated by electron backscatter diffraction (EBSD) at an electron accelerating
voltage of 15 kV and a tilt angle of 70°, using a Hitachi SU6600 scanning electron microscope equipped
with an EBSD module from EDAX.

3. Laser Power Dependence of the Crystallographic Textures of the Crystallized Films

The laser power dependence of the crystallographic texture was studied in an area of 35 x 47 um?,
arbitrarily selected in the central region in the laser scan [44]. The crystallographic textures were
investigated by EBSD. Three-dimensional orientations were detected by using EBSD, with an electron
beam at a 15 nm spot size and a 300 nm step, at each point in the measured area. Figure 8 shows the
surface normal texture diagram of the crystallized film as a function of laser power and the cap SiO,
thickness. Scan velocity was 15 mm/s. For each cap thickness, {100} textures were observed at the low
power region near the lateral growth threshold, mixed textures were observed for the upper power,
and agglomeration occurred for the further large power. Specifically, grain-boundary-free films were
obtained in the vicinity of the lateral growth threshold. The power of the lateral growth threshold
increased with the cap thickness from 86 to 184 nm, due to the decrease in the absorbed laser power in
a-Si by the anti-reflection cap effect of the deposited SiO, [49].

Agglomeration

3.0 -
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2 |+— {100} Texture
o 20w o—
o — ———— == Power of the Lateral Growth Threshold
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% LA S Granular or Nano-Crystal
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Figure 8. Phase diagram of the {100} texture and mixed texture. The scan velocity was 15 mm/s.
After Sasaki et al. [44].

Figure 9 shows the EBSD inverse pole figure (IPF) maps in the directions of normal direction (ND),
scan direction (SD), and transverse direction (TD) at the central area of 35 X 47 um? in the crystallized
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region, by a single CW laser scan at 123 nm cap thickness, 1.4 W power, and 15 mm/s scan velocity
in air. The maps of the IPF ND, SD, and TD show color index to the orientations in the directions
of ND, SD, and TD, respectively, at each point throughout the measured area. Textures of {100} are
observed all over the area in all these three IPF maps of ND, SD, and TD. Figure 10 shows the grain
boundary pattern. The grain boundaries are not observed, except for a tiny particle. Figure 11 shows
the orientation distribution of the film. A total of 99.8% of the measured area is {100}-oriented in the
surface normal direction within 10°.

Scan : 11
JZL L L A
100 110

(a) ND (b) SD (c) TD

Figure 9. {100} textures of inverse pole figure (IPF) maps for all three directions of (a) normal direction
(ND), (b) scan direction (SD), and (c) transverse direction (TD), obtained at a low laser power in the
vicinity of the lateral growth threshold. The SiO, cap thickness was 123 nm, and the power was 1.4 W.
The scan velocity was 15 mm/s. After Sasaki et al. [44].
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Figure 10. EBSD map of grain boundary pattern at the area shown in Figure 9. The SiO; cap thickness
was 123 nm, and the power was 1.4 W. The scan velocity was 15 mm/s. After Sasaki et al. [49].
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Figure 11. Distribution of surface direction around {100}. (a) IPF plot and (b) surface direction chart.
99.8% of the crystallized region is {100} ND-oriented within 10°. The SiO; cap thickness was 123 nm,
and the power was 1.4 W. The scan velocity was 15 mm/s. After Sasaki et al. [52].

When the laser power was increased to 1.6 W with the same cap thickness and the same scan
velocity, the IPF ND texture remained in {100}, but in-plane SD and TD textures changed from {100} and
domains parallel to the scan direction were formed, as shown in Figure 12 [44,49,53]. The orientations
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in SD and TD were orthogonal each other in each domain, and {100} ND was orthogonal to the
orientations in SD and TD. This means that each domain had a single crystal rotated at a different angle
around the <100> surface normal axis from the configuration of {100} ND, {100} SD, and {100} TD.
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Figure 12. IPF maps of the crystallized film at an increased effective laser power a little from the lateral
growth threshold; (a) normal direction, (b) scan direction, and (c) transverse direction. The SiO, cap
thickness was 123 nm, and the power was 1.6 W. The scan velocity was 15 mm/s. After Sasaki et al. [53].

With a further increase in power, the mixed texture comprising small grains was observed in
all the ND, SD, and TD, as shown in Figure 13. Domains having {211} ND, {110} SD, and {111} TD
were observed as well [53]. The {211} ND domain in Figure 13 coincides with the extracted twin
boundaries shown in Figure 14a. The directions of twin boundaries were almost parallel (0-10°) to the
scan direction, as shown in Figure 14b.

100 110

(a) ND (b) SD (c) TD

Figure 13. IPF maps of the crystallized film at a high effective laser power; (a) normal direction, (b) scan
direction, and (c) transverse direction. The SiO; cap thickness was 183 nm, and the power was 2.6 W.
The scan velocity was 15 mm/s. After Sasaki et al. [53].
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Lines fitted to the
twin-boundaries

Twin-boundaries

Figure 14. EBSD maps of (a) twin boundaries, and (b) the lines fitted to the twin boundaries. The same
area of the sample shown in Figure 13 was investigated. The SiO; cap thickness was 183 nm, and the
power was 2.6 W. The scan velocity was 15 mm/s. After Sasaki et al. [53].
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4. Crystal Growth Model as a Function of the Laser Power

Figure 15 shows the schematic view of the solid-liquid interface at the low laser power in the
vicinity of the lateral growth threshold [53] resulting from Figure 9. The {100} orientation is formed in
the directions of SD and TD, in addition to ND. A single straight line of averaged solid-liquid interface
is formed in the direction vertical to the scan direction. The crystal orientations of this growth are
very symmetrical.

Non-Melt
Scan

Normal Direction
Trapswefse

Direction <010> <001>
b

<100>

Scanning
Direction

Non-Melt

Averaged Solid-Liquid Interface.

Figure 15. Crystal growth at the low power in the vicinity of the lateral growth threshold. After Sasaki et al. [53].

When the laser power is increased from the lateral growth threshold but is still low enough,
domains having tilted solid-liquid interface are generated, having the in-plane SD and TD orientations
rotated from {100} SD and ND, keeping the {100} ND, as shown in Figure 16 [53]. The averaged
sold-liquid interfaces are also rotated at 0 and a grain boundary is formed parallel to the scan direction
between two domains.

<001> Non-Melt

Scan

<001>
Grain- -~ Jolate
boundary <010> / <100>

Non-Melt

Isotherm

Averaged Solid-Liquid Interface.

Figure 16. Crystal growth at the low laser power but deviated from the lateral growth threshold power.
After Sasaki et al. [53].

The sole observation of {100} ND texture of a crystallized region does not always mean the region
is grain-boundary-free; however, when we observe the symmetrical textures of {100} ND, {100} SD,
and {100} TD at the same time in a region, we can regard the region as {100}-oriented grain-boundary-free.

With further increased power, stable solid-liquid interfaces are no more maintained, and small
grains with different orientations are generated. Domains of twins are observed as well. The twin
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boundary generation is explained by two steps: first, the in-plane rotation of the averaged solid-liquid
interface is induced, and secondly, the deformation twinning is induced by the compressive stress in
the crystallized film at the onset of solidification before cooling down [53]. The twin is not formed in
the crystal of {100} SD, but is formed in the crystal of {110} SD. The experimentally observed direction
of twins were almost parallel (0-10°) to the scan direction, as shown in Figure 14. If the twin is formed
in the crystal of {100} SD, the twin direction forms an angle of 45° with the scan direction, because the
twin boundary is formed by glides of the partial dislocations on the {111} plane. This agrees well with
the difference in calculated Schmid factors between crystals of {100} SD and {110} SD [53].

5. Global Texture Throughout the Melted Width

The {100} orientations in the directions of ND, SD, and TD were obtained throughout the melted
width, except the tiny edge regions at the low laser power in the vicinity of the lateral growth
threshold [50]. No grain boundary was observed all over the melted width except the edge regions,
as shown in Figure 17a. The {100} ND orientation was also observed except in the edge regions,
as shown in Figure 17b. The {100} SD and TD orientations were also observed in the same region.
The width of this {100}-oriented grain-boundary-free film is 80 um. The width of 120 pym was obtained
as well [52].

Scan

100 110

Figure 17. Global extension of the {100}-oriented grain-boundary-free film. The SiO, cap thickness was
123 nm, and the power was 1.4 W. (a) Grain boundary map, and (b) IPF ND map. The scan velocity
was 15 mm/s. After Sasaki et al. [50].

Figure 18 shows the global textures of the crystallized film throughout the melted width at a
higher power condition [53]. The absorbed power of Figure 18 is greater than that of Figure 17, because
of the difference in the cap thickness even with the same irradiated power. There are various domains
due to the temperature distribution induced by lateral thermal diffusion even with a top-flat line beam
profile. Near the edge of the melted width, {100}-oriented grain-boundary-free domains are produced,
similar to Figure 9. In the central region of the melted width, there are in-plane tilted domains such as
those observed in Figure 12, and the twinned domain with the same textures of {211} ND, {110} SD,
and {111} TD, similar to those observed in Figure 13.
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Melted Width : 227 pm

N ? AN

ND {211} {001} {001} {001} {001}

100 110 sD {011} {310} {320} {210} {100}

{210} ™ {111} {130} {230} (720} {010}
{310} {320} T
TWIN

Figure 18. Global textures of the crystallized film at a higher laser power. (a) IPF ND map, and (b) IPF

SD map. The SiO; cap thickness was 84 nm, and the power was 1.4 W. The scan velocity was 15 mm/s.
After Sasaki et al. [53].

6. Effect of Scan Velocity on the (100) Texture

Figure 19 shows the effect of scan velocity on surface textures of the lateral growth [50]. The {100}
surface texture in the lateral growth is observed, even in a 7.5 mm/s scan velocity. The laser power
window to obtain {100} grain-boundary-free texture becomes wider with increasing scan velocity.

velocity
15 mm/s 7.5 mm/s
power
Nano-crystal
0.7W
> (100)
0.8W Grain-Boundary Free
Mixed
Scan 77
1.0W | Agglomeration
' 111
1.2W
100 110

Figure 19. Comparison of {100} crystal growth between 7.5 and 15 mm/s scan velocities. The beam

width was decreased to 5 um in this experiment for both scan velocities. The cap oxide thickness was
87 nm. After Sasaki et al. [50].
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7. Cap Effect to Produce the {100} Texture

The effects of the SiO; cap on the surface textures are shown in Figure 20. The SiO; cap is essential
to obtain the {100} grain-boundary-free lateral growth [54]. The lateral growth threshold power with
the cap is smaller than that without the cap. This is explained by the anti-reflection effect of the cap [49].

Power Power

Nano-crystal

2.0w 2.0w

Granular

‘ {100}
2.2W 291 W E _ 4 Grain-Boundary Free
Scan
24w 2.4W I
Lateral
Mixed
2.6W 2.6W {9 111
W Twin
2.8wW 2.8W
100 110
(a) No cap (b) Cap (184 nm)

Figure 20. Effects of SiO, cap to grow {100}-oriented films. EBSD IPF ND maps are shown as a function
of laser power; (a) without cap, and (b) with cap of 184 nm. In (a), natural oxide on the surface was
etched off by the buffered HF solution just before the crystallization. The laser scan velocity was
15 mm/s. After Sasaki et al. [54].

Figure 20a shows the texture’s dependence on laser power for the samples without the cap.
Nanocrystals are observed at 2.0 W, and granular grains at powers from 2.2 to 2.4 W. The granular
grains are preferentially {100} ND-oriented, but many smaller grains of {110} or {111} ND are observed
as well. It should be noted that the random IPF ND textures are generated in the lateral growth region
observed at the middle of melted width at 2.6 and 2.8 W powers. The textures at the edges remain
granular at 2.6 and 2.8 W, due to the decrease in temperature due to lateral thermal diffusion.

Figure 20b shows the texture dependence on laser power for the capped sample. All the textures
show lateral growth at powers from 2.0 to 2.8 W, and {100} ND texture is observed around the lateral
growth threshold of 2.0 W, all over the melted width. The IPF ND map changes to the mixed texture
from 2.2 and 2.4 W in the central region of the melted width. The {100} textured grain-boundary-free
regions are observed at 2.2-2.8 W in the side edges, and the deformation twinning [53] occurs at 2.6
and 2.8 W in the central region.

8. Multiple Overlapped Scan Effect on the {100} Texture

Overlapped scans make the preferentially {100} textured film but leave grain boundaries in the
film [44]. Figure 21a shows IPF ND texture at the higher laser power condition with a single scan.
Mixed texture and twinned regions are observed. Figure 21b,c show the IPF ND maps after (b) 5 times,
and (c) 80 times scans at the same place with the same laser conditions. The {211} ND twin region
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disappears with 5 times scans, and preferentially {100}-oriented ND texture is obtained with 80 times
scans, but grain boundaries are not removed from the overlapped scan area, even with 80 times scan.

Mixed

(a) 1time (b) 5times (c) 80times 100 110

Figure 21. Effects of multiple overlapped scans on surface textures. IPF ND maps of (a) 1 time,
(b) 5 times, and (c) 80 times overlapped scans, at the same laser crystallization conditions. The cap
oxide was 86 nm thick, the power was 1.4 W, and the scan velocity was 15 mm/s. After Sasaki et al. [4].

9. Discussion

We have found that a simple line beam can realize the symmetrical {100} ND, SD, and TD crystal
growth. The {100} ND orientation is realized by the minimum interfacial energy between Si{100} and
SiO, [11]. The grains with in-plane {100} SD orientation dominate [49,53,54] due to the geometry
selection [57], because of the fastest growth direction of <100> in Si [17,58-60]. Once the {100} SD is
realized, it is maintained. But if the power density varies or fluctuates, the solid-liquid interface will
no longer be stably maintained. This is the reason why we must use a highly top-flat beam to obtain
the {100} ND, SD, and TD crystal growth.

The geometry selection will not work effectively in very narrow and thin wires like the experiments
of Yeh et al. [29,36]. The nucleus with the {100} SD orientation is not always included in the nuclei
randomly nucleated at the scan starting point in a limited space for nucleation if the crystallization
stripe is narrow and thin. On the other hand, the geometry selection works well for the wider linear
beam even in thin film, like our study [49-54], or for thick film, like the experiments of Kiithnapfel et
al. [37,38].

The in-plane domain rotation observed at a higher power is explained by the in-plane rotation of
averaged solid-liquid interface parting from the isotherm plane [53].The granular grains observed at
the power lower than the lateral growth threshold are generated by the vertical growth due to the
solid-liquid interface tilted horizontally to the substrate [54].

The transition of surface normal textures in CLC films from the {100} to the {211} at high laser
power is induced by the in-plane rotation of the solid-liquid interface and the successive deformation
twinning by volume expansion stress [53]. We suppose that the {211}-textured domain obtained with
the double-line beam by Kuroki [45] was not governed at initial crystal nucleation [45], but was also
produced by the deformation twinning after the crystal growth, in the same way as we observed in our
study with the highly top-flat single-line beam [53].

10. Conclusions

It has been found that the {100}-oriented grain-boundary-free film is obtained by the CW-laser
lateral crystallization when the following conditions are satisfied:

Simple but highly uniform top-flat line beam.
Si0O; cap.
Low laser power density in the vicinity of the lateral growth threshold.

Ll

Single scan crystallization.

This crystallization was carried out simply on a room temperature substrate in air without seed,
and the crystallization equipment was simple as well. A wide {100}-oriented grain-boundary-free
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stripe of more than 120 pm width was obtained. The increased scan velocity makes the optimum
power window wide further to produce the {100} crystal growth. A SiO; cap is essential to get {100}
ND to reduce the interface energy. The sufficiently wide melted width is substantial to get {100} SD by
the mechanism of the geometry selection.
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