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Raman spectral analysis of Si films solid-phase-crystallized on glass substrates
using pulse laser with crystallization-induction layers of yttria-stabilized

zirconia

Mai Thi Kieu Lien and Susumu Horita

School of Materials Science, Japan Advanced Institute of Science and Technology, 1-1

Asahidai, Nomi, Ishikawa 923 — 1292, Japan

E-mail: Mai Thi Kieu Lien (mai.lien@)jaist.ac.jp); Susumu Horita (horita@jaist.ac.jp)

The solid-phase crystallization of amorphous Si films with/without a crystallization-
induction (CI) layer of yttria-stabilized zirconia (YSZ) was performed using a Nd:YAG
pulse laser. We investigated the crystallinity of the Si films by Raman spectroscopy. It was
found that, at the same crystalline fraction, the FWHM of the c-Si peak for Si/YSZ/glass
was smaller than that for Si/glass. The result is considered owing to the CI effect of the YSZ
layer. This was confirmed by scanning electron microscopy observation, which showed that
the grain size of Si on YSZ layers was more uniform than that on glass substrates. On the
other hand, at a lower beam energy, the crystalline quality of the Si films was found to be
better although the increase in the crystallization rate with the pulse number N is lower. On
the basis of the above results, the crystallization model of an a-Si film on a YSZ layer is

speculated.



1. Introduction

Semiconductor thin films on non-heat-resistant and inexpensive insulating substrates

made of glass or plastic have received much interest as materials for actual devices, e.g.,

thin-film transistors (TFTs), solar cells, and sensors' ™. In order to improve the properties

of TFTs such as mobility and reliability, and to lower production costs to meet application

[5-7] [8, 9]

needs, a large number of studies of TFT channel materials using oxide" ", organic and

10, 11

crystallized silicon (c-Si)!'” 'l have been carried out extensively. Among these materials,

polycrystalline silicon (poly-Si) TFTs have great advantages of higher stability or reliability

and higher mobility. Since the demands for the application of poly-Si TFTs include low cost

gl12-301

and high performance, several methods have been propose , such as the solid phase

17-20]

crystallization (SPC) method!*"®!, metal-induced crystallization (MIC) method" ", metal-

21-24]

induced lateral crystallization (MILC) method! , and pulse laser annealing (PLA)

(2281 For the SPC method, the fabricated poly-Si film has a smooth surface and a

method
uniform grain size. However, it has drawbacks of high process temperature and long
annealing time. The MIC and MILC methods can solve the problems of the SPC method.
However, the disadvantage of these methods is the remnant metal that becomes a leakage
current source in poly-Si TFTs. The PLA method can reduce crystallization temperature to
room temperature, and its melting-crystallized films have large grains with high mobility.

However, melting-crystallized films have the drawbacks of high film surface roughness and

nonuniformity of grain size, which lead to nonuniform device performance.

Therefore, in order to obtain a poly-Si film with uniform electrical properties in terms of
both short time and low temperature, we have proposed a crystallization-induction (CI)

layer method using yttria-stabilized zirconia [(ZrO,);x(Y203)x:YSZ] as the CI material®®'->*],



In this method, an amorphous Si (a-Si) film is deposited on a YSZ layer that covers surface
of a glass substrate. Since YSZ has a small lattice mismatch of ~5% and the same cubic
crystal structure as Si, it can be expected that the obtained poly-Si film will have uniform
grain size and crystallographic information, owing to the crystallographic information of the
YSZ layer. Actually, we have reported that, in the CI layer method, the crystallization of a
Si film directly deposited on a YSZ layer occurs at a substrate temperature of 320 °C, which
is lower than that on a glass substrate without a YSZ layer by more than 100 °C (21
However, the deposition temperature >300 °C is not low enough for non-heat-resistant
device applications such as flexible displays with a plastic substrate, and the surface of the
directly deposited poly-Si film is generally much rougher than that of SPC poly-Si films.
Therefore, for the reduction in fabrication temperature and surface roughness of crystallized
Si films, we tried to crystallize an a-Si film in the solid phase by the PLA method at room
temperature. The combination of the CI layer and SPC-PLA methods is thought to have
high potential not only for eliminating the drawback of the melting-PLA method, but also
for satisfying the demands for the application of poly-Si TFTs. In the investigation, we
focused on the CI effect of the YSZ layer on the SPC of a-Si films, compared with the SPC
without YSZ layers. The crystallized Si films were measured mainly by Raman
spectroscopy, and the crystalline fraction X, and the FWHM and position of the c-Si peak
were evaluated. We can roughly estimate crystalline quality from the FWHM of the c-Si
peak and film stress from the peak position. Also, Secco-etched Si films were observed by

scanning electron microscopy (SEM) for comparison with the films observed by Raman

spectral analysis.



In this paper, we show the energy density and pulse number dependences of X,, and the
FWHM and position of the c-Si peak for crystallized Si films on YSZ layers and glass
substrates, including SEM images of the films. Results are then discussed and a
crystallization model of an a-Si film on a YSZ layer is speculated and compared with that of

an a-Si film on a glass substrate.
2. Experimental procedure

A fused quartz glass substrate (1x2 cm?) is chemically cleaned before the deposition of a
YSZ CI layer at a substrate temperature of 50 °C by reactive magnetron sputtering. Ar and
O, are used as the sputtering and reactive gases, respectively, with a sputtering pressure of

331 Then, an a-Si film is deposited on a YSZ/glass substrate by the e-beam

~6.5 mTorr
evaporation method at 300 °C. For comparison, a-Si films are deposited directly on glass
substrates without a YSZ layer. Subsequently, the crystallization of a-Si films is performed
by PLA in N, ambient. A Q-switched Nd:YAG laser (A = 532 nm) is used for annealing
with a repetition frequency of 10 Hz, a pulse duration of 6 — 7 ns, and a beam diameter of
~4 mm. The laser system setup for annealing is shown in Fig. 1. The laser energy density £
and the pulse number N are 20 — 160 mJ/cm” and 10 — 300, respectively. An a-Si film is
irradiated normal to its surface by an incident beam with a beam energy adjusted by an
attenuator. Laser beam patterns are taken for each beam power by a CCD camera and
analyzed for the estimation of the energy density distribution. The crystalline property of the
deposited YSZ layer is estimated by X-ray diffraction (XRD) and in situ reflected high-
energy electron diffraction (RHEED) measurements. The crystallization degree of Si films

1s estimated by Raman spectroscopy. In this work, transverse optical phonon (TO) mode

spectra in the Raman spectrum measured in each Si film were deconvoluted into three

4



peaks: a crystalline peak (wave number of 514 — 520 cm’'), a microcrystalline or
intermediate peak (503 — 510 cm™), and an amorphous peak (470 — 490 cm™). The
crystalline fraction X. and the microcrystalline fraction X, are determined by X, = ([, +
)N+ 1. +1)and X, =1,/(1,+ I.+ 1), respectively, where I, I,, and I, are the integrated
intensities of the c-Si, microcrystalline silicon (u-Si), and a-Si peaks, respectively®*. The
analyzed data such as X,., peak FWHM, and peak position are shown as averages whose
error bars indicate the upper and lower values among three measurements at the same point.

Grains of poly-Si films are observed by SEM after Secco-etching.
3. Results

Figure 2 shows the XRD and RHEED patterns of the 60-nm-thick YSZ layer deposited
on a quartz substrate. It can be seen from the XRD pattern that the deposited YSZ layer has
a preferential orientation of (111). Moreover, a spotty pattern can be observed from the
RHEED measurement, which indicates a highly oriented film surface. The YSZ layer is
found to be uniaxially (111)-oriented because the observed RHEED pattern does not change
with rotation along the normal axis of the sample surface, which is in good agreement with

the XRD pattern* >,

Figure 3 shows the Raman spectra of the Si films deposited on the YSZ/glass and glass
substrates at energy densities E of (a) 29 — 31 and (b) 104 — 106 mJ/cm? with N = 300. In
Fig. 3(b), the spectra of Si/YSZ/glass and Si/glass are shown in the inset for comparison.
The dotted lines in the large spectra of Si/YSZ/glass are the decomposed components of the
three TO mode peaks, the longitudinal optical (LO) mode peak at 380+ 20 cm™, the
longitudinal acoustic (LA) mode peak at 300+ 20 cm™', and three peaks corresponding to the

glass substrate (~490, ~450, and ~180 cm'l); the solid line is their sum, shown as an

5



example of deconvolution. At a low E of 29 — 31 mJ/cm” [Fig. 3(a)], we observe broad and
large peaks at ~480 cm™ corresponding to an a-Si phase accompanied by very small c-Si
peaks at ~517 cm™ for both Si/glass and Si/YSZ/glass. This suggests that the crystallization
of Si films starts at approximately this energy density. At a high E of 104 — 106 mJ/cm?, the
Raman spectra in Fig. 3(b) show high and sharp c-Si peaks at ~515 cm™ with small a-Si
peaks, which indicate that a small fraction of a-Si phase still remains. At approximately this
energy density, it seems that the crystallization process is almost complete. It can also be
seen that the c-Si peaks of Si/glass are slightly higher than those of Si/YSZ/glass at both

energy densities.

Figure 4 shows the dependence of the crystalline fraction X, on laser energy density with
N = 300. It can be seen from this figure that X, increases monotonically with £ for both
Si/glass and Si/YSZ/glass. At E> 105 and 110 mJ/cm® for Si/glass and Si/YSZ/glass,
respectively, the Si films begin to melt, and X, becomes nearly saturated at a high value. It is
considered that, in the low-£ region, Si films do not receive sufficient thermal energy for
complete amorphous to crystalline phase transformation. Therefore, most of the films are in
the amorphous phase. Then, with increasing E, more new nuclei are formed and the
crystallization area extends, causing X, to increase. The X.’s of the Si films on the glass
substrates are higher, indicating faster crystallization of these films than of those on the
YSZ layers at the same energy density. This is due to the difference in optical absorption of
an a-Si film between the Si/glass and Si/YSZ cases. This difference also leads to a
difference in the critical £ for the melting of Si/glass from that of Si/YSZ/glass, as shown in
Fig. 4. The broken blue line in this figure is the curve redrawn with the corrected E for

Si/YSZ/glass, considering the difference in optical absorption. The horizontal energy



density £ is reduced by 18.5% or the whole curve is shifted along the negative E direction
by AE = 0.185E. Details will be discussed later with the results of the theoretical optical

analysis.

Figures 5(a) and 5(b) show the energy density £ dependences of the microcrystalline
fraction X, and the FWHM of the c-Si peak, respectively. It can be seen from Fig. 5(a) that
X, initially increases with £ and decreases gradually after £ = 45 ~ 55 mJ/cm?. Since, in the
low-E region, most of the Si films are in the amorphous phase, X, increases with E.
However, after passing a maximum value, X, decreases with increasing £ probably because
the crystal Si-Si bond network extends with higher £ or higher heating so that grain size
becomes larger. It should be noted that X, of S1/YSZ/glass is slightly lower than that of
Si/glass. This may indicate that the amount of small grains or micrograins is smaller in the
former than in the latter.

In Fig. 5(b), the FWHM of the c-Si peak varies from 4 to 10.5, with increasing E in both
Si/glass and Si/YSZ/glass in the SPC regime (i.e., £ < 105 and 110 mJ/cm?® for Si/glass and
Si/YSZ/glass, respectively). However, near/in the melting regime (i.e., £ >105 and 110
mJ/cm® for Si/glass and Si/YSZ/glass, respectively), the opposite tendency occurs. The
increase in FWHM with E in the SPC regime can be explained by the increase in the defect
density inside and outside of the grains owing to the rapid crystallization and impingement
of grains grown in an inhomogeneous direction”® "), In contrast, near/in the melting regime
of E, defects inside and outside of the grains are removed and reduced in number by a
higher temperature or a melting process. Moreover, the good lattice realignment of Si atoms
in the melting regime makes films more homogeneous. Also, as a whole, it can be seen that

the FWHMs of the c-Si peaks for Si/YSZ/glass are smaller than those for Si/glass, which is



similar to the result in Fig. 5(a). Since FWHM is taken as one of the indicators of the
crystalline quality of c-Si grains, the crystalline quality of the Si films on the YSZ layers is
apparently better than that on the glass substrates. This will also be discussed later in detail.
Figures 6(a) and 6(b) show SEM images of the Secco-etched SPC Si films on glass and
YSZ/glass, respectively, where the annealing conditions are £ = 60 — 80 mJ/cm® and N =
300. The grain size is roughly about 20 nm for the Si films on both the YSZ layer and the
glass substrate. Carefully observing some areas in the Si/glass sample of Fig. 6(a), we can
find a large difference in grain size or nonuniform grains. For example, in the left-hand and
right-hand circles, smaller and larger grains exist, respectively. This is probably due to the
random nucleation of Si on the glass substrate. In contrast, on the YSZ layer, the grain sizes
become relatively uniform, as shown in Fig. 6(b). This is probably because, owing to the CI
effect of the YSZ layer, the random nucleation and crystallization of the Si film are reduced
more on the YSZ layer than on the glass substrate. Therefore, it can be considered that
crystallization with uniform grain size because of the presence of the YSZ layer, may result
in smaller FWHM or better crystalline quality of crystallized Si films, than in the Si films

on glass.

Figures 7(a) and 7(b) show the dependences of the crystalline fraction X, and the FWHM
of the c-Si peak, respectively, on the pulse number N, where energy density is a parameter.
It can be seen from Fig. 7(a) that the X, of Si films increases with N because increasing N
increases annealing time substantially, which enhances the crystallization of Si films. It is
well known that, for bulk nucleation, the initial crystalline fraction depends on annealing
time with the power of 4, under the assumptions that nucleation occurs randomly at a

constant rate and that crystallization proceeds isotropically in direction and linearly in



time®®). Therefore, we can say that the rapid increase in and saturation tendency of X, with a
small N at a high E indicates bulk nucleation and growth. It can also be seen that the X.’s of

the Si films on YSZ/glass are lower than those on the glass substrates, in general.

In Fig. 7(b), at a low E =29 — 31 mJ/cm’, the FWHMs are small and almost the same for
all the pulse numbers except N = 50 for Si/YSZ/glass. This indicates that annealing with a
small £ enables crystallization that retains relatively good quality with low defect density.
However, by increasing £ within the SPC regime, the FWHM becomes larger and increases
slightly with N. The increase in FWHM with E is due to the increase in defect density or the
degraded crystalline quality, as mentioned earlier in Fig. 5(b). Since the crystallization rate
1s very high owing to the high E, sudden impingement of grains may promote defect
generation not only in the grain boundary region, but also inside grains. Furthermore, it is
notable that, at the same N, the FWHMs for Si/YSZ/glass are smaller than those for Si/glass,

as in Fig. 5.

In the above results, we compare the FWHMs of the c-Si peak of the Si/YSZ/glass and
Si/glass samples at the same energy density. Considering that the crystalline defect region
extends with increasing X., which is determined not only by £ or N but also by the sample
structure, i.e., with/without a YSZ layer, we can say that the actual main factor affecting
FWHM 1s not £ but X.. Therefore, as a function of X,., we check the behaviors of the
FWHM and position of the c-Si peak, which are measures of crystalline quality and film
stress, respectively. Figure 8 shows the dependences of the FWHM and position of the c-Si
peak on X, with N = 300 for Si/YSZ/glass and Si/glass. In this figure, every set of two data
points with the same E is enclosed together by one solid circle. The critical X.’s for melting

are almost the same for both Si/YSZ/glass and Si/glass. From this figure, it can be seen that



the FWHMs for both Si films increase with X, up to ~ 60%, then decrease beyond it. Also,
at X.>30%, it can be seen that the FWHMs for Si/YSZ/glass are smaller than those for
Si/glass. The differences between them are clearly larger than the measurement error bars.
Therefore, it can be concluded that the crystalline quality of the SPC Si film on the YSZ
layer is essentially better than that on the glass substrate.

Also, it can be seen from Fig. 8 that the c-Si peak positions in both cases are nearly the
same at identified X, and in the range from 514.5 to 517.4 cm™, which is lower than the
peak position of single-crystalline Si (520 cm™). This indicates that the Si films exhibit
tensile stress on both the YSZ layer and the glass substrate, and that the YSZ layer does not
serve as a strain buffer layer. Therefore, it can be considered that the small FWHM of the
S1/YSZ/glass is not related to film stress. Generally, tensile stress in a crystallized Si film on
a glass substrate can be explained by the difference between the thermal expansion
coefficients (TECs) of Si and glass (quartz), which are 2.8x 10%°C and 0.5x 10°/°C™,
respectively. Since the TEC of Si is much larger than that of glass and the crystallization or
atomic arrangement temperature is higher, e.g., the melting temperature, the crystallized Si
films at room temperature suffer from tensile stress?® 3037401 However, in our case, since
the TEC of YSZ is 11x 10°/°C*!, it is expected that Si film will be compressed by the YSZ
layer. However, this is opposite to the result in Fig. 8, which shows almost the same stress
in Si/YSZ/glass and Si/glass. Therefore, we infer that the tensile stress in Fig. 8 may be
caused by the densification during the phase transition from amorphous to crystalline. This
is because the mass density of a-Si containing voids and defects is generally lower than that
of crystalline Si'***!. Since Si atoms at the interface are tightly bonded to the underlayer

atoms, the Si position may be almost fixed or negligibly changed even after subsequent
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pulse irradiation. However, after crystallization, Si atoms over the interface in the bulk of
the film move from their original position in the as-deposition state, which may lead to the
densification or shrinkage of the Si film. Therefore, this densification causes tensile stress in
the crystallized Si film. On the basis of this hypothesis, we can explain the behavior of the
stress in Fig. 8 as follows. The c-Si peak position gradually shifts to lower values with X, up
to ~ 40% or E <70 mJ/cm®. This may be in a transition state of densification, in which small
crystallized Si regions that had been isolated from one another with amorphous regions
make contact with and bind tightly to one another. With further increase in X, to 80% or in
E to ~100 mJ/cm’, the peak position remains almost constant or unchanged, which means
that the strength of the stress or the bonding of Si atoms in the crystallized region is in a
steady state. However, with increasing X, beyond 80% or E beyond 100 mJ/cm?, the
annealed Si films become nearly melted in solid or melted. Then, the lattice alignment of Si
atoms occurs and the stress is partially relaxed or released.

Comparison of the FWHM curve with the peak position curve reveals that they seem to
be related to each other. When X, is smaller than 40%, the crystalline quality shown by
FWHM is relatively good but is gradually degraded with increasing X, and the film stress is
not so large but gradually increases with X.. This is probably because, in the smaller range
of X., the amount of amorphous phase remains large such that it could relax stress, acting
like a sponge. Furthermore the defective crystallization region is small owing to the small E.
However, X, or E increases, since the amorphous region reduces in size and the defective
crystallization region extends with X,. In the midrange of X,., the FWHM and stress are
almost constant because the amorphous network region may change into a crystalline

network, including defects and isolated or non-network atomic regions. Atoms constituting
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the defects and non-network atomic regions rarely move into the lattice sites at an £ lower
than the critical melting. However, at X, of more than 80%, i.e., near or higher than the
critical £, some Si atoms in the defect and non-network regions can bond well with other

atoms so that FWHM and film stress can be reduced.
4. Discussion

First, we discuss the difference in optical absorption between Si films of Si/YSZ/glass
and Si/glass in order to explain the result in Fig. 4. Figure 9 shows the YSZ film thickness
(d) dependences of the optical absorptivities 4 of a-Si and poly-Si films, which are
calculated using a fundamental optics theory. The calculation model of the sample structure
1s drawn schematically in the inset of Fig. 9, in accordance with the actual experimental
conditions. In this model, we consider multireflection in a Si film and a YSZ layer in a

normal incidence case. The refractive indices of a-Si, poly-Si, YSZ, and the glass substrate
are n,_,~ 4.53-10.897, n,,, , = 4.15-10.0428,n,, = 2.18, and ny, = 1.46, respectively, at a

wavelength of 532 nm!**1 It can be seen that the absorptivity of the a-Si film in a 60 nm
a-Si/glass structure (d = 0), 4 = 0.546, is higher than that in a 60 nm a-Si/YSZ/glass
structure with d = 60 nm, 4 = 0.445. For a poly-Si film, a similar result occurs, but with
much smaller values, i.e., 4 = 0.075 and 4 = 0.042 for d = 0 and d = 60 nm, respectively.
This indicates that the Si film in Si/glass 1s heated more than that in Si/YSZ/glass. This
essentially results from the smaller difference in refractive index between Si (ng;) and YSZ

(nysz) than between Si (ng) and glass (7s0.).

Considering the above differences, the data for Si/YSZ/glass in Fig. 4 are redrawn by the
broken blue line, as mentioned earlier. The value of 18.5% is calculated using 4 = 0.546 for

a-Si/glass and 4 = 0.445 for a-Si/YSZ/glass. We can see that the corrected line for
12



S1/YSZ/glass becomes more fitting to the red line curve for Si/glass in the low-E region. In
the high-£ or high-X, region, the poly-Si refractive index should be considered as well as
the a-Si refractive index because some regions of irradiated Si films change from an
amorphous phase to a polycrystalline phase. Therefore, it can be concluded that the
difference in X, at the same E between Si/YSZ/glass and Si/glass is mainly attributed to the
difference in optical absorption between them. Actually, in order to explain the behavior
shown in Fig. 4 in more detail, we should take the temperature dependence of the refractive
index into account. Owing to this, the absorptivity of poly-Si increases with temperature
monotonically, and thus the Si film should be exposed to more heating than that predicted

from the calculated absorptivity in Fig. 91*%),

From the aforementioned experimental results and discussion, we speculate a mechanism
of Si film crystallization with/without the YSZ CI layer at low and high energy densities E.
The schematic models are shown in Fig. 10. At a low energy density in Fig. 10(a) (e.g., E =
29 — 31 mJ/cm® in Fig. 7), in the initial state (e.g., N < 50 in Fig. 7), nucleation sites may be
formed mainly at the interface between Si and the underlayer in both Si/glass and

[47-48] ' nucleation in a-

Si/YSZ/glass. According to previous reports on other research studies
Si films occurs faster at the interface than in the bulk. In Si/glass, owing to the lack of
crystallographic information on glass, crystallization growth proceeds randomly as does
random nucleation. In the Si/YSZ/glass case, in contrast, owing to YSZ being highly
oriented or fiber-textured (Fig. 2), the nucleation might be induced more uniformly like a
sheet at the interface of the YSZ layer. For example, at X, = 0 for N = 50 in Fig. 7, there is

no observable crystallized region grown from the nucleation. This is probably because the

optical absorptivity is smaller than that of Si/glass, as shown in Fig. 9. With increasing
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annealing time or pulse number (e.g., N > 50), crystallization occurs from the interface and
proceeds at a low rate, as shown in Fig. 10(a). The orientation of the crystallized regions
might be similar to that of the grains of the YSZ layer, as shown in the right-hand panels in
Fig. 10(a), in contrast to the random nucleation and crystallization growth of Si/glass. With
increasing N, film bulk nucleation may occur in not only Si/glass but also Si/YSZ/glass,
although the crystallized region extends more from the interface, where the nucleation
density in the bulk for Si/YSZ/glass is smaller than for Si/glass because of the smaller
optical absorptivity. On the other hand, at high E in Fig. 10(b) (e.g., £ > 90 mJ/cm?), since
the crystallization rate is very high, nucleation and growth occur quickly even with a short
annealing time or a small pulse number (e.g., N = 10). Owing to the higher nucleus density
and the lack of crystallographic information in the bulk, crystallization growth from the
interface is impeded by bulk random growth and terminates midway in not only Si/glass but

also Si/YSZ/glass.

From the above discussion, we expect that annealing with low E will produce Si films
with better crystallinity. However, the crystallization rate is so low that it should take a long
time for complete crystallization. Annealing with high £ can reduce the annealing time, but
the crystallized Si films quality becomes poorer or more defective owing to faster random

nucleation and crystallization growth.
5. Conclusions

We crystallized Si films on glass substrates with and without a YSZ CI layer in the solid
phase by PLA, and investigated their properties mainly by Raman spectroscopy. We
obtained the following results. The crystalline fraction X, increased with the energy density

E monotonically in both Si/YSZ/glass and Si/glass. It was found that the crystallization rate

14



to £ was lower for Si/YSZ/glass than for Si/glass. This is because the optical absorption in

the Si film for Si/YSZ/glass is lower than that for Si/glass owing to the difference in

refractive index between 7,5, and "5, - At the same X, the FWHM of the c-Si peak for

Si/YSZ/glass was smaller than that for Si/glass, which indicates better crystalline quality of
the Si film on the YSZ layer than of that on the glass substrate. It can be considered from
this result that Si atoms in Si/YSZ/glass are arranged more orderly during the phase
amorphous to crystalline transition and that the defect density is lower in Si/YSZ/glass than
in Si/glass. This may be due to the crystallization-induction effect of the YSZ layer. The
film stress was tensile and increased with X, and almost saturated at approximately X, =
40%, regardless of using a YSZ layer or not. This can be explained by the mass density
change from the amorphous phase to the crystalline phase. From the pulse number N
dependences of X, and FWHM, it was found that, at a small £, X, increased proportionally
with A, but, at a high E, X. rapidly increased to a near-saturation level with a smaller M.
From this result, it can be considered that since a higher £ induces a faster random
nucleation not only at the interface but also in the bulk in Si films, a smaller £ is more
suitable for controlling nucleation sites. Therefore, in the CI layer method using a small E, it
1s possible to control nucleation sites on the YSZ interface to make crystallization growth
proceed to the film surface smoothly without random nucleation. However, since it takes a
longer time for the complete crystallization of the entire a-Si film, this method is not
practical for mass production. We should consider a better method of producing good-

quality Si films within a shorter time.
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Figure captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

(Color online) Schematic illustration of laser annealing system.

(Color online) XRD and RHEED patterns of the 60-nm-thick YSZ layer deposited

on the quartz substrate.

(Color online) Raman spectra of the Si films deposited on the YSZ/glass and glass
substrates at energy densities £ of (a) 29 — 31 and (b) 104 — 106 mJ/cm” with N =
300. Dotted lines in (b) are decomposed components of the three TO mode peaks,
one LO mode peak, one LA mode peak, and three peaks due to the glass substrate

in a Raman spectrum for Si/YSZ/glass, as an example of deconvolution.

(Color online) Dependence of crystalline fraction X, on the laser energy density £
with N = 300. The broken line is a curve redrawn with corrected E for

Si/YSZ/glass. The correction is mentioned in Sect. 4.

(Color online) Dependences of (a) microcrystalline fraction X, and (b) FWHM of

c-Si peak on the laser energy density £ with N = 300.

(Color online) SEM images of the crystallized Si films on (a) glass and (b)

YSZ/glass at E = 60 — 80 mJ/cm® with N = 300.

(Color online) Dependences of (a) crystalline fraction X, and (b) c-Si peak FWHM

on the pulse number N. Energy density is the parameter.

(Color online) Dependences of FWHM and position of c-Si peak on the crystalline

fraction X, for N = 300.

(Color online) Dependences of absorptivity in Si on the YSZ film thickness d for

60 nm a-S1/YSZ/glass and 60 nm poly-Si/YSZ/glass structures.
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Fig. 10. (Color online) Schematic models of crystallization mechanism of Si films

with/without YSZ CI layers at (a) low and (b) high energy densities.
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