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FORMATION OF NANOCRYSTALLINE
SILICON IN TIN-DOPED AMORPHOUS SILICON FILMS

The process of crystalline silicon phase formation in tin-doped amorphous silicon (a-SiSn)
films has been studied. The inclusions of metallic tin are shown to play a key role in the crys-
tallization of researched a-SiSn specimens with Sn contents of 1-10 at% at temperatures of
300-500 °C. The crystallization process can conditionally be divided into two stages. At the
first stage, the formation of metallic tin inclusions occurs in the bulk of as-precipitated films
owing to the diffusion of tin atoms in the amorphous silicon matriz. At the second stage, the
formation of the nanocrystalline phase of silicon occurs as a result of the motion of silicon
atoms from the amorphous phase to the crystalline one through the formed metallic tin inclu-
sions. The presence of the latter ensures the formation of silicon crystallites at a much lower
temperature than the solid-phase recrystallization temperature (about 750 °C). A possibility
for a relation to exist between the sizes of growing silicon nanocrystallites and metallic tin
inclusions favoring the formation of nanocrystallites has been analyzed.

Keywords: nanocrystalline silicon, metal-induced crystallization, tin.

1. Introduction

Trends in the development of modern electronics re-
quire the application of functional elements about a
few nanometers in size. Therefore, the technologies
aimed at the formation of semiconductor nanostruc-
tures are actively developed and the physical prop-
erties of the latter are intensively studied. Since sil-
icon is the most wide-spread semiconductor mate-
rial, considerable attention of scientists is focused
on the study of nanocrystalline silicon (nc-Si), the
properties of which are substantially different from
those of the crystalline (c-Si) and amorphous (a-Si)
materials.

Nanocrystalline silicon extends the scope of appli-
cations of silicon-based materials. For example, the
radiative recombination in nc-Si, unlike that in c-Si,
can be realized without the mandatory participation
of phonons, as it occurs in direct-band semiconduc-
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tors [1]. Therefore, nanocrystalline silicon in the sili-
con suboxide (SiO,) matrix is used as a basis for the
creation of light-emitting devices in the visible and
near IR spectral intervals [2-4]. At the same time,
amorphous-nanocrystalline silicon films serve as a ba-
sis for producing the highly efficient multilayer solar
cells and so forth [5, 6].

The physical properties of thin silicon and silicon
suboxide films depend to a large extent on the ratio
between the numbers of particles of the amorphous
and nanocrystalline phases, as well as on the size and
concentration of silicon nanocrystals [2, 3, 7-9]. Na-
nocrystalline inclusions are also believed to partially
relieve mechanical stresses in the amorphous matrix,
thus resulting in a possibility to form a less strained
network with a fewer number of weak bonds, which
is more robust to degradation under the action of ex-
ternal factors [6, 7]. By monitoring the content ra-
tio between the amorphous and crystalline phases
in such films, it is possible to control their optical
and electrical properties. Therefore, it is important
to understand the mechanism of nanocrystalline sili-
con formation.
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There are plenty of methods aimed at the nc-Si
formation. Among them, methods based on the appli-
cation of metals [10-13] should be distinguished. It is
known that metals can significantly lower the crystal-
lization temperature of amorphous silicon and accel-
erate this process. In recent years, the main attention
of researchers has been focused on the study of the
metal-induced crystallization in structures obtained
by the layer-by-layer deposition of a metal and amor-
phous silicon [11]. Owing to thermal treatments, the
metal and silicon layers exchange their places, and
silicon simultaneously crystallizes. Many works were
devoted to the study of mechanisms and conditions
of microcrystalline silicon formation in such double-
layer structures. However, the issues concerning the
formation of silicon nanocrystals up to 10 nm in size
as a result of the metal-induced crystallization have
been studied rather poorly. In particular, as a rule,
only the presence of silicon crystals several tens of
nanometers in dimensions was reported without mak-
ing any analysis of the preconditions of their forma-
tion (see, e.g., works [14,15]).

It is known that even the application of the same
metal may lead to the formation of nanocrystalline
silicon in some cases and microcrystalline silicon in
the others. For example, we showed earlier that the
crystallization temperature in the amorphous silicon
[7-9] and silicon suboxide [2] films that were tin-
doped during their precipitation becomes lower, and
the formation of nc-Si with crystallite sizes up to
10 nm takes place in them. The authors of work [14]
reported on the formation of nanocrystalline silicon
(<10 nm) in films obtained by simultaneously evap-
orating silicon and aluminium. Crystallites close in
size can also be formed in specimens of amorphous
silicon implanted with tin ions [15]. At the same time,
it was shown in works [10-12, 16] that microcrys-
talline silicon (0.1-100 pm) is formed at the layer-by-
layer precipitation of silicon and tin (or aluminium
or other metals). Thus, the metal-induced crystal-
lization of amorphous silicon can result in the for-
mation of either nanocrystalline silicon (with crys-
tallite sizes less than 10 nm) or microcrystalline sili-
con (with crystallite sizes exceeding 10 nm). The is-
sue of which factor is crucial for silicon crystallites
smaller than 10 nm in dimensions to be formed in
the case of metal-induced crystallization still remains
poorly examined. The understanding of relevant pro-
cesses is of great practical importance, which de-
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termines the challenging character of corresponding
researches.

Among various metals that are suitable for per-
forming the metal-induced silicon crystallization, tin
should be put at the first place. First, unlike other
metals, tin is an isovalent impurity to silicon. Second,
tin is characterized by a low eutectic temperature of
the silicon-tin alloy, which allows silicon crystallites
to be obtained at rather low temperatures. Third,
tin has a low solubility in crystalline silicon, which
makes it possible to produce a crystalline material
with lower contamination level in comparison with
other metal impurities [17].

Therefore, the aim of this work was to study the
peculiarities of the nanocrystalline silicon formation
in amorphous films obtained by simultaneously pre-
cipitating silicon and tin.

2. Experimental Part

Experimental specimens of tin-doped amorphous sili-
con (a-SiSn) were obtained by thermally evaporating
the powders of tin (the PO-1 grade, a purity grade
of 99.1%, a grain size of 40-45 pm) and silicon (sili-
con KEF-4.5) in vacuum. The tin content in the re-
searched specimens was 0, 1, 4, 10, and 15 at%. The
films were precipitated onto silicon and quartz sub-
strates at a temperature of 300 °C. The film thick-
ness was 300-800 nm. The impurity content in the
studied films was monitored using the Auger elec-
tron spectroscopy method on an Auger microprobe
JAMP-9500F.

In order to change the phase composition in pre-
cipitated films, the latter were subjected to the
isochronous annealing for 20 min in the argon atmo-
sphere within the temperature interval from 300 to
750 °C with an increment of 50 °C. The phase com-
position of the films was studied by analyzing their
Raman spectra. A detailed description of the method
can be found in our previous works [8, 9]. The Ra-
man spectra were registered at room temperature on
a Jobin Yvon T-64000 spectrometer using the exci-
tation radiation of an Ar' laser with a wavelength
of 488 nm. The average sizes of silicon crystallites
and the fraction of the crystalline phase were esti-
mated by resolving the Raman spectra into bands cor-
responding to the amorphous and crystalline phases
in the framework of the spatial phonon confinement
model [18-20]. The detailed information concerning
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Fig. 2. Distribution profiles of the Sn impurity across a-SiSn
films with various Sn contents

the method of producing the a-SiSn films, their im-
purity composition, and structural and optical char-
acteristics can be found in works [7-9].

3. Experimental Results
and Their Discussion

3.1. Experimental results

In Fig. 1, the dependences of the crystallization tem-
perature (panel a) and the size of silicon nanocrystals
at the crystallization temperature (panel b) on the tin
content in a film within an interval of 0-10 at% are
shown. One can see that the crystallization tempera-
ture of the a-SiSn specimens depends on the tin con-
tent and, for doped specimens, is lower than the crys-
tallization temperature of pure (undoped) amorphous
silicon (750 °C). For the specimens with a tin content
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of 1 at%, the crystallization of the amorphous silicon
phase occurred after their annealing at 500 °C. At
the same time, in the specimens containing 4 and
10 at% of Sn, the crystalline phase was present im-
mediately after the precipitation at 300 °C. The sizes
of silicon crystallites in the specimens did not exceed
10 nm. In other words, tin has a significant effect on
the formation of nanocrystalline silicon in the a-SiSn
specimens at temperatures of 300-500 °C. The analy-
sis of Raman spectra showed that the fraction of the
crystalline phase after the crystallization amounted
to 60-80% of the volume of examined a-SiSn films
with the Sn content ranging from 0 to 10 at%.

Figure 2 demonstrates the tin impurity distribu-
tion over the film thickness for the specimens with Sn
contents of 1, 4, and 15 at%. The exhibited profiles
were obtained with the help of the reactive ion etch-
ing and Auger electron spectroscopy methods. The
etching rate was about 15 nm/min. One can see that
tin was almost uniformly distributed over the film
volume. Taking into account that, immediately after
the precipitation, the tin-free specimen and the spec-
imen with 1 at% of Sn did not contain the crystalline
silicon phase (Fig. 1), we will assume hereafter that
Si and Sn atoms were uniformly distributed over the
film volume, when the films were being precipitated
and, thus, formed an amorphous structure of a-SiSn
films.

The tin content in the experimental specimens was
1 at% or higher, i.e. higher than the limit of the
tin solubility in crystalline silicon [17]. Therefore, it
is very probable that metal clusters should be formed
in the film bulk. According to the results of works

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 3



Formation of Nanocrystalline Silicon

[11, 13,21, 22|, those clusters play a key role in a re-
duction of the crystallization temperature of the a-Si
matrix in “amorphous silicon—metal” systems. Since
the temperatures of the film precipitation and heat
treatment were higher than the tin melting tempera-
ture (231.9°C [17]), tin clusters were probably formed
in the liquid state.

3.2. Tin-induced lowering
of the crystallization temperature
of amorphous silicon

It is doubtful that the interaction of silicon and metal
atoms at relatively low temperatures (close to the eu-
tectic one) occurs without a weakening of the bonds
between silicon atoms, because the covalent Si—Si
bond is very strong (the corresponding binding en-
ergy is about 2 eV [23]). One of the possible expla-
nations why the bonds between silicon atoms become
weaker in the presence of metal atoms is the “screen-
ing model” proposed by S. Hiraki [24]. According to
it, free electrons in metallic tin screen the Coulomb
interaction forces that act between neighbor silicon
atoms. As a result, the band gap becomes narrower,
and the near-interface silicon region from 2 to 4 mono-
layers in thickness transits into the intrinsic metallic
state [24].

The mixing of the near-interface silicon layer in the
metallic state with metallic tin at low temperatures
can be explained analogously to the mixing of met-
als. The most important factor at the metal mixing
under low temperatures can be the cohesive (group)
mechanism, which differs significantly from the mix-
ing mechanism for covalent semiconductors [24]. The
cohesive energy of a metal is mainly determined by
the concentration of its free mobile electrons (electron
gas). As long as the electron concentration does not
increase, there are no electron-induced restrictions
on the simultaneous motions of metal ions, which
is required for the mixing to take place [24]. The-
refore, the near-interface silicon layer that contacts
with metallic tin, owing to the penetration of tin
electrons into it, transits into an intrinsic metallic
state. As a result, it will easily mix with metallic tin
at relatively low temperatures, which provides the in-
teraction of tin clusters with surrounding silicon.

In our specimens fabricated by simultaneously
evaporating Si and Sn, the process of silicon—tin mix-
ing most likely occurred similarly to the mixing of
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amorphous silicon with aluminium in layered struc-
tures [10, 25]. As a rule, the activation energy of the
diffusion of impurity atoms in metallic tin does not
exceed that of the tin self-diffusion (1.1 eV [26]). At
the same time, the activation energy of the diffusion
of silicon atoms in liquid tin is even lower and equals
about 0.2 eV [27]. It is easy to see that the indicated
values are much lower than the activation energies of
the Sn diffusion in ¢-Si (4-5 eV [28]) and a-Si (1.7 eV
[29] or 1.3 eV [30]), and Si diffusion in ¢-Si (34 eV
[31,32]) and a-Si (2.8-4.4 €V [33,34]). They are also
lower than the activation energy of the recrystalliza-
tion in amorphous silicon (3—4 €V [21,33,35]). There-
fore, it is evident that if metallic tin is in contact with
amorphous silicon, the penetration of silicon atoms
into the metal is the most advantageous energeti-
cally. As a result, we arrive at the conclusion that
a Si-Sn alloy will be formed in the bulk of researched
films, because the tin clusters will dissolve the sur-
rounding amorphous silicon matrix.

In the general case, the driving force of the struc-
tural ordering in amorphous silicon is the differ-
ence pP between the chemical potentials of silicon

atoms in the amorphous, 5, and crystalline, p®5,
states [11],
ME — Ma—Si _ MC—Si > 0. (1)

Therefore, according to the equilibrium condition,
1St and ;5" must correspond to the chemical po-
tential of Si atoms in the Si—Sn alloy, which is in
equilibrium with both disordered and crystalline sili-
con. According to the ideal solution model, the chem-
ical potential of silicon atoms in the Si—Sn solution,

151, depends on the silicon concentration X!,
15 = po + RT In X5, (2)

where g is the chemical potential of silicon, R the
universal gas constant, and T the absolute tempera-
ture.

The difference between the chemical potentials of
Si atoms that are in equilibrium with the amorphous
(St = pS7/281) and crystalline (pS = pS%/<S1) struc-
tures leads to the difference between the correspond-
ing equilibrium Sn concentrations in the disordered
(XSn/281) and crystalline (XS/¢=51) silicon phases.
Their ratio equals

XSn/a—Si ’uE
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This means that the solubility of silicon from the
disordered phase is higher than the solubility of sil-
icon from the ordered phase. This solubility differ-
ence is responsible for the transport of silicon atoms
from the amorphous phase to the crystalline one
through metallic tin, similarly to a-Si in the lay-
ered a-Si/Al structures [11,21]. At the concentration
XS < XSn/aSi e when pSt < pS2 S amor-
phous silicon will dissolve in the Si—Sn alloy. Accor-
dingly, the chemical potential of amorphous silicon
will decrease until the maximum solubility X S*/2-51 ig
achieved. On the other hand, this solution is super-
saturated with respect to crystalline silicon (X" >
XSn/e-Si e pusr > uS“/C'Si). Therefore, the silicon
atoms leave the Si-Sn alloy and form a crystalline
phase. In other words, during the growth of the crys-
talline silicon phase, there is a certain concentration
X5 of silicon in the solution that is lower than the
solubility limit of amorphous silicon in the Si—Sn alloy
(XSn/ a-51) and simultaneously higher than the solubil-
ity limit of amorphous silicon in the crystalline phase
(XSH/C_Si)7 ie. XSn/c—Si < XSi < XSn/afsi. OWlng to
the presence of metallic tin, silicon crystallizes, which
is accompanied by a reduction of the chemical poten-
tial of Si atoms.

The processes described above explain well why the
presence of metallic tin inclusions leads to a reduction
of the crystallization temperature in the studied spec-
imens. Tin clusters can dissolve silicon atoms from
the amorphous matrix. When the silicon concentra-
tion in the solution reaches the solubility limit for
the amorphous phase, the formed Si-Sn alloy turns
out supersaturated with respect to the crystalline
phase. Therefore, crystalline silicon precipitates.

3.3. Tin effect on the formation
of nanocrystalline silicon

Now, let us try to elucidate which factors are cru-
cial for the formation of silicon crystallites about a
few nanometers in size in a-SiSn films. As was men-
tioned in Introduction, even the same metal can in-
duce the formation of both nanocrystalline and mi-
crocrystalline silicon phases [10-12, 14-16]. Perhaps,
this occurs, because different technologies are applied
to the specimen fabrication. As a result, metal in-
clusions with different sizes are formed, and amor-
phous silicon contacts with them. In particular, at
the layer-by-layer precipitation, the size of metal in-
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clusions should most probably be larger, although it
depends on the layer thickness. At the same time, at
the ion implantation with metal or at the simultane-
ous precipitation of silicon and the metal, metal in-
clusions with relatively small sizes are formed in the
a-Si matrix.

It is reasonable to assume that there may exist a
relation between the size of silicon crystallites that
are being formed and the size of tin clusters in which
the amorphous phase dissolves. In other words, the
size of silicon crystallites that are being formed is
proportional to the size of metal inclusions that are
participating in the formation of those crystallites.

Let us suppose that silicon nanocrystals are formed
in the studied a-SiSn films, and let those nanocrys-
tals consist of the same amount of Si atoms from a-Si
that can be simultaneously dissolved in one metallic
tin cluster, i.e. the actual value corresponds to the
maximum solubility of Si atoms at the given temper-
ature. According to this assumption, the larger the
size of tin clusters, the larger the size of silicon crys-
tallites formed in the film bulk. Let us also suppose
that the metallic tin clusters that are formed in the
film bulk have the same size, and every of those clus-
ters can dissolve such a number of Si atoms from
the amorphous matrix that is sufficient for the for-
mation of silicon nanocrystals with dimensions equal
to those experimentally determined in works [8,9] (see
Fig. 1). It is clear that these assumptions are ideal-
ized, because the real peculiarities in the formation of
silicon crystallites in the presence of a metal are much
more complicated, so that this process may depend
on a large number of external conditions, including
the temperature. However, such an idealization will
allow us to draw some conclusions.

Let us assume that two processes take place si-
multaneously: some silicon atoms are quitting tin to
form crystallites, whereas some others from the sur-
rounding amorphous matrix are becoming dissolved
in tin. If the temperature is constant, this process
continues as long as the tin cluster is in contact
with amorphous silicon. The authors of works [29, 36]
considered metal clusters to be mobile in the amor-
phous matrix and, when moving, to leave a crys-
talline trace behind themselves. As a result of the
motion of metallic inclusions, the amorphous ma-
trix crystallizes. When the whole available surround-
ing amorphous matrix becomes crystallized, the pro-
cess terminates because the concentration gradient
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resulting from the difference between the solubility of
silicon from the amorphous and crystalline matrices
disappears.

In order to check the correctness of the assumption
made above, let us use it as a basis to analyze the
experimental results presented in this paper and in
works [8, 9]. Let us firstly evaluate how many times
the solubility of amorphous silicon in tin is higher
than that of crystalline silicon. A system in which
pure tin is in contact with a-Si is not in the ther-
mal equilibrium. The supersaturated solution of sili-
con in tin is formed owing to the difference between
the Gibbs energies for the metastable amorphous and
stable crystalline silicon phases. This difference, the
excess Gibbs energy ug, can be written in the form

pe = g — pg® =’ - Ts", (4)
where ,u'Z?Si and ugSi are the molar Gibbs energies

for the amorphous and crystalline silicon phases,
respectively; and h¥ = 11.9 kJ/mol and s¥ =
= 1.66 J/(mol - K) are the molar excess enthalpy and
entropy, respectively [11, 33].

On the other hand, the excess Gibbs energy is re-
lated to the activity a by the equality [11]

pE = RT Ina, (5)

where R is the universal gas constant, and T the
absolute temperature. Therefore, in our case, taking
Eq. (3) into account, the activity a characterizes how
much the solubility of silicon from the amorphous
phase is higher than the solubility of silicon from
the crystalline one. Basing on the data concerning
the temperature dependence of the excess Gibbs en-
ergy in amorphous silicon with respect to crystalline
one, which can be found in work [37], we obtain that
the activity coefficient for amorphous silicon is about
7.8 at a temperature of 300 °C and about 4.2 at
500 °C. Accordingly, the solubility of amorphous sili-
con at the indicated temperatures will be proportion-
ally higher than that of crystalline silicon.

3.8.1. Dimensions of tin clusters
i a-SiSn with Sn contents of 4 and 10 at%

As is shown in Fig. 1, in the bulk of as-precipitated
a-SiSn films with Sn contents of 4 and 10 at%,
there are silicon crystallites with an average size of
about 4-5 nm, which corresponds to about 2500 Si
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atoms. Taking into account that the solubility of sil-
icon in tin equals 0.036 at% at a temperature of
300 °C (this value was calculated by interpolating
the data of work [17]) and the activity a =~ 7.8 at
this temperature, the solubility of amorphous silicon
in tin is about 0.28 at%. Accordingly, a tin droplet
capable of dissolving 2500 Si atoms has to be com-
posed of about 10 Sn atoms, which corresponds to
a transverse size of about 30—40 nm for a spherical
tin droplet. According to the tin content in the indi-
cated films, the distance between the centers of neigh-
bor metal clusters with transverse sizes of 30-40 nm
should be equal to about 75-80 nm on average, which
corresponds to a tin inclusion concentration of about
2x 10" cm™3. The calculated values are almost iden-
tical to the size and concentration of tin clusters de-
termined in work [38] by analyzing the TEM and HR
TEM images of Sig.95Sng.gs films. This coincidence
confirms the correctness of our assumption.

It should also be noted that, in the as-precipitated
specimens with a tin content of 10 at%, the di-
mensions of nc-Si equaled 5 nm (Fig. 1), which was
slightly larger than the dimensions of nc-Si in a-SiSn
with an Sn content of 4 at%. Probably this tendency
takes place owing to the circumstance that, in the
films with the higher tin content, larger metallic in-
clusions can be formed, which also testifies to the cor-
rectness of our assumption.

Let us now determine the diffusion coefficient of
tin in the researched a-SiSn films. As was evaluated
above, the distance between the centers of neighbor
tin clusters was about 80 nm, i.e. the diffusion sphere
radius was about 40 nm. On the other hand, since
the radii of tin clusters were approximately equal to
20 nm, the radius of the diffusion sphere equaled
20 nm + v/Dt, where D is the diffusion coefficient
of Sn in the film, and ¢ the diffusion time. Let us take
t = 1000 s. This is the total time required to precipi-
tate the film on the substrate at 300 °C (from 100 to
200 s) and to gradually cool it down to a temperature
of 200-250 °C (from 800 to 900 s). Lower tempera-
tures were not taken into consideration, because, in
this case, the solubility of Si in Sn becomes lower and
the diffusion of Sn in Si slower by orders of magnitude
[17,28,39].

Our mathematical calculations showed that the
diffusion coefficient of tin in the amorphous struc-
ture of an a-SiSn film at 7" = 300 °C equals D =
= 4x1071 cm?/s. The obtained value is much larger
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than the value of the tin diffusion coefficient in crys-
talline silicon (in c¢-Si, the diffusion coefficient of Sn
reaches D = 5 x 10715 em?/s only at T = 1100 °C
[28, 39], but it practically coincides with the value
of the tin diffusion coefficient in amorphous hydro-
genated silicon films a-Si: H, D = 2.8 x 10715 cm?/s
at T'= 300 °C [30]). Hence, the value of the tin dif-
fusion coefficient in the amorphous silicon matrix,
which was obtained theoretically in the framework
of our assumption, is close to experimental data ob-
tained in the works of other researchers. The coinci-
dence of theoretical and experimental results testifies
to the validity of our assumption about a correlation
between the size of silicon nanocrystals and the size
of tin clusters in the examined a-SiSn films.

Since the diffusion coefficient of tin in crystalline
silicon is several orders of magnitude lower than that
in amorphous silicon, it is the motion of Sn atoms
in a-Si that allows the formation of metallic tin clus-
ters in the researched a-SiSn films to take place. This
conclusion is in good agreement with the activation
energy Sn in a-Si, which was discussed above.

3.3.2. Dimensions of tin clusters
in a-SiSn with Sn content of 1 at%

Let us now consider a-SiSn films with a tin con-
tent of about 1 at%. As is shown in Fig. 1, there
was no crystalline phase in those films immediately
after their precipitation. The nc-Si phase was only
observed after the annealing at 500 °C. In view of
the above-calculated diffusion coefficient of tin in the
studied films, we obtain that tin clusters with maxi-

242

mum transverse dimensions of about 10-15 nm and a
distance between them of about 50 nm (or the corre-
sponding concentration of metallic tin clusters equal
to about 5 x 107'% em™3) can be formed in speci-
mens with a tin content of about 1 at% during the
time t ~ 1000 s. Every tin cluster with those sizes
can dissolve about 150 Si atoms in itself, which corre-
sponds to a diameter of about 1.5-2 nm for a spher-
ical silicon nanocrystal. The absence of bands asso-
ciated with the crystalline phase in such specimens
in their Raman spectra registered immediately after
the precipitation [8, 9] can be explained by the in-
ability of this method to detect rather small volumes
of the crystalline phase. On the other hand, the ob-
tained crystallite dimensions could be smaller than
the critical ones at the given temperature. So, after
the formation, they should immediately transit back
into the amorphous state.

Let us evaluate the critical dimensions of silicon
crystallites in the examined temperature interval. It
is known that the critical radius of the nucleus can
be calculated using the following expression [40]:

2 ac
_ ’Lﬁ (6)

R

where +,. is the difference between the surface
free energies of the amorphous, ~,, and crystalline,
Ya, silicon phases (according to work [41], Y4 =
=600 mJ/m?), u¥ is the difference between the
chemical potentials of silicon atoms in the amorphous
and crystalline phases, and @ = 12.1 cm®/mol is the
molar volume of silicon. Using the value for the Gibbs
free energy in the amorphous silicon phase with re-
spect to the crystalline one, which is given in work
[37], we obtain a theoretical dependence of the critical
dimensions of silicon crystallites in a-Si on the tem-
perature (Fig. 3). This dependence agrees well with
the results obtained earlier in our works [7-9]. The
dimensions of silicon nanocrystals observed in those
works were larger than the critical ones within the
whole temperature interval of the thermal treatment,
300-1100 °C.

As one can see from Fig. 3, the critical size of nc-Si
nuclei at T' = 300 °C is about 3 nm. Therefore, silicon
crystallites about 1.5-2 nm in size that were formed in
the a-SiSn films with a tin content of about 1 at% im-
mediately after the film precipitation turned out un-
stable and transited into the amorphous phase. This
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scenario explains the absence of maxima correspond-
ing to the crystalline phase of silicon in the Raman
spectra registered for the a-SiSn specimens with an
Sn content of about 1 at% immediately after their
precipitation.

If the annealing temperature is increased to T =
= 500 °C, the solubility of c-Si in metallic Sn clusters
grows to 0.14 at% (this value was obtained by interpo-
lating the data from work [17]), and the activity of the
amorphous silicon phase decreases to a ~ 4.2. But on
the whole, the solubility limit of Si atoms (from the
amorphous phase) in tin will increase to 0.56 at%,
which is approximately twice as large as the corre-
sponding value at a temperature of 300 °C, namely,
0.29 at%. Let us suppose that the tin clusters enlarge
their sizes only in the course of the film precipitation,
whereas a further heat treatment at temperatures
above 300 °C does not lead to their growth. Then,
after the annealing at 500 °C, the size of tin clusters
will remain unchanged (about 10-15 nm), and the
size of silicon crystallites will increase to 2-2.5 nm
owing to a growth of the tin solubility. This value
is also smaller than the critical dimensions of nc-Si
at a temperature of 500 °C (Fig. 3). Therefore, the
assumption that the size of tin clusters remains un-
changed during their heat treatment is wrong.

Let us try to evaluate the sizes of tin clusters at an
annealing temperature of 500 °C, proceeding from the
average size of silicon crystallites that was determined
experimentally (d = 5.5 nm, see Fig. 1). In this case,
we obtain that the size of tin clusters has to equal
about 35 nm, and the average distance between them
to about 140 nm (which corresponds to a concentra-
tion of about 4 x 10'* ¢cm™3). Hence, on the basis of
the assumption that the dimensions of tin and silicon
nanocrystals are interrelated, it follows that, after the
annealing at 500 °C, the size of metallic tin clusters
should increase from 10-15 nm to 35 nm in order to
provide the possibility of the formation of nanocrys-
talline silicon with dimensions that exceed the critical
ones. It should be noted that the growth of metallic
tin clusters without their motion is improbable. The-
refore, it is most likely that the metallic tin clusters
move rather easily in the amorphous silicon matrix,
because the growth of their sizes from 10-15 nm to
35 nm within a time interval of 600 s is possible.

For silicon nanocrystallites to be formed, the tin
clusters must reach such dimensions, when they are
capable of forming nc-Si nuclei with sizes larger than
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the critical ones. Therefore, it becomes clear that the
crystalline phase is absent in the a-SiSn specimens
with an Sn content of about 1 at% immediately after
their precipitation at 300 °C. It is so, because the to-
tal time of the film growing and cooling is not enough
for the appearance of tin clusters with sizes suffi-
cient to form stable silicon crystallites whose sizes are
larger than the critical ones. Only after a further heat
treatment, the tin clusters reach the required dimen-
sions, and the crystalline phase of silicon is formed.

As was said above, the formed tin clusters will dis-
solve amorphous silicon. Afterward, this silicon will
be removed from the solution in the form of crystal-
lites. Thus, the crystallization process can be consid-
ered as a motion of silicon atoms from the amorphous
to the crystalline phase through the tin clusters. Then
the flux density J of Si atoms looks like [10]

J = v, (7)

where v is the velocity of the Si atom motion through
tin clusters, and ¢ = 5 x 10?2 cm ™3 is the concentra-
tion of silicon atoms.

3.8.3. Front velocity
of nc-Si crystallization in a-SiSn

The difference between the concentrations of silicon in
tin that is in equilibrium with either the amorphous,
Ca-si, or the crystalline, c.s;, phases is responsible
for the motion of Si atoms from the a-Si phase to
the c-Si one. Assuming that we deal with the case of
one-dimensional diffusion, the first Fick’s law can be
written in the form

dc Ca-Si — Co-Si
J=-D e D s , (8)
where dg,, is the transverse size of a tin cluster, and
D is the diffusion coefficient of silicon in tin. Since
the issue of the silicon diffusion in metallic tin has
not been studied sufficiently well, we will assume that
the diffusion coeflicient of silicon in tin is equal to
the tin self-diffusion coefficient at 300 °C, i.e. D =
=3 x 1075 cm?/s [42].

After relevant calculations, we obtain that, in the
researched a-SiSn films, the velocity of Si atoms in
tin clusters should be equal to v ~ 1072 c¢m/s. This
value is much larger than the growth velocity of the
crystalline phase at the thermally induced crystal-
lization of amorphous silicon, namely, v ~ (1+10) x
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x1071% ¢cm/s at a temperature of 400-500 °C |25,
35]. However, it is comparable with the velocity of a
crystallization front, when tin-doped silicon films are
annealed at a temperature of 450 °C (v ~ 10~* cm/s,
[15]). Such a high crystallization front velocity results
from the fact that tin is in the liquid state at tem-
peratures of 300-500 °C, so that the transport of Si
atoms through it from the amorphous to the crys-
talline matrix is very fast.

At temperatures higher than the melting point of a
metal, a similar picture is observed for other “amor-
phous silicon—metal” systems as well. For example, in
work [36], it was reported that crystallization in sil-
icon doped with In atoms occurred more than 10*
times faster than the fastest solid phase epitaxy of sil-
icon, and the process of specimen crystallization did
not exceed 10 s. In the case where the diffusion occurs
through a metal in the solid state, the crystallization
front velocity will be much lower in accordance with
the magnitude of the diffusion coefficient of silicon
in a metal. In particular, for the aluminium-induced
crystallization at temperatures of 400-500 °C, the
crystallization front velocity v ~ 1078+1077 cm/s
[10,43].

The crystallization front velocity v ~ 1074+
1072 cm/s will result in the crystallization of re-
searched specimens within time intervals of an order
of several tens of seconds or shorter. This interval is
much shorter than the time of the tin cluster forma-
tion that was taken into consideration (¢t ~ 1000 s).
This means that the time required for the crystal-
lization of a-SiSn specimens is mainly determined by
the time of the metallic tin cluster formation, i.e. it is
limited by the time of the tin diffusion in amorphous
silicon. Similar conclusions were drawn in work [29],
when comparing the activation energies of the metal-
induced crystallization and tin diffusion in a-Si.

Therefore, the crystallization process in the exam-
ined a-SiSn films with Sn contents of 1-10 at% can
be divided into two stages. The first stage consists in
the formation of tin clusters during the process of film
cooling after the film precipitation or during a further
heat treatment. The second stage includes the disso-
lution of silicon atoms from the amorphous matrix
in tin clusters followed by the subsequent removal of
those silicon atoms from the alloy in the form of a
crystalline phase. The duration of the first stage is
much longer than that of the second stage. The du-
ration of the first stage is determined by the diffu-
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sion of tin atoms in amorphous silicon and can last
for about 1000 s at temperatures of 300-500 °C. The
duration of the second stage most likely does not ex-
ceed a few tens of seconds, because it is determined
by a rather high velocity of the crystallization front
motion, which is governed, in turn, by the diffusion
of silicon atoms through a molten tin droplet.

The analysis made above testifies that our assump-
tion about the existence of a relation between the
sizes of silicon crystallites that are being formed and
the sizes of metallic tin inclusions favoring the for-
mation of the crystalline silicon phase is in good
agreement with our experimental results and with the
results obtained by other researchers. Therefore, we
may argue that metallic clusters play a crucial role in
the metal-induced crystallization not only by reduc-
ing the crystallization temperature of the amorphous
matrix, but also by substantially affecting the size
of the crystals that are being formed. The influence
of metallic tin on the formation of nanoscale silicon
crystals in the researched films is most probably a
result of the same physical processes that are respon-
sible for the influence of nanoscale metallic clusters
on the formation of silicon nanowires in the “vapor—
liquid—solid”, “solid—liquid—solid”, and other scenar-
ios [13]. The conclusion about the proportionality be-
tween the size of forming silicon crystallites and the
size of metal inclusions favoring the crystallite for-
mation has a large practical importance, because it
points out a possible direction for the development
of a technology aimed at the formation of nanocrys-
talline silicon with predetermined crystallite sizes.

4. Conclusions

The results obtained in this work allow the following
conclusions to be drawn.

1. Metallic tin clusters play a major role in the pro-
cesses of nanocrystalline silicon formation in the stud-
ied a-SiSn specimens with Sn contents of 1-10 at% at
temperatures of 300-500 °C.

2. The process of nanocrystalline silicon formation
can be divided into two stages. The first stage in-
cludes the formation of metallic tin clusters in the
course of the precipitation and a further heat treat-
ment. This stage is long-lasting, being determined by
the diffusion of tin atoms in amorphous silicon. It can
last for about 1000 s. The second stage includes the
dissolution of the surrounding amorphous silicon ma-
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trix in metallic tin clusters and the removal of sil-
icon atoms from the melt in the form of nanocrys-
tallites. This stage is short-term, being governed by
the diffusion of silicon atoms from the amorphous sili-
con matrix to the crystalline one through metallic tin
clusters. The duration of this stage does not exceed a
few tens of seconds.

3. Our analysis of experimental results testifies that
there is a relation between the sizes of silicon crystal-
lites that are being formed and the sizes of metallic tin
clusters favoring the crystallite formation. The pro-
portionality between the crystallite size in the formed
nc-Si and the size of metallic inclusions can be of large
practical importance, because it points out a possible
method of nanocrystalline silicon formation with pre-
determined crystallite sizes.
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OOPMYBAHHA HAHOKPUCTAJITYHOI'O
KPEMHIIO B IIJIIBKAX AMOP®HOI'O KPEMHIIO,
JIETOBAHOTI'O OJIOBOM

Peszmowme

Hocaimzkeno mporec hopMyBaHHSI KPUCTAJIYHOL pa3u Kpem-
HiIO B IUIiBKax aMoOp@dHOro KpeMHiIo, jJeropanoro ojosom. [lo-
Ka3aHo, [0 BKJIIOYEHHSI METaJeBOIO OJIOBA BimirparoTb KJIIO-
YOBY POJIb B IIpOIECi KpHCTasi3aliil JOCIiKyBaHUX 3Pa3KiB
a-SiSn (Sn ~1-10 ar.%) npu Temneparypax 300-500 °C. ITpo-
1ec KpucTaJi3alil yMOBHO MOXKHA IOJIINTH Ha JBa eranu. Ha
nmepuioMy erari y ob’eMi CBI2KOOCAJIXKEHUX ILJIIBOK BHACJIIOK
nudysil aromiB osoBa B aMopdHill MaTpuni KpeMmHio Biaby-
BaeTbCsi (DOPMYyBaHHSI MeTaJIEBUX BKJIIOYEHb oJioBa. Ha npy-
romy erami BiOyBaeTbCst pOpMyBaHHSI HAHOKpPHUCTATIIIHOI da-
31 KPEMHII0 BHACIIZOK pyXy aToMiB KpeMHiIO Bif amopdnol
0 KpuUCTaJivHOl pa3u yepe3 cHOpMOBaHI MeTaJIEBI BKJIIOYE-
HHsI osioBa. lIpmcyTHicTh MeTa/IeBUX BKJIIOUEHBL OJIOBa 3abe3-
negye (popMyBaHHS KPUCTAIITIB KDEMHIIO IIPU 3HAYHO HUKYiN
TeMIIepaTypi, Hi>k Temueparypa TBepAoda3HOl peKpHCTasi3a-
il (~750 °C). ¥ pob6oti npoanasizoBaHa MOXKJIMBICTb icHyBa-
HHSI B3A€MO3B’SI3KY MiXK PO3MipaMyu HAHOKPHUCTAJIIYHOIO KPEM-
HifO, skuit POPMYy€EThCs, Ta PO3MipaMH MeTAJIEBUX BKJIIOYEHDb
0JI0Ba, SIKi CIPUSIOTH HOro PopMyBaHHIO.
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