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Tin-induced crystallization of amorphous silicon in thin-film Si–Sn–Si structures under the
influence of laser irradiation of various types has been studied, by using Raman scattering. The
size and concentration dependences of Si nanocrystals on the power of 10-ns and 150-𝜇s laser
pulses with a wavelength of 535 or 1070 nm are experimentally measured and analyzed. A
possibility of effective tin-induced transformation of silicon in a-Si layers 200 nm in thickness
from the amorphous to crystalline phase within 10 ns time interval under the action of laser
light pulses is demonstrated. The theoretical calculation of the spatial temperature distribution
and its time evolution in the area of the laser beam action is used to interpret the experimental
results.
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1. Introduction

The film composite of Si nanocrystals in an amor-
phous Si matrix (nc-Si), owing to some of its phys-
ical properties that are advantageous for devices of
photo-electric conversion of solar energy – in par-
ticular, these are the quasidirect band-gap mecha-
nism of light absorption, the dependence of the en-
ergy gap width on the size of nanocrystals, resis-
tance to the Staebler–Wronski effect, and possibil-
ity of its formation on flexible substrates – is con-
sidered to be a promising material for the next
generation of solar cells based on quantum dots
[1]. The application of nanocomposite silicon as a
basic material allows the efficiency of solar cells
to be substantially raised by creating polymorphic
heterostructures of the cascade type [2, 3] and re-
ducing the costs of solar cell manufacture due to
the advantages of thin-film and roll technologies
[4, 5].
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The main difficulties that hinder the implication
of nc-Si advantages into practice include an insuffi-
cient development of technologies aimed at control-
ling the size and the concentration of Si nanocrystals
provided economically reasonable rates of film fabri-
cation. Therefore, despite that there are a consider-
able number of already available technologies for the
nc-Si manufacture, a lot of attention is paid to their
improvement and to the search for new ones (see, e.g.,
works [6–12]).

One of the promising ways in this direction is the
application of the phenomenon of metal-induced crys-
tallization (MIC) of amorphous silicon (a-Si) [13–17].
In particular, a possibility to form Si nanocrystals
2–7 nm in dimensions and with a phase volume frac-
tion of up to 80% in the a-Si matrix with the help
of the low-temperature tin-induced Si crystallization
was demonstrated in [18–20]. Those experimental re-
sults were interpreted with the use of a new mech-
anism of MIC, which was proposed in works [20–
22] and considerably differs from those known for
other metals [13, 15–17]. According to this mecha-
nism, silicon nanocrystals are formed as a result of
the cyclic repetition of their formation and decay pro-
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cesses in the supersaturated solution of silicon in tin
that emerges in a narrow eutectic layer at the a-Si/Sn
interfaces between tin microdroplets and the bulk of
amorphous Si.

In work [23], it was shown that the process of
tin-induced crystallization of amorphous silicon can
be stimulated by laser irradiation. This fact allows
the Raman scattering to be used in order to mea-
sure the temperature, size of nanocrystals, and vol-
ume occupied by them in the course of their forma-
tion. Simultaneously, the crystallization can be con-
trolled by changing the laser radiation intensity and
the duration of its application.

The aim of this work is to determine the tempera-
ture and temporal parameters of MIC in the a-Si/Sn
system and to estimate the role of photoionization
in the processes of Si nanocrystal formation, as well
as the prospects of the laser radiation application to
control the size and the concentration of Si nanocrys-
tals at the tin-induced crystallization of amorphous
silicon. We studied how the pulsed laser radiation in-
tensity 𝐼 affects the size of nanocrystallites and the
volume fraction occupied by them in the films of
an nc-Si/a-Si composite. For this purpose, we used
pulsed laser radiation with the power in the interval
1.4×104–2.18×108 W/cm

2, pulse durations 𝜏 = 10 ns
and 150 𝜇s, and light wavelengths 𝜆 = 535 mn and
1.07 𝜇m.

2. Experimental Part

The cross-sections of examined three-layer film struc-
tures are schematically shown in Fig. 1. The struc-
tures were fabricated by consecutively depositing sili-
con and tin onto a single-crystalline silicon (c-Si) sub-
strate at a temperature of 150 ∘C by the method of
thermal evaporation in vacuum. All three deposition
stages were performed in the same vacuum cham-
ber, without loss of vacuum, at a residual pressure of
10−3 Pa, and consecutively using three different evap-
orators. Si (99.999%) and Sn (99.92%) were sput-
tered. The substrate thickness was 𝑑 = 1 mm. The
thicknesses of layers 𝑋 (adjacent to the substrate),
𝑌 , and 𝑍 are quoted in Table together with the pa-
rameters of laser irradiation.

The specimen surface was divided into 0.5×0.5 cm2

rectangular sections. Each of the latter was irradiated
with single laser pulses in the programmed scanning
mode. The degree of laser spot overlapping could be

Fig. 1. Schematic diagram of the cross-section of researched
a-Si/Sn/a-Si/c-Si layered structures. The substrate thickness
𝑑 = 1 mm

controlled at a certain power in one of the irradiation
modes quoted in Table. In our experiment, the light
beam diameter amounted to 70 𝜇m, and the scan-
ning step to 50 𝜇m. Therefore, we may assume that
the whole area of each section was subjected to the
identical irradiation.

Different sections were irradiated, by using pulses
with different powers. The laser light power was con-
trolled by means of a focusing system, the attenu-
ation by a stack of glass plates, and by using neu-
tral gray filters. In such a manner, a number of sec-
tions were obtained on each specimen. Each of the
sections was irradiated by light with a different power,
but with the same pulse duration and light wave-

Specimens and regimes of their laser treatment

Spe-
cimen
No.

Layer
thicknesses

𝑋 : 𝑌 : 𝑍, nm

Laser
wavelength,

nm

Pulse
dura-
tion

Light power
interval,
W · cm−2

1 50 : 100 : 200 1070 150 𝜇s (1,4–2,9)× 104

2 50 : 100 : 200 1070 150 𝜇s 1,3× 105

10 ns (5,3–18,0)× 107

3 50 : 100 : 200 1070 150 𝜇s (2,9–7,8)× 104

4 50 : 100 : 200 535 10 ns (5,5–8,5)× 106

5 50 : 100 : 200 535 10 ns (8,5–21,8)× 106

6 50 : 100 : 200 1070 150 𝜇s (2,3–6,9)× 104

6 : 1 50 : 100 : 200 1070 10 ns (7,4–15,3)× 107

6 : 2 50 : 100 : 200 535 10 ns (3,5–10,3)× 106

7 0 : 100 : 200 1070 10 ns (8,4–52,0)× 107

8 0 : 100 : 200 1070 10 ns (2,0–21,8)× 107
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a b
Fig. 2. Typical Raman spectra for amorphous (𝑎) and partially crystallized (𝑏) silicon

length. The phase composition of each section was
afterward researched by measuring and analyzing the
Raman spectrum of the section. In addition, the sur-
face area around the Raman spectrum measurement
place was photographed in an optical microscope.

Micro-Raman spectra were measured at room tem-
perature in the back-scattering geometry on a Horiba
Jobin Yvon T64000 spectrometer equipped with a
confocal microscope Olympus BX41 and a thermo-
electrically cooled CCD detector. The spectral reso-
lution amounted to 0.15 cm−1. The Raman spectra
were excited, by using the Ar+–Kr+ laser line with
the wavelength 𝜆ex = 488 nm. The exciting radiation
was focused onto a spot with an area of about 5 𝜇m2

on the researched specimen surface with the use of an
objective Olympus 10× 0.25.

The measurements were carried out at an exciting
laser irradiation power of 1 mW, which provided a
power density of about 20 kW/cm2 at the specimen
surface. This power did not result in a substantial
laser-induced heating of the specimens in comparison
with room temperature.

3. Results and Their Discussion

The typical Raman spectra of initial specimens
in an interval of 100–850 cm−1 are exhibited in
Fig. 2. Before the laser treatment (panel 𝑎), the spec-
tra of specimens 7 and 8 (see Table) contained only
a wide band with a maximum at 475 cm−1, which
is characteristic of amorphous Si [24]. After the laser
treatment of the specimens in certain regimes, there

appeared an addition narrow band in their spectra
with a maximum in an interval from 500 to 520 cm−2

(panel 𝑏), which corresponds to the nanocrystalline
phase of silicon [24, 25]. This is a result of MIC of
amorphous silicon under the influence of laser irradi-
ation [23]. The initial spectra of three-layer specimens
1 to 6 : 2 (see Table) demonstrated the both bands. In
other words, those specimens contained both the
amorphous and crystalline phases even before their
laser treatment. They were used to study the possi-
bilities of the laser irradiation action on nanocrystals
that were formed beforehand.

The size 𝐿 of nanocrystals and the volume frac-
tion 𝑋𝐶 occupied by them in the examined speci-
mens were determined, by carrying out the computer-
assisted approximation of Raman spectra in the
framework of the theory of spatially confined phonons
[24, 25] with simplifications described in work [20]. In
particular, it was found that the initial parameters of
crystallinity in specimens 1, 2, 3, 6, and 6 : 1 were as
follows: 𝐿 = 1.5 nm and 𝑋𝐶 = 48%. Below, the vari-
ation of the indicated parameters under the action of
single laser pulses with various intensities, durations,
and wavelengths is considered.

Influence of the intensity of laser irradiation with
𝜆 = 1.07 𝜇𝑚 and 𝜏 = 150 𝜇𝑠 on the a-Si/Sn/a-Si
layered structure. Figure 3 illustrates how the size
of nanocrystals and the volume fraction occupied by
them change with a growth of the laser irradiation in-
tensity for specimens 3 and 6 after the scanning them
with single pulses. One can see that, from an inten-
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a b
Fig. 3. Dependences of nanocrystal size (𝑎) and nanocrystal volume fraction (𝑏) on the laser irradiation power for specimens 3
and 6. Symbols correspond to experimental data, and lines to their linear fitting

sity of about 5.5× 104 W/cm2, the nanocrystal sizes
and the fraction of the crystalline phase increase with
the laser light power. In particular, the increase of ir-
radiation power from 5.5 × 104 to 7.8 × 104 W/cm2

resulted in a growth of the nanocrystal size from 1.5
to 5.0 nm. The variation of the crystalline phase frac-
tion is changed in a qualitatively similar manner. A
larger spread of 𝑋𝐶-values in comparison with the
spread of nanocrystal sizes was caused by a higher
statistical error, while calculating this parameter.

Those results confirm the conclusions of work [23]
about the influence of the irradiation intensity on the
size and the concentration of crystals at MIC in a-
Si/Sn/a-Si structures subjected to a continuous laser
irradiation. As one can see from Fig. 3, this influence
has a threshold character, by starting from a power of
5×104 W/cm2, which can be associated, in particular,
with reaching the melting temperature in the tin layer
of researched structures. According to work [22], the
transition of tin into the liquid state is a required
condition for MIC to take place in amorphous Si.

Attention should be paid to that, as 𝐼 increases
from 5.5 × 104 to 8 × 104 W/cm2 (and, accordingly,
the temperature in the region of laser beam action
grows), the volume fraction of the crystalline phase
grows much more slowly than the growth of nanocrys-
tal sizes, although the crystal volume equals 𝐿3. This
fact means that only an insignificant number of ini-
tial nanocrystals serve as nuclei for the precipitation
of Si from its solution in Sn. The main part of them

do not grow or even are dissolved, since their size is
less than the size of a critical nucleus.

Figure 4 demonstrates the typical images obtained
with the help of an optical microscope for the surface
sections of specimens, both initial and irradiated in
the subthreshold power interval (Fig. 4, 𝑎), as well
as for a section irradiated with pulses of maximum
power (Fig. 4, 𝑏). Since a laser beam about 2 mm
in diameter was used to excite Raman spectra, the
analysis of the spectra measured from various parts
of specimens showed that dark spots correspond to
regions with higher concentrations of nanocrystals in
the amorphous matrix in comparison with the corre-
sponding parameter in the light background. One can
see that such regions were already observed for initial
specimens. They remained invariable after the laser
irradiation with subthreshold intensities. For intensi-
ties above the threshold value, the sizes of those re-
gions increased. The growth of the total area of dark
regions correlated with the growth of the volume frac-
tion 𝑋𝐶 occupied by nanocrystals, which was deter-
mined from the Raman spectra.

Influence of the laser irradiation intensity with 𝜆 =
= 1.07 𝜇m and 𝜏 = 10 ns on the a-Si/Sn/a-Si lay-
ered structure. Specimens 2 and 6 : 1 similar to the
previous ones (the three-layer a-Si/Sn/a-Si structure
50 nm : 100 nm : 200 nm, partially crystallized: 𝐿 =
= 1.5 nm, 𝑋𝐶 = 48%) were irradiated with light with
the same wavelength 𝜆 = 1070 nm, but using pulses
four orders of magnitude shorter (10 ns) and three or-
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a b
Fig. 4. Optical microscope images of the specimen surface sections after laser irradiation with the intensity 𝐼 ≤ 5× 104 W/cm2

(𝑎) and 𝐼 = 8.2× 104 W/cm2

a b
Fig. 5. Dependences of the crystal size (𝑎) and the volume fractions occupied by crystals (𝑏) in the external layer of specimen 2
on the laser irradiation intensity. Symbols correspond to experimental data, and lines to their linear fitting

ders of magnitude more powerful (107 W/cm2). The
influevce of this irradiation on the parameters of sil-
icon crystallinity are shown in Fig. 5. One can see
that, as in the previous case, the threshold charac-
ter of the crystallization dependence on the intensity
of laser irradiation takes place (the intensity thresh-
old 𝐼 = 7.5 × 107 W/cm2). As in the previous case,
the microscope images testify to the correlation be-
tween the intensity of laser pulses and the growth of
the total area of dark crystallization spots, when the
intensity exceeds some threshold.

Knowing the intensity and duration of laser pulses
in both cases, it is easy to evaluate and to compare
the absorbed energy densities at the crystallization

threshold: 𝐸tc=𝐼 𝜏 . It turned out that the absorbed
energy per unit area equals 𝐸tc

1 = 8.3 J/cm
2 in the

former and 𝐸tc
1 = 0.75 J/cm

2 in the latter case. This
means that, in the case of more powerful laser irradi-
ation, the energy that is an order of magnitude lower
is required to start MIC. This fact can be explained
in at least two ways: by a stimulating influence of
the photoionization [23, 26] or by a stronger heating
action of nanosecond pulses in comparison with mi-
crosecond ones owing to the heatsink inertia [27, 28].

Figure 6 demonstrates the experimental depen-
dences of the crystal size and the volume fraction of
the crystalline phase on the power of 10-ns pulses ob-
tained for specimen 7, which was purely amorphous in
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a b
Fig. 6. Dependences of the size of Si nanocrystals (𝑎) and the volume fraction occupied by them (𝑏) on the 10-nc laser pulse
power for specimen 7

the initial state. Pulses with a power lower than 𝐼 =
= 15 × 107 W/cm2 did not stimulate phase trans-
formations in the amorphous film. As the power in-
creased, the film structure was modified: there ap-
peared a crystalline component. The crystal size ex-
ceeded 10 nm at once. At the powers 𝐼 = 20×
× 107 W/cm2 and higher, the Raman spectra re-
vealed only single-crystalline silicon in the sub-
strate. Hence, in the power interval from 1.5 × 107

to 2.0 × 107 W/cm2, the amorphous film collapsed
without a substantial crystallization. A qualitatively
similar behavior was observed for specimen 8, which
also did not contain crystal nuclei.

Thus, unlike amorphous-crystalline specimens 2
and 6, which were considered above and in which the
growth of the crystalline phase with 𝐼 was clearly
observed, MIC did not take place in amorphous spec-
imens 7 and 8 without crystal nuclei subjected to a
similar laser treatment. Therefore, we may assert that
MIC includes the nucleus formation stage (the latent
period), which lasts for more than 10 ns, and the stage
of their quick multiple growth (from 1.5 to 4.5 nm)
within a time interval of about 10 ns.

Influence of the laser irradiation intensity with
𝜆 = 535 nm and 𝜏 = 10 ns on the a-Si/Sn/a-Si
layered structure. Unlike light with the wavelength
𝜆 = 1.07 𝜇m, which is weakly absorbed in a-Si and
mainly heats up the tin layer in the researched struc-
tures, light with 𝜆 = 535 nm is almost completely
absorbed in the external layer of amorphous sili-

con. Specimens 4, 5, and 6 : 2 were irradiated with
laser light with the wavelength 𝜆 = 535 nm, the
pulse duration 𝜏 = 10 ns (as was in the previous case
with 𝜆 = 1.07 𝜇m), and in the power interval from
𝐼 = 106 W/cm2 to 𝐼 = 107 W/cm2.

The results of measurements of the Raman spectra
and their analysis are shown in Fig. 7. One can see
that the spread of the crystallinity parameter values
is much larger than in the previous researches. This
fact can be a consequence of the non-uniform phase
transformation in the external a-Si film. Note that
every point of the plot corresponds to different sec-
tions on the surface treated with pulses of a laser
beam 70 𝜇m in diameter and with a scanning step
of 50 𝜇m. At the same time, the diameter of the ex-
citing laser beam at the Raman spectrum measure-
ment amounted to about 2 𝜇m. It is evident that,
in the case of long-wave light (𝜆 = 1.07 𝜇m) that
was mainly absorbed in the heat-conducting metal
layer of examined structures, possible nonuniformi-
ties of heating in the laser-spot cross-section had
enough time to be smoothed out during the laser
pulse action, unlike the case of short-wave light (𝜆 =
535 nm) absorbed in the weakly heat-conducting layer
of amorphous silicon. Really, a typical size of the
heated region in the material under the action of
a pulse source can be estimated from the relation
[29, 30]

𝑙th = [(𝐷th +𝐷) 𝜏 ]
1/2

,
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a b
Fig. 7. Dependences of the size of Si nanocrystals (𝑎) and the volume fraction occupied by them (𝑏) on the laser pulse power
for specimens 4, 5, and 6 : 2

a b
Fig. 8. Influence of the laser pulse (535 nm, 10 ns) intensity on the surface of a-Si without nuclei (optical microscope images).
𝐼 = 0 (𝑎) and 8.2× 104 W/cm2 (𝑏)

where 𝐷th is the temperature conductivity, 𝐷 the co-
efficient of bipolar diffusion of nonequilibrium charge
carriers (for semiconductors), and 𝜏 the laser pulse
duration. For tin, 𝐷th = 0.37 cm2/s [31], so that
the characteristic size of the heated area within the
time interval 𝜏 = 10 × 10−9 s amounts to 𝑙th =
= 6.1× 10−5 cm.

At the same time, in amorphous silicon, the co-
efficient of green light absorption amounts to 𝛼 =
= 6 × 104 cm−1, the characteristic absorption depth
to 𝑙𝛼 = 1/𝛼 = 1.6× 10−5 cm, and the thermal depth
to 𝑙th = 8 × 10−6 cm [34, 35]. In this case, the heat-
ing depth is determined by the largest quantities, i.e.
by the absorption depth 1/𝛼. However, in the lat-

eral direction (along the surface), the thermal depth
is actual. The corresponding size is by an order of
magnitude smaller than the thickness of the external
amorphous silicon layer in the researched structures.
Owing to worse heatsink conditions, the maximum
temperature of the local heating increases, as well as
the temperature gradient. This can result in larger
local deformation strains and, accordingly, in larger
damages to the external a-Si layer, even despite that
the power of 10-ns pulses is an order of magnitude
lower at short-wave irradiation than at long-wave one.
Really, from Fig. 8, where the micrographs of the sur-
face of examined specimens before laser irradiation
are depicted, one can see that this kind of laser treat-
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a b
Fig. 9. Theoretical temperature rise at the surface of an irradiated specimen during the laser pulse action and immediately after
it (𝑎). Temperature rise distribution across the specimen thickness at the end of a laser pulse (𝑏)

ment essentially changes the surface state in compar-
ison with the initial one.

For the numerical calculation of the temperature
conditions required for MIC to take place under a
pulsed laser irradiation, let us consider the formation
of a nonequilibrium temperature distribution in the
one-dimensional approximation (across the thickness
of researched structures). For this purpose, let us
use the one-dimensional equation of heat conductiv-
ity, which is based on the Fourier law,

𝜌𝑐
𝜕𝜃

𝜕𝑡
=

(︂
𝜕

𝜕𝑧
𝜅
𝜕𝜃

𝜕𝑧

)︂
+ 𝑃 (𝑧, 𝑡),

where 𝑐 is the specific heat capacity of the studied
medium, 𝜌 its density, 𝜅 the coefficient of heat con-
ductivity, and 𝑃 (𝑧, 𝑡) a function that characterizes
the spatial and temporal distributions of heat sources
in bulk. This approximation provides good temper-
ature estimations in the region of the laser beam ac-
tion, if its diameter considerably exceeds the thermal
diffusion length [36, 37].

In the linear approximation, the spatial and tempo-
ral components of the distribution can be separated:

𝑃 (𝑧, 𝑡) = 𝑓 (𝑧) 𝑔(𝑡).

In the analyzed case, the spatial distribution of heat
sources in bulk can be expressed in the form

𝑓 (𝑧) = 𝐼0𝛼 (𝑧) exp

⎛⎝ 𝑧∫︁
0

𝛼 (𝑧′) 𝑑𝑧′

⎞⎠,

where 𝛼 (𝑧) is the spatial distribution of the optical
absorption coefficient. In all variants, the condition of
temperature rise absence in the examined structure,
𝜃 (𝑧, 0) = 0, was used as the initial one.

Let us analyze the laser-induced heating caused by
a 150-𝜇s pulse. In this case, the length of the laser
pulse front is much shorter than its total duration.
Therefore, the pulse form was taken to be rectangular:

𝑔 (𝑡) =

{︂
1, 𝑡 ≤ 𝜏,

0, 𝑡 > 𝜏,

where 𝜏 = 150 𝜇s is the pulse duration. Since the
latter parameter is much longer than the character-
istic time of heat propagation in the sputtered layer,
we considered an approximation of heat propagation
in the crystalline substrate. The bulk heat sources in
the modified layer were considered at that as a surface
source:

𝜅
𝜕𝜃

𝜕𝑧

⃒⃒⃒⃒
𝑧=0

= 𝑃𝑠 (𝑡) , 𝑃𝑠 (𝑡) =

𝑍+𝑌+𝑋∫︁
0

𝑃 (𝑧, 𝑡) 𝑑𝑧.

In addition, we used the boundary condition corre-
sponding to the absence of a heat flow from the rear
specimen surface,

𝜅
𝜕𝜃

𝜕𝑧

⃒⃒⃒⃒
𝑧=𝑍+𝑌+𝑋+𝑑

= 0.

The resulting time dependence of the temperature
at the specimen surface is depicted in Fig. 9, 𝑎 for a
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a

b

c
Fig. 10. Theoretical distribution of heat sources across the
thickness of the Si–Sn–Si structure (𝑎). Temperature evolution
at the structure surface (𝑏). Temperature fields at irradiation
with 10-nanosecond pulses of infra-red (solid curve ) and green
(dash-dotted curve ) lasers with a power of 1 MW/cm2 at the
time moment 𝑡 = 2𝜏 (𝑐)

laser irradiation power of 104 W/cm2. A typical spa-
tial temperature distribution in the researched struc-
ture at a time moment 𝑡 = 𝜏 is shown in Fig. 9, 𝑏.

According to Fig. 5, the structural state trans-
formation threshold is reached in an intensity inter-
val near 5 × 104 W/cm2, i.e. when the intensity is
five times higher than that used in the calculation,
whose results are shown in Fig. 9. Therefore, in or-
der to estimate the temperature at an intensity of
5× 104 W/cm2 in the linear approximation, we mul-
tiplied the temperature obtained for an intensity of
104 W/cm2 by five and added the room temperature
(300 K). The result corresponds to the maximum
temperature at the surface:

300 K +
40 K

W/cm
2 × 5 W/cm

2
= 500 K.

This temperature is close to the tin melting tem-
perature (503 K). At a maximum power of about
8× 104 W/cm2 (see Fig. 4), the calculated tempera-
ture amounts to

300 K +
40 K

W/cm
2 × 8 W/cm

2
= 620 K,

i.e. about 350 ∘C, which agrees with the data of pre-
vious works concerning the temperature of the tin-
induced crystallization of amorphous silicon [18–21].

In the case of nanosecond pulses, an essential role
in the action of a laser pulse on the temperature is
played by the spatial distribution of the thermal and
optical parameters in the irradiated structure. There-
fore, the indicated spatial distributions were consid-
ered in more details in this case. In particular, Fig. 10
demonstrates the spatial distributions of heat sources
𝑓(𝑧) and the temporal distributions of the tempera-
ture at the structure surface for two wavelengths (532
and 1064 nm) at a laser pulse power of 1 MW/cm2.

As one can see from Fig. 10, 𝑎, in the case of infra-
red irradiation, the medium heating is mainly con-
nected with the radiation absorption in the tin layer.
In this case, the time distribution of the intensity in a
laser pulse was regarded to be described by the Gaus-
sian function

𝑔 (𝑡) = exp

[︃
−4 ln 2

(𝑡− 𝜏)
2

𝜏2

]︃
.

As is seen from Fig. 10, 𝑏, the temperature at the
structure surface at this power is close to the tin
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melting temperature in the case of irradiation with
the wavelength 𝜆 = 532 nm, which correlates with
the data presented in Fig. 7, i.e. the crystallization
begins already at the minimum intensity of a laser
pulse. An intensity of 1 W/cm2 is not enough to
start the crystallization in the case of irradiation with
light with the wavelength 𝜆 = 1070 nm. However, at
an intensity of 60 MW/cm2, when the crystallization
threshold was observed experimentally, the temper-
ature in the near-surface layer, according to calcula-
tions in the linear approximation, should reach

300 K +
30 K

W/cm
2 × 60 W/cm

2
= 2100 K

and considerably exceeds the tin melting tempera-
ture. This discrepancy between experimental data
and the results of model calculations can be a mani-
festation of the nonlinear optical phenomena, in par-
ticular, the absorption saturation effect [38]. We may
assume that the electron density of states substan-
tially decreases in the nanofragments in comparison
with that in bulk. Therefore, the optical absorption
and the corresponding heating could be considerably
lower. Nanostructuring in thin tin layers in simi-
lar Si/Sn/Si structures was observed in work [20],
in which the conditions of specimen fabrication were
close to those used in this work.

4. Conclusions

The coincidence of the temperatures, at which the
structure-phase changes begin and tin melts, con-
firms the scenario of the tin-induced crystallization
of amorphous silicon as a process of cyclic formation
and decay of a liquid silicon solution in tin, which was
proposed in works [20,21]. The presence of two stages
in MIC–the long-term latent period of nucleus forma-
tion and the short-term stage of nucleus growth–is
typical of solution decay processes, which is also an
argument in favor of the indicated mechanism. The
results obtained testify to a possible influence of the
photoionization on MIC of amorphous silicon.

In view of the high rate of amorphous silicon crys-
tallization induced by tin (10−8–10−4 s), its stimula-
tion by pulsed light irradiation can form a basis for
new technologies to control the size of nanocrystals,
when manufacturing nc-Si films. In addition to the
already mentioned task of constructing the cascade-
type silicon photo-electric transducers, the results ob-

tained also concern the creation of the so-called “all-
Si” tandem solar cells, when silicon nanoclusters are
formed between dielectric layers (such as SiO2, Si3N4,
and SiC [39,40]); the development of effective silicon-
based gas sensors, in which the nanocluster catalysts
of transition metals are used [41,42]; the manufacture
of effective systems for the solid-state hydrogen stor-
age on the basis of nanocomposite silicon structures
[43, 44]; and so forth.
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IНДУКОВАНА ОЛОВОМ
КРИСТАЛIЗАЦIЯ АМОРФНОГО КРЕМНIЮ
ПРИ IМПУЛЬСНОМУ ЛАЗЕРНОМУ ОПРОМIНЕННI

Р е з ю м е

Методом комбiнацiйного розсiювання свiтла дослiджено
процеси iндукованої оловом кристалiзацiї аморфного крем-
нiю в тонкоплiвкових структурах Si–Sn–Si пiд дiєю рiзних

видiв iмпульсного лазерного опромiнення. Експерименталь-
но визначено та проаналiзовано залежностi розмiрiв та кон-
центрацiї нанокристалiв Si вiд потужностi лазерних iмпуль-
сiв тривалiстю 10 нс та 150 мкс з довжиною хвилi 535 нм
та 1070 нм. Показано можливiсть ефективної iндукованої
оловом трансформацiї кремнiю iз аморфної фази в криста-
лiчну за час порядку 10 нс в шарах a–Si товщиною 200 нм
пiд дiєю iмпульсу лазерного свiтла. Теоретичний розраху-
нок просторового i часового розподiлу температур в зонi дiї
лазерного променя використано для iнтерпретацiї експери-
ментальних результатiв.
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