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This work describes tin-induced crystallization of amorphous silicon studied with Raman spectroscopy in thin-film structures Si-
Sn-Si irradiatedwith pulsed laser light.We have found and analyzed dependencies of the nanocrystals’ size and concentration on the
laser pulse intensity for 10 ns and 150 𝜇m duration laser pulses at the wavelengths of 535 nm and 1070 nm. Efficient transformation
of the amorphous silicon into a crystalline phase during the 10 ns time interval of the acting laser pulse in the 200 nm thickness
films of the amorphous silicon was demonstrated. The results were analyzed theoretically by modeling the spatial and temporal
distribution of temperature in the amorphous silicon sample within the laser spot location. Simulations confirmed importance of
light absorption depth (irradiation wavelength) in formation and evolution of the temperature profile that affects the crystallization
processes in irradiated structures.

1. Introduction

Layered composites utilizing nanocrystalline silicon dis-
persed within an amorphous Si matrix are considered to be
very promising for the next generation of quantum dots-
based solar cells [1]. Such composites (referred to as nc-Si
in the text below) pose a number of properties important
for the photoelectric conversion of solar radiation, for exam-
ple, quasi-direct bandgap mechanism of light absorption,
dependence of the energy bandgap on the nanocrystals size,
stability against the Stabler-Vronsky effect, and a possibility of
manufacturing on flexible substrates.

Employing nc-Si as the base material allows enhancing
significantly the efficiency of solar cells due to formation of
polymorphic cascade heterostructures [2, 3] and decreasing
their production cost due to advantages of the thin-film
roll technology [4, 5]. Among the hurdles that block wide-
scale utilization of nc-Si advantages in practice is poorly
developed methods of control of the nanocrystals’ size and
concentration at economically relevant rates of the composite

film formation.That is why despite a large number of already
developed methods of nc-Si fabrication, still much attention
is paid and efforts are exerted to improve the existingmethods
and to develop new ones (see, e.g., [6–12]).

A promising path in this respect relies on the effect
of metal-induced crystallization (MIC) of the amorphous
Si (𝛼-Si) [13–17]. In particular, efficient formation of Si
nanocrystals with the sizes of 2–7 nm and partial volume
of a crystalline phase of up to 80% was demonstrated in
the recent experiments on low-temperature crystallization
of 𝛼-Si with Tin (Sn) [18–20]. The experimental findings
of those referenced works were modeled and explained in
[20–22] by suggesting the crystallization mechanism that is
essentially different from those known for Si crystallization
assisted by other metals [13, 15–17]. In accordance with the
proposed mechanism, Si nanocrystals are formed during
self-sustained cyclic (repeatable) processes of formation and
decay of the supersaturated solution of silicon in tin within
a thin eutectic layer at the interface of 𝛼-Si and Sn. Further
development of the proposed mechanism confirmed that
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Table 1: Samples’ parameters and protocols of their laser treatment.

Sample
number

Layers thickness𝑋-𝑌-𝑍 in nm
Laser light
wavelength

Laser pulse
duration (FWHM)

Range of laser
irradiation power in

W/cm2

1 50-100-200 1070 nm 150 𝜇s (1.4–2.9) × 104

2 50-100-200 1070 nm 150 𝜇s 1.3 × 105

50-100-200 10 ns (5.3–18.0) × 107

3 50-100-200 1070 nm 150 𝜇s (2.9–7.8) × 104

4 50-100-200 535 nm 10 ns (5.5–8.5) × 106

5 50-100-200 535 nm 10 ns (8.5–21.75) × 106

6 50-100-200 1070 nm 150 𝜇s (2.3–6.9) × 104

6-1 50-100-200 1070 nm 10 ns (7.4–15.3) × 107

6-2 50-100-200 535 nm 10 ns (3.5–10.3) × 106

7 0-100-200 1070 nm 10 ns (8.4–52.0) × 107

8 0-100-200 1070 nm 10 ns (2.0–21.8) × 107

Sn-induced crystallization of 𝛼-Si accelerates when laser
radiation is applied to the solution [23]. In addition, applying
laser radiation allowed online detection of the Raman spectra
providing thereby the capabilities to monitor the tempera-
ture, partial volume, and nanocrystal sizes in nc-Si composite
during its formation and showing the possibility to control
efficiently the crystallization process by varying the intensity
and irradiation time of laser light.

This work focuses on finding the thermal and time
evolution parameters of MIC in the interfacial system 𝛼-
Si/Sn, evaluating the role of photoionization processes in
Si nanocrystallites formation, and exploring possible advan-
tages of employing a pulsed laser radiation to control the
nanocrystals’ size and partial volume during Sn-induced
crystallization of 𝛼-Si.
2. Experiment

In this work, we studied the layered structures shown
schematically in Figure 1. The structures were prepared
by consecutive deposition of Si and Sn through thermal
evaporation in vacuum on the substrate of crystalline Si
(c-Si) at the temperature between 150∘C and 200∘C. The
consecutive deposition of three layers (Si, Sn, and Si) was
made during a single run in a vacuum chamber at 10−3 Pa
without breaking the vacuum. The purity of the targets used
for vacuum deposition was 99.999% Si and 99.92% Sn. The
layers’ thickness for different samples and parameters of laser
radiation used to assist crystallization are shown in Table 1.

In each sample, we allocated multiple regions of 0.5 cm ×
0.5 cm in size and each region of the sample was irradiated
separately using the laser radiation at certain wavelength,
pulse duration, and pulse power density as shown in Table 1.
The laser beam (70 𝜇mdiameter laser spot) was scanned with
50 𝜇m step size in 𝑥 and 𝑦 directions. Note that each spot
of the sample’s surface received only one laser pulse and the
entire surface of each region of the sample was exposed to
identical irradiation conditions. However, different regions
of the sample were exposed to different irradiation protocols

a-Si

a-Si

c-Si

Sn

X

Z

Y

d substrate

Figure 1: Cross-sectional schematics of Si-Sn-Si deposited samples
studied in this work.

as seen from Table 1. The applied irradiation power density
ranged from 1.4 × 104 to 2.18 × 108W/cm2 and the pulse
width was either 10 ns or 150 𝜇s in different runs. The
laser wavelengths used were 535 nm and 1070 nm. Note that
samples #3 and #6 differed only by the range of the laser
power variation. We kept these two samples separately in
Table 1 to demonstrate the repeatability of the crystallization
threshold in different experiments.

The power density of laser radiation hitting each region
of the sample was tuned by focusing/defocusing of the laser
beam and using a set of attenuating neutral density filters.
As a result, each studied sample contained a number of
regions irradiated with the same laser pulse duration and
same wavelength but different light power density.

After irradiation, the phase composition of each region
of the samples was studied by Raman spectroscopy. Raman
spectra were recorded at room temperature using a back-
scattered geometry with the spectrometer HORIBA Jobin
Yvon T64000 equipped with the confocal microscope Olym-
pus BX41 and cooled detector. For excitation of Raman
scattering, we used Ar-Kr laser at 𝜆ex = 488 nm. The spec-
tral resolution of Raman spectra runs was 0.15 cm−1. The
excitation light was focused on the surface of a sample
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Figure 2: Typical Raman spectra of 𝛼-Si (a) and partially crystallized Si (b).

in the spot size of approximately 5 𝜇m2 using Olympus
10x/0.25 objective. The power density of Raman excitation
on the surface of each sample was approximately 20 kW/cm2,
which did not cause any noticeable laser-induced heating
beyond the room temperature. In addition, the optical images
of the samples surface within the areas of Raman spectra
measurements were also recorded.

3. Results and Discussion

Figure 2 shows typical Raman spectra within the wavenum-
bers range of 100–850 cm−1 of as-grown, not irradiated
samples. The spectra of samples #7 and #8 (deposited on
the substrates preheated to 150∘C) prior to laser irradiation
treatment revealed only a broad band with a maximum
centered around 475 cm−1, which is a characteristic of 𝛼-Si
[24]. Following laser treatment, the samples revealed also
an additional narrow band peaked at around 500–520 cm−1,
which was a signature of the nanocrystalline phase of Si
[24, 25]. This phase was formed as a result of MIC from
the amorphous Si phase, in which the nc-Si phase formation
was facilitated by laser irradiation [23].The initial (as-grown)
Raman spectra of the samples from #1 to #6-2 contained both
the 𝛼-Si and nc-Si Raman bands. The existence of the nc-
Si phase in as-deposited samples is understood when taking
into account the fact that the substrates of these samples were
preheated to 200∘C.During the deposition of Si atomic layers,
the substrates were further heated by the evaporator radiation
and the substrate temperature could exceed the Sn melting
temperature (232∘C), leading thereby to partial crystallization
of Si. These samples were used to study possible impact of
laser irradiation on the preexisted nanocrystalline phase.

The nanocrystals’ size and their partial volume were eval-
uated from the best-fit analysis of Raman spectra simulations
using the approximation of spatially confined phonons [24,
25] as it was described in our recent work [20]. In particular,
we have found that for samples #1, 2, 3, 6, and 6-1 the initial
(prior to laser irradiation) state of the crystalline phase was

characterized with the dominant size of the crystallites 𝐿 =
1.5 nm and partial volume of the crystalline phase𝑋𝑐 = 48%.
As is known, the largest Raman shift in comparison with
the peak position for the monocrystalline Si is obtained for
the nanocrystals’ size less than 10 nm. With the nanocrystals’
size increase, this shift asymptotically approaches zero. The
spectral resolution of the equipment used in our experiments
was ∼0.15 cm−1, which allowed securely estimating the crys-
tals’ size of up to ∼35 nm, which agreed with the correlation
length of optical phonons in Si reported previously in some
works [26]. Below we discuss in detail the evolution of these
parameters upon irradiation of samples with single laser
pulses of the varied intensity, duration, and wavelength.

3.1. Effect of Irradiation Power at 𝜆ex = 1.07 𝜇m and𝜏𝑝 = 150 ns. Figure 3 shows dependence of the nanocrystals’
size and partial volume on the irradiation power when
scanning samples #3 and #6 with single laser pulses. Both
parameters, the nanocrystals’ size and their partial volume,
started increasing when the irradiation power surpassed the
level of ∼5.5 × 104W/cm2. In particular, the irradiation power
increase by 42% from 5.5 × 104 to 7.8 × 104W/cm2 caused the
nanocrystals’ size increase by 230% from 1.5 nm to 5.0 nm.
The partial volume of the crystalline phase changes also
sharply. Note larger scattering of 𝑋𝑐 in comparison with 𝐿
values caused by a larger statistical error of𝑋𝑐 calculation.

These results are in a complete agreement with recently
reported data on MIC effects in Si-Sn-Si structures, obtained
upon irradiation with the continuous-wave laser [23]. The
explicit threshold of the dependence in Figure 3 at the
irradiation power density of approximately 5 × 104W/cm2
may be attributed to reaching the Sn melting point in the
studied structures. In accordance with previous reports,
melting of Sn is a prerequisite for MIC of 𝛼-Si [22].

Upon increase of the irradiation power from 5 × 104
to 8 × 104W/cm2 and related increase of the sample’s local
temperature within the laser spot, the value of the parameter𝑋𝑐 grew markedly slower (∼40% total growth) than that
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Figure 3: Dependencies of the nanocrystals size (a) and partial volume of the crystalline phase (b) on the power density of laser irradiation.
Open red triangles and black diamonds show dependencies for samples #3 and #6, respectively.

(a) (b)

Figure 4: Typical optical images of the samples’ surface after laser irradiation with optical power 𝐼 = 0–5 × 104W/cm−2 (a) and 𝐼 = 8.2 ×
104W/cm−2 (b). Irradiation wavelength was 𝜆ex = 1.07 𝜇m and pulse duration 𝜏𝑝 = 150 ns.

of the parameter 𝐿 (∼230% total growth). This was rather
unexpected, since the volume of a crystal grows as ∼L3. We
suggest that only a small portion of initially created nanocrys-
tals participated in precipitation of Si in Sn. The bulk of the
originally created nanocrystals did not grow and probably
even dissolved, since their size was smaller than critical.
Such behavior is typical for the decay of saturated solutions
and is in line with the previously suggested crystallization
mechanism [20–22].

Figure 4 shows optical images of the as-grown samples
and samples irradiated using the subthreshold laser intensi-
ties (a) as well as the regions irradiated with the maximum
power laser pulses (b). Because the laser spot diameter in
Raman experiments was very small (close to 2 𝜇m), we
were able to analyze separately the locations of the samples
revealed with the dark spots on the images and it was
determined that these dark spots have higher concentration
of nanocrystals in the amorphous Si matrix than that in the
“light” areas of the sample.

Such dark regions with the increased concentration of
nanocrystals were typical for the as-grown samples. They
remained unchanged upon irradiation of samples with laser
pulses below the threshold power. When the laser power
exceeded the threshold, the dark regions with a higher
concentration of nanocrystals became larger. An increase
of the total area of the dark regions correlated with the
increase in the partial volume𝑋𝑐 of the nanocrystalline phase
measured from the Raman spectra.

3.2. Effect of Irradiation Power at 𝜆ex = 1.07 𝜇m and𝜏𝑝 = 10 ns. Similar to the experiments described above in
Section 3.1, samples #2 and #6-1 (with the 3-layer structure
Si-Sn-Si, 50-100-200 nm) were irradiated with light pulses at
1070 nm but the pulse duration was four orders of magnitude
shorter (10 ns) and the peak power was three orders of
magnitude higher (∼107W/cm2) than in the case described in
the previous section. Figure 5 summarizes effects of such irra-
diation on the nc-Si parameters.The crystallization threshold
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Figure 5: Dependencies of the nanocrystals’ size (a) and partial volume of the crystalline phase (b) on the power density of laser irradiation
for sample #2. Open black diamonds represent experimental data; solid lines show linear approximation of the data.
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Figure 6: Dependencies of the nanocrystals’ size (a) and partial volume of the crystalline phase (b) on the power density of laser irradiation
with 10 ns pulse duration for sample #7.

was observed at irradiation power of ∼7.5 × 107W/cm2 and
the total area of crystallized regions (dark spots observed in
the microscope) correlated with the laser irradiation power.
The absorbed energy of optical radiation at the crystallization
threshold, 𝐸tc, can be estimated as proportional to the
product of the threshold laser power density 𝐼 and pulse
duration 𝜏𝑝: 𝐸tc = 𝐼𝜏𝑝. This energy was estimated as 𝐸1tc =
8.3 J/cm2 for the case described in Section 3.1 and as 𝐸1𝐼tc
= 0.75 J/cm2 for the case of Section 3.2, confirming thereby
that significantly lower optical energy was required to initiate
MIC in the case of a higher irradiation power density. This
result can be explained either by an enhanced crystallization
due to photoionization effects [23, 27] or by more efficient

heating of Sn : Si mixture with the nanosecond compared
to microsecond duration pulses caused by a limited rate of
thermal dissipation [28, 29].

Figure 6 shows experimentally obtained dependencies of
Si nanocrystals size and partial volume of nc-Si phase on
the power density of 10 ns duration laser pulses in sample
#7. The initial state of this sample was fully amorphous.
The optical irradiation with the power density below ∼1.5× 108W/cm2 did not initiate phase transformation in the
amorphous film.The nanocrystalline phase started to appear
at higher irradiation intensities and the first observed crystals
had sizes at the excess of 10 nm. At optical power densities
above 2.0 × 108W/cm2, the only phase detected in Raman
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Figure 7: Dependencies of the nanocrystals’ size (a) and partial volume of the crystalline phase (b) on the power density of laser irradiation
with 10 ns pulse duration at 535 nm. Black and green squares, red circles, and blue diamonds show data for samples #4, #5, and #6.2,
respectively. The trend behavior is shown with solid lines using a linear approximation.

spectra was the monocrystalline phase of the substrate (with
the wave number 520 cm−1). Note that experimental setup
allowed distinguishing securely nanocrystals with the size
of up to ∼35 nm. All larger size crystals were not readily
distinguished from the monocrystalline Si in Raman spec-
tra. These experiments with sample #7 evidenced that the
amorphous film degraded essentially without crystallization
at irradiation intensities 𝐼 = (1.5–2.0) × 108W/cm2. Note that
sample #8 that also did not contain initial crystalline phase
showed similar behavior.

To sum up, in contrast to samples #2 and #6 that already
contained the nc-Si phase before irradiation and exhibited a
pronounced growth of the crystalline phase partial volume
with the increased irradiation intensity, the fully amorphous
samples #7 and #8 did not show crystallization at the same
irradiation conditions. This allows concluding that the MIC
process goes through the incubation stage of nucleation and
fast nanocrystals’ growth to the sizes of 1.5–4.5 nmwhich lasts
over the 10 ns time interval.

3.3. Effect of Irradiation Power at 𝜆ex = 535 nm and 𝜏𝑝 =10 ns. In contrast to the 1070 nm wavelength light that is
weakly absorbed in 𝛼-Si and heats up primarily the Sn layer
in the studied structures, the radiation at 535 nm is absorbed
almost totally within the top layer of 𝛼-Si in the studied
structures. Samples #4, #5, and #6-2were irradiatedwith 10 ns
laser pulses at 535 nm and with peak power density within
the range of 106–107W/cm−2. The results of Raman spectra
analysis are shown in Figure 7.

The distribution of both the dominant crystal size 𝐿 and
the nc-Si partial volume 𝑋𝑐 was significantly broader for
these samples than for the samples studied in the previous
sections. Such broader parameters distribution may be due

to a nonuniform transformation of the outer layer of 𝛼-Si
into the nc-Si phase. Note that each point of the graphs in
Figure 7 corresponds to a specific location on the sample’s
surface subjected to a pulsed illuminationwith the laser beam
of 70 um spot diameter and applying 50 um scanning step.
At the same time, the spot diameter for Raman excitation
was ∼2 um. Obviously, upon irradiation of a sample with
1070 nm light pulses, the light was absorbed primarily in the
highly thermally conductive Sn layer of the structure that
facilitates fast equilibration of the absorbed energy across
the excitation spot. In contrast, the thermal equilibration
was not achieved with the same fast rate when 535 nm laser
pulses were used, since in this case the light absorption
occurred primarily in the top 𝛼-Si layer having lower thermal
conductivity properties. In fact, the thermal diffusion length
is defined as [30, 31]

𝑙th = [(𝜘 + 𝐷) 𝜏𝑝]1/2 , (1)

where 𝜘 is the thermal conductivity, 𝐷 is the ambipolar
carrier diffusion in silicon, and is 𝜏𝑝 the laser pulse duration.

For Sn, 𝜘 = 0.37 cm2/sec [32] and the laser pulse duration𝜏𝑝 = 10−8 s; (1) results in 𝑙th = 6.1 × 10−5 cm. The absorption
coefficient for 535 nm light in 𝛼-Si is 𝛼 ≈ 6.0 × 104 cm−1,
resulting in the absorption length of 𝑙𝛼 = 1/𝛼 = 1.6 × 10−5 cm−1
[33, 34], whereas the thermal diffusion depth for 𝛼-Si is 𝑙th ≈
8.0 × 10−6 cm [35, 36]. The depth of heating in the direction
perpendicular to the layers stack is determined by the larger
of the two values (𝑙𝛼 and 𝑙th); that is, it is determined by the
absorption depth 𝑙𝛼 = 1.6 × 10−5 cm−1. In the lateral direction,
the thermal equilibration is determined by the thermal
diffusion depth 𝑙th ≈ 8.0 × 10−6 cm. The extent of a lateral
propagation of heat in the studied samples was approximately
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(a) (b)

Figure 8: Optical images of a sample surface without laser irradiation (a) and irradiated with laser at 535 nm, 10 ns pulse duration, and optical
power of I = 2–20 × 106W/cm−2 (b).

an order of magnitude smaller than the thickness of the top
layer of 𝛼-Si. A lower thermal conductivity in these sam-
ples facilitated an increase in the maximum achieved local
temperature and consequently produced more pronounced
temperature gradient. In turn, this might cause higher levels
of a local deformation and surface degradation of𝛼-Si layer in
the sample. Such effects may be more pronounced at 535 nm
irradiation with 10 ns duration laser pulses even though the
irradiation intensity at 535 nm was an order of magnitude
lower than that at 1070 nm. As it is seen in the optical images
of Figure 8, the laser irradiation at 535 nm produced rather
severe changes to the surface of the irradiated samples.

4. Simulation Results

Let us consider a one-dimensional case of thermal equi-
libration along the depth of the studied structures. Use a
one-dimensional thermal conductivity equation based on
Fourier’s law:

𝑐𝜌𝜕𝜃𝜕𝑡 = ( 𝜕𝜕𝑧𝜘𝜕𝜃𝜕𝑧) + 𝑃 (𝑧, 𝑡) , (2)

where 𝑐 and 𝜌 are the specific heat and density of themedium,𝜘 is the thermal conductivity coefficient, and 𝑃(𝑧, 𝑡) is the
function that describes the spatial and temporal distribution
of extended radiation sources. Equation (2) allows for rather
accurate estimation of the medium temperature within the
laser spot in the case when the spot diameter exceeds
significantly the thermal diffusion length [37, 38].

Using the first-order approximation, we can separate the
spatial and temporal variables:

𝑃 (𝑧, 𝑡) = 𝑓 (𝑧) 𝑔 (𝑡) . (3)

The spatial distribution of the thermal sourcesmay be written
in our case as follows:

𝑓 (𝑧) = 𝐼0𝛼 (𝑧) exp(−∫𝑧
0
𝛼 (𝑧) 𝑑𝑧) , (4)

where 𝛼(𝑧) is the spatial distribution of the optical absorption
coefficient, 𝑧 is the direction inside the depth of a sam-
ple perpendicular to its surface, and 𝐼0 is the normalized
amplitude. In all cases below, we will assume the absence of

the temperature 𝜃 increase in the structure prior to optical
excitation as the initial condition (𝜃(𝑧, 0) = 0).

Let us analyze thermal heating caused by the laser pulse of
150 𝜇s duration.The rising and falling edges of the laser pulse
are considered to be much shorter than the total length of the
pulse. Hence, we can consider a 𝜋-shaped optical pulse:

𝑔 (𝑡) = {{{
1, 𝑡 ≤ 𝜏𝑝0, 𝑡 > 𝜏𝑝, (5)

where 𝜏𝑝 = 150𝜇s is pulse duration.
Since the pulse duration of 150 𝜇s is much longer than the

characteristic time of heat dissipation in the deposited layer of
a sample, we approximate the process as the heat dissipation
in the crystalline substrate. The volume sources of heat in the
modified (by the optical pulse action) layer are considered as
the top-surface layer sources:

𝜘 𝜕𝜃𝜕𝑧
𝑧=0 = 𝑃𝑠 (𝑡) , (6)

where

𝑃𝑠 (𝑡) = ∫𝑋+𝑌+𝑋
0

𝑃 (𝑧, 𝑡) 𝑑𝑧. (7)

In addition, we use the boundary condition of absence of the
heat flow through the bottom surface of the sample:

𝜘 𝜕𝜃𝜕𝑧
𝑧=𝑋+𝑌+𝑋+𝐷 = 0. (8)

The results of the time dependence simulations of the sample’s
surface temperature in accordance with the above equations
and for the power density of optical irradiation of 104W/cm2
are presented in Figure 9(a). Correspondingly, typical depen-
dence of the temperature spatial distribution at 𝑡 = 𝜏𝑝 is
presented in Figure 9(b).

In accord with the data of Figure 5, the threshold for
structural changes upon irradiation occurred close to the
optical power densities of 5 × 104W/cm2, which is approx-
imately 5 times higher than that used in calculations of
Figure 9. To estimate the sample’s temperature reached under
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Figure 9: (a) Calculated surface temperature rise for irradiated samples during the laser pulse action (first 150 𝜇s of the time scale in 𝑥-axis)
and immediately after cessation of the irradiation. (b) Distribution of the temperature rise over the depth of a sample immediately after
cessation of the laser irradiation.

irradiation intensity of 5 × 104W/cm2, we used the first-
order (linear) approximation by multiplying the temperature
calculated in Figure 9 by the factor of 5 and adding the
ambient temperature (300K). Such calculations yielded the
value of 300K + 40K × 5 = 500K, which is very close
to the melting point of Sn (505K). Using the maximum
optical power density of 8 × 104W/cm2 (see Figure 4), the
calculated temperature was 300K + 40K × 8 = 620K, which
agrees well with the previously reported data on Sn-induced
crystallization of 𝛼-Si [18–21].

When irradiating the structures with optical pulses of
nanosecond duration, the specifics of spatial distribution of
thermal and optical parameters of the irradiated structure
play a critical role in defining the final temperature.Therefore,
to get a better insight into these effects, we consider spatial
distributions inmore detail. In particular, Figure 10 shows the
calculated spatial distribution of the thermal sources𝑓(𝑧) and
temporal distribution of temperature on the top surface of
studied structures for twowavelengths (532 nm and 1064 nm)
at irradiation power density of 1MW/cm2.

As is seen from Figure 10(a), irradiation with 1064 nm
laser light produces local heating related primarily to optical
absorption by the layer of Sn. The temporal evolution of
intensity in the laser pulse was assumed to be Gaussian:

𝑔 (𝑡) = exp(−4 log (2) (𝑡 − 𝜏𝑝)2𝜏2𝑝 ) . (9)

Figure 10(b) shows that, at the optical power used in the
calculations (1MW/cm2) and at 𝜆= 532 nm, the local temper-
ature on the top surface of the illuminated structure reaches
the melting point of Sn. This is in a good correlation with
the results of Figure 7—the crystallization starts at minimal
intensity of optical irradiation. The optical power density of
1MW/cm2 is not high enough to trigger crystallization when

irradiating the sample with 𝜆 = 532 nm laser pulses. However,
increasing the optical power density to 60MW/cm2 (which
corresponds to the experimentally determined crystallization
threshold at 532 nm, see Figure 5), the calculated temperature
of the top surface layer reaches the temperature of 300K +
(30K × 60) = 2100K (using the first-order (linear) approx-
imation), which exceeds significantly the Sn melting point.
Such deviation of the simulation results from the experimen-
tal datamay be explained by the influence of nonlinear optical
effects, in particular by the absorption saturation in studied
samples [39]. One can assume that the density of electronic
states decreases significantly in nanofragments compared to
the bulk material, which may cause a considerable decrease
in the value of the optical absorption coefficient for the
nanofragments and correspondingly cause significantly lower
heating. Nanostructuring of thin layers of Sn in the structures
Si-Sn-Si was reported recently [20].

5. Conclusions

The fact that the starting temperature for structural changes
in the studied samples of Si-Sn-Sn was very close to the
melting point of Sn supports our recent conclusion on the
physical mechanisms of Sn-induced crystallization in 𝛼-Si
as the cyclic process of formation and decay of a saturated
solution of Si inmolten Sn [20, 21]. Two stages ofMIC process
are suggested in this work: first the nucleation occurs during
the incubation period and then fast growth of crystallites is
characteristic for the processes involving the solution decay,
which additionally supports the suggested mechanism.

Our results evidenced also the possibility of photoioniza-
tion effects influencing theMICprocess. Since the rates of Sn-
induced crystallization of 𝛼-Si are rather high (10−8–10−4 s),
its stimulation with the pulsed laser light may provide an
insight into the method to control the nanocrystals’ size
during nc-Si films formation. This may find applications
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Figure 10: (a) Calculated distribution of thermal sources𝑓(𝑧) over the depth of the structure Si-Sn-Si. (b) Temperature changes of the sample
surface with time. (c) Temperature distribution at the surface of a sample at 𝑡 = 2𝜏𝑝. Irradiation with 10 ns duration; 1MW/cm2 laser pulses
at 1064 nm (black solid lines) and 532 nm (dashed green line).

not only in already mentioned technology of optical sensors
and photovoltaic elements of the cascade type but also in
designing of the so-called “all-Si” solar cells, in which Si
nanoclusters are formed between the dielectric layers such
as SiO2, Si3N4, and SiC [40, 41]. Among the useful applica-
tions, we can also mention development of efficient silicon
gas/fumes sensors that use nanocluster catalyzers based on
transition metals [42, 43], the solid hydrogen accumulation,
storage systems that utilize nanocomposite silicon structures
[44, 45], and others.
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