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Explosive crystallization of amorphous silicon films by flash
lamp annealing
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Japan Advanced Institute of Science and Technology (JAIST), 1-1 Asahidai, Nomi,
Ishikawa 923-1292, Japan

(Received 1 November 2008; accepted 10 July 2009; published online 25 August 2009)

Explosive crystallization (EC) takes place during flash lamp annealing in micrometer-thick
amorphous Si (a-Si) films deposited on glass substrates. The EC starts from the edges of the a-Si
films due to additional heating from flash lamp light. This is followed by lateral crystallization with
a velocity on the order of m/s, leaving behind periodic microstructures in which regions containing
several hundreds of nm-ordered grains and regions consisting of only 10-nm-sized fine grains
alternatively appear. The formation of the dense grains can be understood as explosive solid-phase
nucleation, whereas the several hundreds of nanometer-sized grains, stretched in the lateral
direction, are probably formed through explosive liquid-phase epitaxy. This phenomenon will be
applied to the high-throughput formation of thick poly-Si films for solar cells. © 2009 American

Institute of Physics. [DOI: 10.1063/1.3195089]

I. INTRODUCTION

The development of alternative energy resources to fos-
sil fuel is one of the most important tasks to stop the global
warming trend. Photovoltaic technology, directly yielding
energy from sunlight, is the best candidate technology, and
the production of solar cells has actually increased rapidly.l
Many researchers have extensively studied the postcrystalli-
zation of precursor amorphous Si (a-Si) films deposited on
glass substrates by high-throughput deposition techniques
such as chemical vapor deposition (CVD) to form thin-film
crystalline Si (c-Si) as a solar cell material.>™* Flash lamp
annealing (FLA) is a promising technique for the high-
throughput crystallization of precursor a-Si films, because of
the suitable pulse duration on the order of milliseconds.”’
The thermal diffusion lengths Ly, defined as Ly=(xt/cp)'?,
where «, t, ¢, and p represent thermal conductivity, duration,
heat capacity, and density, respectively, of soda lime glass
and a-Si in 5 ms are both on the order of several tens of wm.
These values indicate that micrometer-order-thick a-Si films
can be fully heated in millisecond annealing, whereas glass
substrates, typically with a thickness of several millimeters,
are not entirely heated. This feature is a great advantage
compared with conventional rapid thermal annealing with
duration on the order of seconds, which causes thermal dam-
age to glass substrates, and compared with excimer laser
annealing (ELA) with several tens of nanosecond duration,
which results in insufficient heating of a-Si films in depth.
We have actually realized crystallization of 4.5-um-thick
a-Si films by a single shot of flash lamp on quartz and soda
lime glass substrates.*” The polycrystalline Si (poly-Si) films
indicate minority carrier lifetimes as long as 10 us after
defect termination through high-pressure water-vapor
annealing.10 We have also succeeded in fabricating prototype
solar cells using the poly-Si films, demonstrating actual solar
cell operation.11
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Another interest in the rapid crystallization is a charac-
teristic lateral crystallization, generally referred to as “explo-
sive crystallization (EC).” This means lateral crystallization
triggered by the heat corresponding to the enthalpy differ-
ence between two phases of material, released at the inter-
face of the two phases. There have been a number of experi-
mental reports concerning the EC using several types of
pulse light sources such as Q-switched ruby lasers,'”'® XeF
excimer lasers,"” frequency doubled or tripled Nd:YAG
(yttrium aluminum garnet) lasers,** Nd-glass lasers,”* and
continuous-wave (cw) Ar ion lasers with scanning,25727 as
well as many theoretical investigations.zg*32 Characteristic
periodic surface structures with approximately 1 wm pitch
spacing have been observed in the poly-Si films formed by
FLA,*** which may be an indication of the onset of the EC
triggered by FLA because similar structures have been ob-
served in the materials crystallized through EC."™* In this
study, we have investigated the surface appearances and the
microstructures of the poly-Si films in order to clarify the
crystallization mechanism of a-Si films by FLA. The experi-
mental results clearly demonstrate the existence of
centimeter-long lateral crystallization progressing from the
Si film edges toward the center during FLA. The lateral
movement of heat source is required for the centimeter-long
lateral crystallization progressing within an annealing dura-
tion on the order of milliseconds, and we have to apply the
concept of the EC for the explanation of that crystallization
phenomenon. The poly-Si films are found to have periodic
microstructures in which regions containing several hun-
dreds of nm-ordered grains and regions consisting of only
10-nm-sized fine grains alternatively appear, indicating the
existence of two EC modes.

Il. EXPERIMENT

Quartz and soda lime glass substrates with a size of 20
X 20X 0.7 mm® were utilized as the substrates of the Si
films. Since there is no significant dependence of the kind of

© 2009 American Institute of Physics
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FIG. 1. Schematic of the FLA system used in this study. A Xe lamp array
emits 5 ms pulse light having a broad spectrum in a visible range.

glass material on the crystallization results, poly-Si films
formed on quartz substrates were mainly investigated in this
study. Cr films with thicknesses of 60 or 200 nm were first
deposited on the glass substrates by sputtering, aiming at the
improvement of adhesion of Si films to glass substrates.®’
We have confirmed that the thickness of Cr does not greatly
affect the crystallization results. Precursor a-Si films were
then deposited on the Cr films by catalytic CVD (CAT-
CVD), often called hot-wire CVD, which can produce a-Si
films with low film stress and with a low hydrogen content of
approximately 3%. These characteristics result in suppres-
sion of peeling of Si films during deposition and during
FLA.* No dehydrogenation process was performed prior to
FLA. The deposition rate of the a-Si films was approxi-
mately 100 nm/min. The other detailed deposition conditions
are summarized elsewhere.™

FLA is a flash discharge from Xe lamps, emitting
millisecond-order pulse having a broad spectrum in a visible
range. The typical spectrum of the flash lamp light is seen
elsewhere.*® Figure 1 shows the schematic view of the FLA
system used in this study. Samples are put on a holder, and
receive pulse light emitted from a Xe lamp array in Ar atmo-
sphere. The in-plane uniformity of the pulse light irradiance
was fully satisfied in the sample area of 20 X 20 mm?. a-Si
films formed on Cr-coated glass substrates absorb the pulse
light, which results in rapid increase in the film temperature.
Figure 2 shows the absorption spectrum of a 4.5-um-thick
a-Si film that was formed directly on a quartz substrate. FLA
was performed with a fixed pulse duration of 5 ms, whereas
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FIG. 2. Absorption spectrum of an a-Si film formed directly on a quartz
substrate.
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FIG. 3. Surface images of the Si films after FLA under various flash lamp

irradiances. “a”, “c”, and “x” represent amorphous, crystallized, and peeled

parts, respectively.

its irradiance was systematically changed around 19 J/cm?.
Only one shot of flash lamp was supplied for each sample.
Unfortunately, the actual temperature of the Si films during
FLA could not be measured due to lack of an in sifu mea-
surement system. The microstructures of the crystallized
films were characterized by atomic force microscopy (AFM)
and transmission electron microscopy (TEM). The crystalli-
zation and crystallinity of the Si films were characterized by
Raman spectroscopy using a He—Ne laser with a beam spot
size of about 1 um.

lll. RESULTS

Figure 3 shows the surface images of the Si films after
FLA under various lamp irradiances. Only the edges are
crystallized in the case of the lowest lamp irradiance, and the
crystallized area expands toward the center of the Si films
with increase in lamp irradiance. This fact clearly shows that
the crystallization of the a-Si films by FLA takes place lat-
erally from the edges toward the center. The process window
for the observation of the lateral crystallization is very nar-
row, within +0.5 J/cm?, because Si films peel off during
FLA under higher irradiance. Thus, unfortunately, we cannot
currently discuss the actual process window for the onset of
the lateral crystallization, and further improvement in the
adhesion of Si films is required for the detailed discussion of
the process window.

Figure 4 shows a cross-sectional TEM image of the
poly-Si film formed by FLA, indicating that the poly-Si film
consists of small grains with sizes less than 1 um. The
grainlike structures shown in the surface images of Fig. 3 are
therefore not grains, but characteristic patterns formed
through the lateral crystallization. The projecting parts can
be seen on the surface of the poly-Si film, together with
highly dense voids located just below the projections. The
projections are formed quite periodically with a pitch of ap-
proximately 1 um. These act as optical gratings, and thus,
form typical grainlike surface appearances. This typical sur-
face structure is also observed in the AFM image of the
poly-Si film as shown in Fig. 5. There is no significant
change in the spacing of the surface periodic structures
within the process window. The second characteristic micro-
structure of the poly-Si films is the existence of two kinds of
regions; one contains relatively large grains, with a size on
the order of several hundreds of nm, represented as black and
light gray contrasts in the TEM image (region L), and the
other consists only of 10-nm-sized fine grains with uniform
dark gray color (region F). Region L connects to the surface
projecting regions, while region F areas lie below the flat
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FIG. 4. Cross-sectional TEM image of the poly-Si film formed by FLA.
There exist 1-um-pitch projections on the surface. One can also observe
region L (containing large stretched grains) and region F (consisting of 100
nm sized fine grains), which are indicated using single- and double-line
arrows, respectively.

region. The relatively large grains tend to be stretched in the
lateral crystallization direction, which is also a clear indica-
tion of lateral crystallization. The third characteristic fact
about the microstructure is that the two typical characteristic
regions have curvatures toward the edge direction.

Figure 6 shows Raman spectra of the poly-Si film
formed by FLA under the lowest irradiance in Fig. 3, mea-
sured at points close to an a-Si/c-Si boundary, together with
the corresponding surface macro- and microscopic images
indicating the measurement positions. The surface periodic
roughness can be clearly seen in the microscopic image of
the poly-Si region. The Raman spectra show high crystallin-
ity close to unity in the poly-Si region, and show no gradual
decrease in the crystallinity even close to the a-Si/c-Si inter-
face, whereas there are no c-Si peaks in the Raman spectra
measured in the a-Si region, indicating significantly abrupt
change in the phases from a-Si to ¢-Si at the boundary.

um
30 1000 nm
A
500 nm
20
0nm

Crystallization
direction

0 10 20 30um

FIG. 5. AFM image of the poly-Si surface, indicating 1-um-spaced periodic
microstructures along the crystallization direction.

J. Appl. Phys. 106, 044907 (2009)
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FIG. 6. (Color online) Raman spectra measured in the vicinity of the
a-Si/c-Si interface. The corresponding macroscopic and microscopic im-
ages are also shown.

IV. DISCUSSION

A. Elimination of the possibility of simple melting
growth and of solid-phase crystallization

One of the most popular crystallization mechanisms is
the solidification from molten Si, typically taking place in
the case of ELA of thin (<100 nm) a-Si films. In our case,
however, crystallization after complete melting of the whole
Si is unlikely, since the dopant profiles for boron (B) and
phosphorus (P) show no significant change after FLA, as has
already been reported.” The diffusion coefficients of B and P
in Si melt are 24X 10™* and 5.1X10™* cm2/s,37 corre-
sponding to the diffusion lengths of 11 and 16 wm in 5 ms,
respectively. The profiles of the dopants will therefore be
completely broken if the whole Si film is melted during the
annealing time of 5 ms.

Another frequently discussed crystallization mechanism
is solid-phase crystallization (SPC), meaning jumping of Si
atoms from a-Si into ¢-Si phases via defects. The SPC, how-
ever, cannot describe the formation of the projecting surface
structures, since such drastic change in surface morphology
is probably induced via melting of Si. The lateral crystalli-
zation also cannot be explained by these simple crystalliza-
tion mechanisms, and we have to consider other profound
crystallization processes.

B. Crystallization starting from the edges

Before considering the mechanism of the lateral expan-
sion of the crystallized areas, we should clarify why the crys-
tallization starts mainly from the edges of the Si films. The
temperature of a-Si has to reach a threshold value to start
crystallization, such as the melting point of a-Si in the case
of melting growth, or the temperature required for a suffi-
cient nucleation rate in the case of SPC. Thus, the experi-
mental results indicate that the edges of Si have higher tem-
perature than the interior areas, which is well explained by
the additional heating of the Si film edges by the lamp irra-
diation. Figure 7(a) schematically shows the irradiation of
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FIG. 7. (a) Schematic image of the flash lamp irradiation to an a-Si film,
indicating that angled irradiation heats the edges. (b) Schematics of the heat
generation due to irradiation at the surface and at the edges, and of the
crystallization starting at the edges.

flash lamp light onto the a-Si films on glass substrates. The
a-Si film is heated by the absorption of the irradiated light
with high homogeneity in the lateral direction, and has an
in-depth distribution of temperature determined by the dura-
tion of irradiation and the thermal diffusivities of a-Si, Cr,
and glass. Although the L; of a-Si during millisecond-order
annealing is on the order of several tens of microns, we also
have to consider the effect of the inserted Cr films with great
thermal conductivity. We have actually confirmed lower
crystallinity of the bottom regions of the Si films, especially
in the vicinity of the Si/Cr interface, than of the top
regions,38 indicating insufficient in-depth uniformity of the
temperature of the Si films. The distribution of the tempera-
ture is schematically drawn at the left of Fig. 7(b). The edges
of the Si films also receive additional heating, as shown in
Fig. 7(a), because flash lamp light expands from the lamp
arrays, and the angle of incidence must be considered. The
thermal distribution due to the heating of the edges is sche-
matically drawn in the center of Fig. 7(b). Combining these
two heating processes, the top corner must have the highest
temperature, probably resulting in triangle-shaped areas, as
schematically shown at the right of Fig. 7(b). The curvature
observed in the microstructure probably reflects the initial
shape of the crystallized areas.

J. Appl. Phys. 106, 044907 (2009)

To check whether the edges actually undergo thermal
gains, we also have to consider thermal losses due to con-
vection and radiation from the edges, which can be repre-
sented in the following equations:

qunv:hA(T_ Toc)’ (1)

Grad = O-A(T4 - Ti), (2)

where h represents a heat transfer coefficient, which can be
approximated to be h=1.32{(T-T,)/L}"* using a sample
length L,39 A the area, o the Stefan—Boltzmann constant, 7'
the temperature of Si, and T, the temperature of ambient
atmosphere, respectively. Even if taking the values of T and
T., to be the melting point of ¢-Si (1687 K) and room tem-
perature (300 K), the losses due to convection and radiation
are estimated to be 1.66 and 45.9 W/cm?, corresponding to
the energy losses of 1.49 X 1072 and 0.229 J/cm? in 5 ms,
respectively. These values are negligibly small compared to
the energy of flash lamp irradiation, on the order of several
tens of J/cm?, indicating that heat generation is probably
dominant on the edges, and that the proposed model for de-
scribing the starting of the crystallization is reasonable.

C. Possible mechanism of the lateral
crystallization

Next, we discuss the mechanism of the lateral expansion
of the crystallized regions. The simplest model is thermal
diffusion from the edge to the interior area of the Si films,
since the film edges are continuously heated during the 5 ms
duration. Thus, we consider the Ly of the relevant materials
in 5 ms in order to check whether the middle part of the a-Si
region 1 cm from the edges can receive the heat generated at
the edges during 5 ms. The L; are summarized in Table
I,7’40’41 all the values of which cannot explain centimeter-
order lateral crystallization. This estimation also indicates
that the movement of the heat source during 5 ms is neces-
sary to explain the lateral crystallization over such a long
distance.

The only mechanism for describing the heat generation
other than absorption of lamp irradiation is heating due to
differences of enthalpy between the a-Si and c¢-Si states. a-Si
is a metastable state, and hence has higher enthalpy than
c-Si, resulting in thermal generation due to crystallization.
The generated heat diffuses into the neighboring area, and

TABLE I. Thermal diffusion lengths of the relevant materials in 5 ms and in 0.5 us. The characteristic values
of the materials for the calculation of the diffusion length are also summarized. The values for a-Si, ¢-Si, and
Cr are at 1000 °C, and those for SiO, are at room temperature.

Ly in 5 ms L;in 0.5 us Thermal conductivity Density Heat capacity
Material (um) (um) (W/em K) (g/cm?) (J/g K)
a-Si* 47 0.47 0.011 2.30 1.07
c-Si® 240 2.4 0.25 2.30 0.96
Liquid Si* 340 34 0.56 2.56 0.92
cr 240 B 0.60 7.19 0.71
Sio, * 66 0.014 2.20 0.74

“Reference 7.
"References 40 and 41.
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FIG. 8. Schematics of the supposed mechanism of lateral crystallization.
Heat generation due to crystallization induces further crystallization of
neighboring a-Si.

induces further crystallization. The possible dominolike crys-
tallization mechanism is schematically represented in Fig. 8.
1 cycle of heat generation and its diffusion probably corre-
sponds to the characteristic periodic structure shown in Fig.
4. The 1-cm-long lateral crystallization therefore corresponds
to 10 000 cycles of the formation of a set of the 1-um-pitch
poly-Si structure, and thus, that 1 cycle must be performed
within 0.5 us. To check the validity of the proposed mecha-
nism, we also summarized the Ly of Si in 0.5 us under
various Si phases in Table I. The estimated values are quite
close to the 1 cycle pitch length of 1 wm. Although the Ly of
a-Si is slightly smaller than 1 um, the actual L; must be
affected both by the nature of c¢-Si and by that of a-Si.
Hence, the proposed model can fully describe the cm-order
lateral crystallization during 5 ms. One may question
whether the crystallization really takes place within the
millisecond-order duration. To answer it, we should consider
the character of nonthermal equilibrium treatment. Accord-
ing to Table I, the thermal diffusion length of quartz in 5 ms
is only 66 wum, which means that the most part of the
700-um-thick quartz substrate keeps the temperature suffi-
ciently low, close to room temperature, even immediately
after finishing the pulse irradiation. Due to the absence of
heat source for the Si film and the large difference of tem-
perature between the Si film and the quartz substrates, the
temperature of the Si film decreases quite rapidly by thermal
diffusion to the substrate. For instance, thermal diffusion
length of quartz in 20 ms is estimated to be 132 um, twice
the value in 5 ms. This indicates that the temperature of Si
becomes roughly half, which is sufficient to stop the nucle-
ation and crystallization of a-Si. We can therefore safely con-
clude that the crystallization is completed within
millisecond-order duration.

Shock waves triggered by a high-power pulse laser irra-
diation can also induce quite rapid lateral crystallization,
which also leaves behind periodic structures perpendicular to
the lateral crystallization direction.*” However, this is the
phenomenon in the case of much higher laser peak power, on
the order of 1 X 10" W/cm? (1 kJ/cm?, 100 ps), rather than

J. Appl. Phys. 106, 044907 (2009)

that of FLA of less than 1 X 10* W/cm?. The effect of shock
waves therefore seems to be unlikely in the case of FLA.

D. Explosive crystallization

As we have mentioned in the Introduction, the lateral
crystallization based on heat generation due to crystallization
has been well known as EC. The observed lateral crystalli-
zation velocity, on the order of m/s, can be fully explained as
EC."*™ Geiler er al.** proposed the following four types of
EC: (1) explosive solid-phase nucleation (ESPN), governed
by nucleation directly from a-Si to ¢-Si phase; (2) explosive
solid-phase epitaxy, in which epitaxial growth in solid phase
is dominant; (3) explosive liquid-phase nucleation (ELPN),
dominated by nucleation from Si melt; and (4) explosive
liquid-phase epitaxy (ELPE), in which liquid-phase epitaxy
governs the crystallization. As has been already mentioned,
the poly-Si films contain two characteristic regions (regions
L and F), which probably means that at least two different
types of EC are alternately taking place during FLA. Region
F is obviously governed by nucleation, and thus, formed
through ESPN or ELPN. Region L is probably formed
through partial or complete melting of a-Si, because of the
significant change in the surface morphology. The large-
sized grains extending in the lateral crystallization directions
can be explained only by epitaxial growth.

To discuss the reasons for the existence of two different
types of poly-Si regions, we will consider degree of heat
generation through the EC modes. Considering the abrupt
phase change at the a-Si/c-Si boundary shown in Fig. 6, the
temperature of Si before receiving the lateral heat transfer
must be less than the melting point of a-Si. Based on the
proposed crystallization mechanism and on the cross-
sectional TEM image shown in Fig. 4, the emitted heat from
the microstructure 1 um in width induces the next
1-pum-width crystallization. The emitted heat due to crystal-
lization is estimated to be 6—10 kJ/mol assuming SPC, or
0-6 kJ/mol in the case of crystallization from supercooled Si
melt.***? These estimates are much smaller than the latent
heat of fusion of a-Si (35.4 kJ/mol).>* This fact indicates that
the heat generated due to crystallization is not strong enough
to completely melt the neighboring a-Si of the same width,
and hence, the crystallization takes place from mixed phases
of a-Si and supercooled Si melt, or only from a-Si through
SPC. Region F is therefore formed through ESPN, while
region L formed is through simultaneous ESPN and ELPE.
Of course, we should consider the possibility of the melting
crystallization of Si film edges triggered by the additional
flash lamp irradiation, which might result in the melting of
the neighboring a-Si. However, the heat at the edges is never
conducted to a-Si at a few millimeters away from the edges
within the millisecond-order duration, because of the insuf-
ficient thermal diffusion lengths of a-Si and Si melt of less
than 1 mm, as shown in Table I, and thus, the a-Si can
receive only the heat generated due to crystallization from
neighboring c-Si. Furthermore, we have confirmed same pe-
riodic patterns very close to the Si film edges. This fact prob-
ably indicates that the crystallization is governed by the same
mechanism throughout the whole crystallization process. The
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surface projections are probably formed through volume ex-
pansion from Si melt to c-Si, leaving voids just below the
projections. Auvert et al.*” also observed the mixed feature
of liquid-phase and solid-phase ECs in cw laser crystalliza-
tion, and found that the poly-Si formed through liquid-phase
crystallization has a rough surface, whereas the SPC region
shows a smooth surface, supporting our explanation. The B
and P diffusions during 0.5 us are estimated to be 0.11 and
0.16 wm, respectively, even if Si is completely melted dur-

A

NO( gv )1/2 €X (- AG*)CX — X (—t_
A\ 6k Ti* P\™ T%r )FP| TP

J. Appl. Phys. 106, 044907 (2009)

ing the 0.5 ws. The unchanged dopant profiles, shown in
Ref. 11, are therefore consistent with the proposed crystalli-
zation model.

To numerically check the validity of the proposed crys-
tallization mechanism, the solid-phase nucleation rate is es-
timated using the classical nucleation theory.44 Grain size
distribution, that is, grain density per unit grain radius as a
function of grain radius, is expressed as*

tinc(R)

wrw)

n(R,t) =

(1]
kT R

where T is temperature, N, is the Si atomic density, i* is the
number of atoms in a critical cluster size, O; is the number
of surface atoms in a cluster containing i* atoms, Ag, is the
free energy change associated with the crystallization of one
atom, a is the average atomic distance (0.27 nm), R is the
grain radius, R™ is the grain radius at a critical cluster size i*,
and AG*=1670,,>/3Ag,? is the free energy of a cluster con-
taining i* atoms, o, being the interface free energy of each
atom at the c-a interface. f;,. and 7y represent the incubation
time and the transient time, both of which are related to Ag,,
0.0 A, f, and T, where A is the volume transformed by
each defect jump to the ¢-Si or to the a-Si phase, and
f=fo exp(=E,,/kT) is the thermally activated defect jump
frequency, E,, being the activation energy. The crystalline
fraction of the Si film (X,) can be written as

X.(t)= f ’ §WR3n(R,t)dR, 4)
0

if neglecting the depletion of a-Si. For the above calculation,
we used the parameters summarized in Table 40 7 s
taken to be the melting point of a-Si, that is, the maximum
temperature for SPC. This assumption is reasonable since
region L is partially, but not completely melted according to
the discussed model, and region F neighbors region L.
Figure 9 shows the X, for various C,,, calculated using
Eq. (4). The calculation result indicates that C,, on the order
of 10?°/cm? or more is necessary for the SPC during 0.5 us,

TABLE II. Parameters for the calculation of X, and grain size distribution.

Parameters Values Ref.
Ag, 0.0985 eV 44-46
Oa 0.1075 eV 44-46
A 6X1072 cm? 44
E, 1.36 eV 44
fo 2X10%/s 44
T 1418 K

. (3)

which is the duration required for 1 cycle of the lateral crys-
tallization. Because the thermal diffusion process also has to
be performed within the 0.5 us, the actual required value for
the C,, must be close to 10?!/cm?. This value is much higher
than the defect density initially contained in the precursor
a-Si films of 1X10'®/cm? or less. This fact indicates that
structural defects are newly generated during FLA. Recently,
we have confirmed the actual decrease in the number of Si-H
bonds on the order of 10?'/cm? in the Si films after FLA,47
which fully explain the C,,. Figure 9 also indicates necessity
of sufficient duration, approximately 0.055 wus in this case,
to realize a sufficient X, close to unity. This fact might be a
description of the intermittent lateral movement of the
c-Si/a-Si interface, that is, heat generation is delayed by the
duration needed for crystallization after the heat transfer into
the neighboring a-Si regions. Figure 10 shows the grain size
distribution in the poly-Si film calculated using Eq. (3) for
C,=10?"/cm? and t=0.055 us. The results indicate that the
radius of the grains formed in this duration is limited to be
less than 20 nm. Region F is therefore quantitatively reason-
able to consider its formation mechanism as ESPN, while

C., (lcm?)
1x 1021

1x 1020

1x101°

1 T

o
©
I

o
)
I

o
S

Crystalline fraction

o
N
T

0 1 IIIIlII
0.01 0.1 1 10

Duration (us)

FIG. 9. X, as a function of annealing duration for various C,,, calculated
based on the classical nucleation theory.
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FIG. 10. Calculated grain size distribution in a poly-Si, for C,,=10%'/cm?3
and r=0.055 pus.

region L, which contains grains with sizes more than 100
nm, is found to be governed by a mechanism other than the
ESPN, including liquid-phase process. These facts are com-
pletely consistent with the discussed crystallization mecha-
nism.

We will finally discuss the enlargement of the crystalli-
zation area for formation of large-area poly-Si films to be
applied in solar cells. Based on our understanding of the
crystallization mechanism discussed above, the lateral crys-
tallization continues until the temperature of a-Si reaches a
threshold temperature, probably the melting point of a-Si,
after receiving the lateral heat transfer. This means that the
key factor for the enlargement of the crystallized area is to
keep the temperature of a-Si sufficiently high as long as
possible. Preheating of the samples and increase in the pulse
duration will therefore result in the enlargement of the crys-
tallized area. Another approach is formation of starting
points for lateral crystallization at locations other than the
a-Si film edges by supplying local heating using additional
pulse lasers, for instance, at the same time as the FLA. If we
can start the lateral crystallization from the intended areas,
further large-area crystallization will be realized.

V. CONCLUSION

We have observed rapid lateral crystallization, on the
order of m/s, of um-thick a-Si films formed on glass sub-
strates by FLA. The crystallization starts from the edges of
the Si films, probably due to receiving additional flash lamp
light. The lateral crystallization cannot be caused by lateral
thermal diffusion from the edges, and therefore, heat genera-
tion due to crystallization and its transfer into neighboring
a-Si; that is, EC, governs the crystallization. Periodic micro-
structures with approximately 1 um pitch are formed
through the EC. The nucleation process probably occurs
through ESPN, whereas relatively large grains, stretched in
the lateral crystallization direction, are formed through si-
multaneous ESPN and ELPE. Based on the crystallization
mechanism proposed, enlargement of the crystallization area
will be possible by keeping the temperature of a-Si high
enough as long as possible, and by forming additional start-
ing points of the crystallization intentionally.
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