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Metal-induced crystallization in Si–Sn–Si thin film structures has been studied, by using the
Raman scattering at various light powers. The Raman spectra are used to monitor the temper-
ature, size, and concentration of Si crystals formed in the amorphous Si matrix. A significant
acceleration of the metal-induced crystallization in Si–Sn–Si structures at their laser-assisted
annealing in comparison with their annealing in dark is revealed. A basic possibility of the “on
line” monitoring of the size and the concentration of Si nanocrystals in the course of their
formation is demonstrated.
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1. Introduction

A film composite consisting of Si nanocrystals in
an amorphous Si matrix (nc-Si) is considered to
be a promising material for the next generation of
quantum-dot solar cells (SCs) [1]. It is so because this
composite has a unique set of physical properties: the
direct-band-gap mechanism of light absorption, the
dependence of the energy gap width on the nanocrys-
tal size, the stability to the Staebler–Wronski effect,
and a capability to be formed on flexible substrates.

The application of nanocomposite silicon makes it
possible to substantially enhance the SC efficiency by
creating cascade polymorphic heterostructures [2, 3]
and to reduce the SC manufacture cost due to the ad-
vantages of the thin-film and roll-to-roll technologies
[4, 5]. The main obstacles hampering the implemen-
tation of nc-Si advantages into practice include an
insufficient development of technologies aimed at the
exact control over the size and the concentration of
Si nanocrystals at the economically efficient rates of
formation of films. Therefore, despite a considerable
number of available techniques for the nc-Si manufac-
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ture, a lot of attention is paid to their improvement,
as well as to the development of new ones (see, e.g.,
works [6–12]).

One of the promising ways in this direction is
the application of the metal-induced crystallization
(MIC) in amorphous silicon [13–17]. In particular, a
capability of forming Si crystals with dimensions of
2–5 nm and a volume fraction reaching up to 80%
in an amorphous Si matrix with the use of the low-
temperature tin-stimulated crystallization in amor-
phous Si has been demonstrated recently [18–20]. The
corresponding experimental results were interpreted
with the help of a new MIC mechanism proposed in
works [20, 21], which considerably differs from other
mechanisms known for other metals [13, 15–17]. Ac-
cording to the new one, silicon nanocrystals are
formed as a result of the cyclic repetition of the forma-
tion and the decay of a supersaturated silicon solution
in tin that occur in a narrow eutectic layer at the a-
Si/Sn interface between tin microdroplets located in
the bulk of amorphous Si. In this work, we show that
the tin-induced crystallization of amorphous silicon
can be stimulated by laser light with a relatively low
intensity. This circumstance allows one to measure
the temperature, size, and concentration of nanocrys-
tals with the help of the Raman scattering in the
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Fig. 1. Schematic representation of the cross-sections of the
layered Si–Sn–Si structures under study

course of nanocrystal formation and, simultaneously,
to control the crystallization process by varying the
intensity of a laser irradiation and its duration.

2. Experimental Part

We studied layered film structures, whose cross-sec-
tion is schematically shown in Fig. 1. The speci-
mens were fabricated by alternatively depositing sil-
icon and tin thermally evaporated in vacuum. The
metals were deposited onto borosilicate glass sub-
strates 76 × 76 mm2 in dimensions and heated to a
temperature of about 150 ∘C, by using the following
procedure:

∙ first, a layer of amorphous silicon (a-Si) of the
thickness 𝑋 was deposited onto the whole substrate
area;

∙ then, a spot (a layer) of metallic tin of the thick-
ness 𝑌 was deposited onto the a-Si layer through a
mask 50 mm in diameter;

∙ finally, another layer of amorphous Si of the thick-
ness 𝑍 was deposited onto the indicated layers and
over the whole substrate area.

The values of the parameters 𝑋, 𝑌 , and 𝑍 were
discretely changed within an interval of 50–200 nm
with a step of 50 nm. All three deposition stages
were carried out in the same vacuum chamber, not
allowing a decompression, and at a residual pressure
of 10−3 Pa by consecutively applying three different
evaporators. Si (99.999%) and Sn (99.92%) targets
were sputtered. Specimens with various 𝑋 :𝑌 :𝑍 ra-
tios were studied.

The specimens fabricated with the use of the de-
scribed procedure can be regarded as a macroscopic
model analog of microscopic metallic Sn droplets in
the amorphous Si environment. Such a configuration

can be observed in Si–Sn film alloys and gives rise
to the crystallization in the surrounding silicon re-
gions [20].

Raman spectra were measured on a Renishaw
micro-Raman spectrometer. Their excitation was car-
ried out by a laser with a wavelength of 633 nm and
the maximum power of a light flux 𝐼0 = 10 mW. The
diameter of a laser beam was equal to 1 or 2 𝜇m,
which provided the density of a light flux of up to
3 × 105 W/cm2. The Raman spectra were measured
at room temperature in two characteristic regions of
the specimen surface (see Fig. 1): region A (above the
Sn film) and region B (beyond the Sn film). The spec-
trum scanning time and, accordingly, the duration of
the laser beam action on the specimen amounted to
30 s. Raman spectra were registered at the same place
of the specimen at various laser excitation powers in
the following sequence: (i) 𝐼1 = 0.1𝐼0, (ii) 𝐼2 = 0.5𝐼0,
(iii) 𝐼3 = 𝐼0, and (iv) 𝐼4 = 0.1𝐼0 again. Some spec-
imens were used for the multiple registration of Ra-
man spectra at the same place and provided the same
power of laser irradiation in order to analyze the role
of the laser treatment duration.

3. Results and Their Discussion

The spectra of Raman scattering by longitudinal op-
tical (LO) phonons measured in an interval of 300–
600 cm−1 in region B for all specimens (Fig. 1) and
at any power of Raman scattering excitation by a
laser beam up to the maximum value contain only
a wide band of amorphous silicon with a maximum
at 475 cm−1 [22]. At the same time, in the spectra
for region A (above the layer of metallic tin), besides
the band of amorphous silicon state at 𝐼2 = 0.5𝐼0,
there arises and grows, at 𝐼3 = 𝐼0, an additional
narrow band in the interval 490–500 cm−1, which
corresponds to the nanocrystalline phase of silicon
[22, 23]. The latter band survives in further mea-
surements carried out at the lower irradiation power
𝐼4 = 0.1𝐼0 only for the same section A of the speci-
men. This fact is illustrated in Fig. 2, where the evo-
lution of the Raman spectrum, when the laser exci-
tation power first increases (panel a) and then de-
creases (panel b), is depicted on the same scale. In
other words, at the laser beam powers 𝐼2 and 𝐼3 of
the Raman scattering excitation, silicon nanocrystals
are formed in region A.

Note that the crystallization of amorphous Si un-
der the action of a laser irradiation was observed by
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Fig. 2. Raman spectra of the surface region A registered for the sequence of growing (a) and decreasing
(b) light intensities: 𝐼 = 𝐼1 (1 ), 𝐼2 (2 ), 𝐼3 (3 ), and 𝐼4 (4 ). A specimen with 𝑋 :𝑌 :𝑍 = 100 : 50 : 100

Fig. 3. Optical microscopic image of the mark of the excitation laser action on the specimen
surface (a); the calculated equilibrium distribution of the specimen surface temperature for
the specimen with 𝑋 :𝑌 :𝑍 = 100 : 100 : 100 and at 𝐼 = 𝐼0 (b)

a lot of researchers [24–29]. It is agreed that, after a
local heating of a-Si by a laser beam to temperatures
higher than 1000 ∘C [24–26] or the so-called “cold
melting” of Si under the influence of short, but pow-
erful laser pulses (1011÷1012 W/cm2) [27–29], a ther-
mally induced crystallization takes place. However, in
our case, the power of a laser beam was insufficient
for the thermal crystallization. This fact is evidenced
by the absence of the Raman band corresponding to
crystalline silicon in region B of specimens even after
three scans of the spectrum at the maximum power
of exciting light.

The appearance of this band in region A is evi-
dently associated with the presence of the tin layer,
which considerably reduces the temperature of a-
Si crystallization [18, 19] following the MIC mecha-
nism. At the Si/Sn interface, this mechanism is real-

ized at temperatures above the melting point of Sn
(about 230 ∘C) [20,21], which is confirmed by the fact
that the appearance of the Raman band correspond-
ing to the crystalline Si phase is accompanied by a
variation in the specimen surface relief at the place
of the laser beam action, probably owing to the fu-
sion of the tin layer. A typical mark of the laser beam
action on the specimen surface observed through an
optical microscope of the targeting device of the Ra-
man installation is shown in Fig. 3, a. One can see
that its size can exceed the diameter of an exciting
laser beam by almost an order of magnitude. Outside
the mark, the Raman spectrum (at 𝐼 = 0.1𝐼0) does
not contain the band of crystalline Si. For specimens
with different ratios 𝑋 : 𝑌 : 𝑍, the diameter of the
mark, its pattern, and its contrast are somewhat dif-
ferent at identical intensities and durations of the
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Fig. 4. Temperature-induced shift of the crystalline-phase
band. Raman spectra were registered at 𝐼 = 𝐼0 (1 ) and 0.1𝐼0
(2 ). 𝑋 :𝑌 :𝑍 = 100 : 200 : 100

laser light action. Probably, this fact may be associ-
ated with different conditions of light absorption and
heat removal at different layer thicknesses in the ex-
amined structures. Ultimately, those factors govern
the temperature distribution in the region illuminated
with a laser beam and around it. Figure 3, b demon-
strates the results of calculation of the equilibrium
temperature distribution over the surface of a speci-
men with 𝑋 : 𝑌 : 𝑍 = 100 : 100 : 100 (in nm) around
the axis of a laser beam 1 𝜇m in diameter and with
𝐼 = 𝐼0. The model proposed in work [30] was used in
calculations. One can see that the maximum heating
temperature at the center of a light spot can reach
680 ∘C.

Slightly higher values were obtained, when estimat-
ing the surface temperature of this specimen in the
area of laser beam action according to the thermal
shift of the frequency at the maximum of the Raman
band corresponding to the crystalline phase. The Ra-
man band of crystalline silicon is known to have a
maximum at the frequency 𝑓𝑐 = 520 cm−2 at room
temperature and to shift toward lower energies by
the value Δ𝑓𝑇 proportional to the elevation of the
crystal temperature [31–33]. We also experimentally
observed a low-frequency shift of the Raman peak by
the crystalline Si phase as the intensity of laser irra-
diation grew. The peak of the as-formed crystalline
phase shifted toward higher energies when the laser
light power decreased from 𝐼0 to 0.1𝐼0 (Fig. 2, b).

In Fig. 4, the Raman spectra of the specimen with
𝑋 :𝑌 :𝑍 = 100 : 200 : 100 registered first at 𝐼 = 𝐼0 and

then at 𝐼 = 0.1𝐼0 are shown on the scales different by
an order of magnitude.

A further reduction of the laser excitation inten-
sity by an order of magnitude – within the limits of
(0.01÷0.1)𝐼0 – does not appreciably affect the band
position. This means that light of such power does
not heat up the specimens substantially in compar-
ison with room temperature. Therefore, we may as-
sert that the value of Δ𝑓𝑇 at 𝐼 > 0.1𝐼0 characterizes
the growth of the specimen temperature at the place
of the Raman spectrum measurement with respect
to room one owing to the local heating by the laser
light.

The application of the experimental temperature
dependence of the Raman peak shift for the crys-
talline Si peak from work [33] makes it possible to esti-
mate the local temperature in the region of laser irra-
diation actions. In specimens with different 𝑋 :𝑌 :𝑍
ratios, it varies in the interval from 350 to 960 ∘C
(Δ𝑓𝑇 = 8÷22 cm−1) at 𝐼 = 𝐼0, being approximately
identical over every specimen. It is evident that the
thicknesses and the ratios between the thicknesses of
a-Si and Sn layers govern the conditions of laser light
absorption and heat removal and, accordingly, the de-
gree of structure heating.

It should be noted that the dependence obtained
in work [33] for Si single crystals can be applied to
nanocrystals, as in our case, only as a rough one. For
the Raman spectroscopy to be correctly applied in
the temperature measurement of materials with sili-
con nanocrystals, it is necessary to know the depen-
dences Δ𝑓𝑇 (Δ𝑇 ) for nc-Si with various dimensions of
crystallites.

The vibrational spectrum of nanoparticles depends
on their dimensions. Therefore, the Raman spec-
troscopy has already been used for the determina-
tion of particle dimensions for rather a long time
[22, 23, 34, 35]. In particular, if Si crystals are smaller
than 20 nm in diameter, the peak in the Raman band
of LO-phonon shifts from 520 cm−1 toward lower en-
ergies by a value of Δ𝑓𝑅. In Fig. 5, the dependence
of this shift on the crystal size, Δ𝑓𝑅(Δ𝑅), measured
at room temperature [35] is plotted.

As is seen from Fig. 4, the peak frequency of the
crystalline Si phase (517 cm−1) in the Raman spec-
trum measured at 𝐼 = 0.1𝐼0 (i.e. at room tempera-
ture of the specimen) is by Δ𝑓𝑇 = 3 cm−1 lower than
the peak frequency of single-crystalline Si (520 cm−1)
at the same temperature. According to Fig. 5, this
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fact means that crystallites about 4.5 nm in size dom-
inate in the as-formed crystal phase. In the specimens
with other 𝑋 :𝑌 :𝑍 ratios, the dimensional shift Δ𝑓𝑅
changes within the interval of 2–12 cm−1, which cor-
responds to the interval of crystallite dimensions from
2 to 6 nm. Just this interval is of practical interest
from the viewpoint of the nanosilicon application to
solar cells as a direct-band-gap film material with a
controllable energy gap width.

The volume fraction of the amorphous-crystalline
composite occupied by nanocrystals, 𝑋𝐶 , can be de-
termined from the relation between the integrated in-
tensities of Raman bands corresponding to the crys-
talline and amorphous phases [34]. Figure 6 demon-
strates how this phase relation changes with the num-
ber of 30-s scans of the Raman spectrum at the same
place of the specimen. One can see that, for every
next scan, the amplitude of the crystalline phase
band grows, i.e. nanocrystals are accumulated in the
course of the tin-induced crystallization of a-Si heated
by laser light. In particular, in the 50:100:200 speci-
men, 𝑋𝐶 becomes stabilized at a level of 92% at the
fifth scan, i.e. after the 2.5-min interval of the laser
treatment. In the specimens where the thickness of
the external a-Si layer did not exceed 100 nm, 𝑋𝐶

reached a level of 90% already in the course of the
first scan, i.e. within 30 s. The corresponding crys-
tallization rate turned out by an order of magnitude
higher than that observed in similar structures ther-
mally treated at 300–400 ∘C in dark [21]. If this effect
had been associated only with a higher temperature
in the region of the laser beam action, then, accord-
ing to work [17], the size of crystallites, 𝑅, would
have been considerably larger than 5 nm. However,
this is not the case. We may assume that the MIC
becomes accelerated in the external a-Si layer owing
to a strong photoionization of silicon by powerful laser
light. It is so, because the dissolution of amorphous
silicon in liquid tin at the interface between the layers
becomes substantially facilitated owing to the screen-
ing of covalent silicon bonds by free electrons and the
formation of additional dangling bonds [36]. A ver-
ification of this assumption demands additional re-
searches. However, irrespective of the mechanism of
MIC acceleration by laser light, it can be used for a
controllable formation of nanocrystals in layered Si–
Sn film structures.

The results of our measurements and estimations
obtained for some characteristic specimens with a fi-

Fig. 5. Dependence Δ𝑓𝑅(𝑅) of the shift of the Raman peak
for the nanocrystalline Si phase with respect to the peak of
single-crystalline Si at 520 cm−1 on the crystallite size 𝑅 [35]

Fig. 6. Raman spectra for the specimen with 𝑋 :𝑌 :𝑍 =

= 50 : 100 : 200 at 𝐼 = 𝐼0 registered after the first (1 ), sec-
ond (2 ), and fifth scan (5 ) at the same place of the specimen
surface

nal content of the crystalline phase more than 80%
and crystallite dimensions not exceeding 5 nm are
presented in Table. The thicknesses (𝑋, 𝑌 , 𝑍) of
layers in nanometer units are indicated in the sec-
ond column of the table. The third column contains
the positions of the Raman peak corresponding to
the crystalline phase at the laser excitation power
𝐼 = 0.1𝐼0, i.e. at room temperature, and at the in-
creased power 𝐼 = 𝑘𝐼0. The corresponding values of
the coefficient 𝑘 are shown in the fourth column. The
next columns contain the following quantities: the
temperature-induced shift Δ𝑓𝑇 of the crystal phase
peak, the approximate [30] temperature 𝑇 (in ∘C
units) at the laser action region and Raman spec-
trum measurements, the number of 30-s scans of the
Raman spectrum, when the specimen is subjected to
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Ratio of the
thicknesses
of layers
𝑋 :𝑌 :𝑍

Position of the
Raman peak of the

crystal phase 𝜔, cm−1

for various intensities
(0.1𝐼0) / (𝑘𝐼0)

Power
change
coeffi-
cient
𝑘

Temperature
shift of the

crystal phase
peak

Δ𝜔𝑇 , cm−1

Temperature
at the laser
action place

𝑇, ∘C

Number
of (30-s)

scans of the
Raman

spectrum

Dimensional shift
of the position of
the crystal phase
peak Δ𝜔𝑅, cm−1

Dominant
size of
crystal-

lites
𝑅, nm

Volume
fraction of
the crystal
phase 𝑋𝐶 ,

%

50 : 100 : 200 508/502 0.5 6 250 5 12 1.9 92
100 : 100 : 100 516/494 1.0 22 960 1 4 3.5 90
100 : 100 : 200 511/500 0.5 11 480 1 9 2.2 92
100 : 200 : 100 517.5/498 1.0 19.5 850 1 2.5 5.0 86
150 : 100 : 50 517/497 1.0 20 870 1 3 4.3 81
200 : 200 : 200 517/497 1.0 22 960 5 3 4.3 80

the laser beam action, the size-induced shift Δ𝑓𝑅 of
the crystal phase peak at room temperature with re-
spect to the peak position for single-crystalline silicon
(𝑓𝐶 = 520 cm−1), and the estimated values (using the
technique of works [22,23,34]) for the dominant crys-
tallite size 𝑅 and the volume fraction 𝑋𝐶 occupied
by them.

From the table, one can see that, while studying
three-layer Si–Sn–Si film structures and measuring
the Raman spectra excited by a light flux with a
power density of 3×105 W/cm2, the specimen surface
becomes heated up substantially. The heating tem-
perature can reach several hundreds of degrees, which
is determined (a) by the power and diameter of the
excitation laser beam and (b) by the conditions of
light absorption and heat removal depending on the
thicknesses of structure layers.

At temperatures above the tin melting point, amor-
phous silicon is dissolved in liquid tin and after-
ward precipitates from the solution in the form of
nanocrystals. This mechanism of MIC was described
in work [21] in detail. From Table, one can see that
the size of Si nanocrystals and their concentration
depend on the temperature and duration of the pro-
cess and, accordingly, on the power and time of the
laser light action. The measurement and the analy-
sis of the Raman spectrum excited by laser light in
the course of the tin-induced transformation of sil-
icon from the amorphous state into the crystalline
one make it possible to determine – and, modulat-
ing the laser power, to control – the size of crys-
tallites and the volume fraction occupied by them
in the “on-line” mode. The number and the thick-
nesses of initial a-Si and Sn layers can be techno-
logical factors determining the total thickness of the

amorphous-crystalline composite film, the distribu-
tion of parameters of the nanocrystalline phase over
the film, as well as the amount and the state of resi-
dual tin.

4. Conclusions

To summarize, the application of laser radiation to
provide conditions for the tin-induced crystallization
in amorphous silicon and, simultaneously, to mea-
sure the size and concentration of formed nanocrys-
tals with the use of Raman spectroscopy can form
a basis for a new technology aimed at the quality
control in the course of fabrication of nanocrystalline
silicon films with a given energy gap width, in partic-
ular, for solar cells of the cascade type. A substantial
acceleration of the crystallization of amorphous Si,
induced by tin, its heating by laser radiation in com-
parison with the heating in dark, which was revealed
in this work, can testify to a considerable role of the
ionization in MIC processes.
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КОМБIНАЦIЙНЕ РОЗСIЮВАННЯ
СВIТЛА В ПРОЦЕСI IНДУКОВАНОЇ ОЛОВОМ
КРИСТАЛIЗАЦIЇ АМОРФНОГО КРЕМНIЮ

Р е з ю м е

Методом комбiнацiйного розсiювання свiтла рiзної потуж-
ностi поверхнею тонкоплiвкових структур Si–Sn–Si дослiд-
жено процеси iндукованої оловом кристалiзацiї аморфного
кремнiю. Аналiз спектрiв комбiнацiйного розсiювання ви-
користано для контролю температури, розмiру та концен-
трацiї кристалiв Si, що утворюються в матрицi аморфного
Si в процесi вимiрювання спектрiв. Виявлено значне при-
скорення металом iндукованої кристалiзацiї при лазерному
вiдпалi структур Si–Sn–Si порiвняно з вiдпалом у темрявi.
Показано принципову можливiсть контролю в режимi “on
line” розмiрiв i концентрацiї кристалiв Si в процесi їх фор-
мування.

ISSN 2071-0194. Ukr. J. Phys. 2016. Vol. 61, No. 2 149


