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EFFECT OF TIN ON STRUCTURAL
TRANSFORMATIONS IN THE THIN-FILM
SILICON SUBOXIDE MATRIXPACS 68.55.Ln, 68.55.Nq

The processes of crystallization of amorphous silicon (a-Si) in the a-SiO𝑥Sn (1 ≤ 𝑥 ≤ 2) sub-
oxide matrix have been studied. The temperature, at which the crystallization begins, is shown
to be lower for a-SiO𝑥Sn films with higher tin contents. For specimens with the maximum tin
content (about 2 vol.%), the crystallization begins at a temperature of 500 ∘C; for specimens
with the average tin content (about 1 vol.%), the crystallization temperature equals 800 ∘C;
and for specimens with the minimum tin content (about 0.5 vol.%), the crystallization of a-Si
starts at 1000 ∘C. On the other hand, it is shown that tin does not influence the separation
of a-Si and the SiO2 phase in the examined specimens. It is found theoretically that silicon
crystallites that are formed during the crystallization of a-Si are much smaller (𝑑 ≈ 5÷7 nm)
in a-SiO𝑥Sn films with a high tin content (1 and 2 vol.%) in comparison with the tin-free spec-
imens (𝑑 ≥ 10 nm). A metal-induced mechanism of crystallization of a-Si has been proposed,
which predicts the existence of tin metal clusters in SiO𝑥 that create conditions for the easier
transition of the amorphous silicon phase into the crystalline one. On the basis of experimen-
tal data, it is supposed that, in our case, a necessary condition for the crystallization of a-Si
by the proposed metal-induced mechanism to start is the presence of metal (tin) aggregates
in SiO𝑥.
K e yw o r d s: crystallization, amorphous silicon, tin, nano-sized silicon crystallites.

1. Introduction

The ability of nanocrystalline silicon (nc-Si) in an
amorphous SiO2 matrix to emit visible light opens
prospects for the creation of light-emitting elements
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that are compatible with the silicon technology [1].
Nowadays, the maximum quantum efficiency of light-
emitting diodes on the basis of silicon oxide is equal to
about 0.1% [2], whereas the commercially acceptable
level amounts to about 10% [3]. The quantum effi-
ciency of light-emitting elements on the basis of the
nanocomposite material (nc-Si/SiO2) is known to be
determined by their radiation capacity. The latter, in
turn, substantially depends on the nc-Si dimensions
and the concentration in SiO2.
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It is well known that the nc-Si/SiO2 composite is
created owing to the decay of the non-stoichiometric
phase of silicon oxide (SiO𝑥, 0 < 𝑥 < 2) at elevated
temperatures. This process can be schematically de-
scribed by the reaction

𝑦 SiO𝑥 −→ (𝑦 − 𝑥) Si + 𝑥 SiO𝑦(0 < 𝑥 < 𝑦 ≤ 2),

where 𝑥 is the initial index of the film stoichiometry,
and 𝑦 is its final value, which depends on the anneal-
ing temperature [4–7]. As a rule, silicon that emerges
as a result of the transformation of SiO𝑥 into SiO2

is amorphous (a-Si) and begins to crystallize only at
temperatures above 1000 ∘C.

As was shown in our previous works [8–11], the
tin (Sn) metal impurity can substantially affect the
crystallization of a-Si, as well as the concentration
and dimensions of nc-Si in the amorphous SiO2 ma-
trix. In this work, the structural transformations and
the processes of formation of nc-Si in thin films of sil-
icon suboxide with various tin contents are studied.

2. Experimental Part

For our research, we fabricated four specimen
batches of thin-film non-stoichiometric silicon oxide
(a-SiO𝑥Sn, 𝑥 ≈ 1.2) with various tin contents (see
Table). The specimens were obtained by thermally
evaporating the melted mixture of a SiO powder
(Cerac Inc., a purity of 99.9%, a grain size of 40–
45 𝜇m) and a Sn powder of the PO-1 grade (a pu-
rity of 99.1%, a grain size of 40–45 𝜇m) taken in
various volume ratios (see Table). The evaporation
was performed from a tantalum trunk in vacuum
(about 10−3 Pa). The tantalum trunk was resistively
heated up. Films were deposited onto silicon, quartz,
and sapphire substrates. The substrate temperature
at the deposition was equal to 300 ∘C. The film depo-
sition rate was about 50 Å/s. In order to stimulate the
transformation of the amorphous silicon oxide films
into the amorphous-crystalline ones, the specimens
were subjected to an isochronous thermal treatment
(annealing) in a temperature interval of 300–1000 ∘C
with a step of 100 ∘C in the argon atmosphere. The
time of the annealing at each temperature amounted
to 20 min. The thickness of the obtained films varied
within the limits from 600 to 800 nm.

The structural researches were carried out, by using
the Raman and infra-red (IR) spectroscopy. Raman
spectra were registered at room temperature on

a spectrometer T-64000 (Jobin Yvon). The spectra
were excited, by using the radiation of an Ar laser
with a wavelength of 514.5 nm. IR transmission spec-
tra of a-SiO𝑥 and a-SiO𝑥Sn films were registered with
the help of a Fourier spectrometer Spectrum BXII
Perkin Elmer in the interval of antisymmetric Si–O–Si
valence vibrations. The spectral measurements were
carried out at room temperature with a resolution
of 4 cm−1.

3. Results and Their Discussion

Figure 1 demonstrates Raman spectra obtained for
the thin-film specimens of all four batches (Ta-
ble). The films were formed on sapphire substrates
and isochronously annealed in the argon atmo-
sphere. One can see that the amorphous phase is
inherent to the as-sputtered specimens in all four
batches, which is evidenced by a wide band with
a maximum located at about 480 cm−1 [12]. In the
specimens that belong to batches I and II and were
thermally treated in a temperature interval from
300 to 900 ∘C, their structure remained amorphous
up to a temperature of 900 ∘C inclusive. After the
films had been annealed at 1000 ∘C, there emerged
a phase of nanocrystalline silicon; this is evidenced
by the appearance of a narrow band with a maxi-
mum at about 520 cm−1 in the Raman spectra [13–
15]. At the same time, the crystalline phase nc-Si
was formed already at a temperature of 800 ∘C in
the specimens of batch III and at a much lower
temperature of 500 ∘C in specimens of batch IV
(see the bands in the corresponding Raman spec-
tra at frequencies of about 516 and 517 cm−1, res-
pectively).

The Raman spectra of examined specimens were
analyzed in the framework of the known “spatial
phonon correlation” model [13]. The volume ratio
𝑓𝑛𝑐 between the crystalline phase of silicon and a-
Si (see Fig. 2) and the average size of crystallites 𝑑

Parameters of mixtures for the sputtering of films

Specimen batch Volume ratio between
SiO𝑥 and Sn powders

I: a-SiO𝑥 100 : 0
II: a-SiO𝑥Sn1 100 : 0.5
III: a-SiO𝑥Sn2 100 : 1
IV: a-SiO𝑥Sn3 100 : 2
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Fig. 1. Raman spectra for the specimens of batches I to IV measured immediately after the deposition on sapphire
substrates and after subsequent isochronous annealing stages

Fig. 2. Dependences of the volume fraction of the crystalline
phase, 𝑓𝑛𝑐, on the annealing temperature for the specimens of
batches I–IV

(see Fig. 3) were calculated. A procedure used for the
determination of the ratio between the amorphous
and crystalline phases of silicon, the dimensions and
the concentration of silicon nanocrystals, and their
dependences on the annealing temperature was de-
scribed in our previous works [8, 11] in detail.

It is known that IR spectroscopy in the interval of
Si–O–Si valence vibrations (600–1400 cm−1) makes
it possible to characterize the structural state of the
SiO𝑦 matrix and its transformation during the ther-
mal annealing [16]. The authors of works [17, 18] ex-

Fig. 3. Dependences of the average size of crystallites, 𝑑, on
the annealing temperature for the specimens of batches I–IV

perimentally established a relation between the non-
stoichiometric value of 𝑦 in SiO𝑦 and the maximum
position 𝜈max in the band associated with the IR ab-
sorption at Si–O–Si bonds. This relation is described
well by the formula

𝑦 = 1+𝑎(𝜈max−980)+𝑏(𝜈max−980)2−𝑐(𝜈max−980)3,

(1)

where 𝑎 = 2.1×10−3, 𝑏 = 1.05×10−4, 𝑐 = 2.85×10−7,
and 𝜈max is expressed in cm−1 units.
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The IR absorption spectra of researched specimens
in an interval from 700 to 1400 cm−1 were registered
after every step of the isochronous thermal treatment
in a wide temperature interval of 300–1100 ∘C. After
each next step of the thermal treatment, a high-
frequency shift of the aforementioned IR band from
1015 to 1107 cm−1 was observed, which testifies to
the processes of phase separation into stoichiometric
silicon oxide and nano-sized silicon [19–23]. As an ex-
ample, Fig. 4 demonstrates the IR absorption spectra
that were registered right after the specimen deposi-
tion (at 300 ∘C) and after the last step of the thermal
treatment (at 1100 ∘C).

The visual analysis of the IR absorption spectra
obtained for the specimens in all (I–IV) batches tes-
tifies that the tin impurity in oxide silicon films does
not change the shape of those spectra and, accord-
ingly, does not affect the processes of thermally in-
duced phase separation. Using formula (1) and the
positions 𝜈max of the maximum in the IR absorp-
tion band experimentally measured for the researched
specimens of batches I–IV, the dependence of the pa-
rameter 𝑦 characterizing the non-stoichiometry of the
SiO𝑦 matrix on the annealing temperature was re-
vealed (Fig. 5).

The volume ratio between the sum of the amor-
phous and nanocrystalline silicon components, 𝑉Si,
and silicon oxide emerging owing to the thermally in-
duced phase separation can be calculated using the
following formulas [19]:

𝑉Si = 1− 𝑉SiO𝑦
=

(𝑦 − 1)𝑀Si 𝜌SiO𝑦

(𝑦 − 1)𝑀Si 𝜌SiO𝑦
+𝑀Si 𝜌SiO𝑦

,

𝜌SiO𝑦 =
𝑀SiO𝑦

𝜌Si 𝜌SiO

𝑦𝑀SiO 𝜌Si − (𝑦 − 1)𝑀Si 𝜌SiO
, (2)

𝜌SiO =
2𝑀SiO 𝜌Si 𝜌SiO2

𝑀SiO2
𝜌Si +𝑀Si 𝜌SiO2

,

where 𝜌Si, 𝜌SiO𝑦
, 𝜌SiO, and 𝜌SiO2

are the densities of
corresponding substances expressed in g/cm3 units;
𝑀Si = 28.09 g and 𝑀SiO𝑦 = 28.09 + 16𝑥 (in gram
units) are the masses of gram-molecules of Si and
SiO𝑦, respectively; and 𝑉SiO𝑦

is the volume fraction
of the SiO𝑦 matrix.

In Fig. 6, the dependence of 𝑉Si on 𝑇ann calculated
according to formula (2) with the parameters 𝜌Si =
= 2.33 g/cm−3 and 𝜌SiO = 2.18 g/cm−3, and tak-
ing the experimental data from Fig. 5 into account
is depicted. From this figure, it follows that, for all
researched batches of specimens, the maximum value

Fig. 4. IR absorption spectra of researched specimens: (1
to 4 ) as-fabricated specimens and (1 ′ to 4 ′) right after their
thermal treatment at a temperature of 1100 ∘C

Fig. 5. Dependence of the non-stoichiometry parameter 𝑦

for the SiO𝑦 matrix of researched specimens on the annealing
temperature

Fig. 6. Dependence of the total volume fraction of amorphous
and nanocrystalline silicons, 𝑉Si, on the annealing temperature
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of 𝑉Si (≈0.36, i.e. about 36% of SiO2) was reached at
𝑇ann > 900 ∘C.

From Fig. 6, one can also see that, at the anneal-
ing temperature 𝑇ann ≈ 500 ∘C, the silicon volume
fraction reached the value 𝑉Si ≈ 0.16 in all batches of
researched specimens. According to the data of works
[24,25], this value is the percolation threshold. When
the volume fraction of silicon in nanoclusters exceeds
the threshold value, the coalescence begins; namely,
with a probability close to unity, some of isolated Si
nanoclusters “stick to one another” to form Si nanoth-
reads, which penetrate through the whole thickness of
the SiO𝑦 dielectric matrix.

On the basis of our results, we may assume that
the mechanism of tin effect on the crystallization of
amorphous silicon in the silicon oxide matrix can
be similar to the mechanism of metal-induced crys-
tallization. The latter, as is known, occurs when a-
Si interacts with a metal droplet. As a rule, it oc-
curs at the metal melting temperatures, and amor-
phous silicon dissolves in a liquid metal. At the same
time, at temperatures below the metal melting point,
the phase separation into crystalline silicon and the
metal impurity in the solid state takes place [26–
29]. Therefore, it is probable that the crystallization
of a-Si in SiO𝑥Sn specimens linearly depends on the
concentration and the size of tin inclusions in the ox-
ide matrix.

If the SiO𝑥 matrix is doped with tin, some tin frac-
tion, which does not exceed the solubility limit, dis-
solves in the oxide matrix, whereas the other fraction
assembles into metal clusters. The latter govern, in
what follows, the processes of amorphous silicon crys-
tallization and the size of nanocrystals. The higher
the tin content in a specimen, the higher the prob-
ability for the amorphous silicon phase to interact
with metal inclusions. The probability of this inter-
action also increases during the coalescence of amor-
phous silicon nanoclusters. For example, the crystal-
lization begins at a temperature of 500 ∘C in the
specimens of batch IV (𝑉Si ≈ 0.16). This is the
temperature, at which the coalescence of nanoclus-
ters in amorphous silicon takes place. In the spec-
imens of batch III–here, the tin content is lower–
the crystallization begins at a higher temperature
of 800 ∘C, at which 𝑉Si ≈ 0.3. The correspond-
ing sizes of silicon crystallites are slightly smaller
than in the specimens of batch IV. In the speci-
mens of batch II, the tin concentration most likely

does not exceed the threshold of solubility in the
SiO𝑥 matrix. Therefore, the process of crystallization
of a-Si in the specimens of batch II occurs at the
same temperatures as in the tin-free specimens of
batch I.

4. Conclusions

In this work, it is shown that the tin impurity in
SiO𝑥 films with 𝑥 ≈ 1.2 does not affect the trans-
formation of SiO𝑥 into SiO2, but considerably re-
duces the temperature, at which the crystallization
of amorphous silicon begins in the examined speci-
mens. In addition, a decrease of the crystallization
temperature correlates with a growth of the metal
impurity content in the researched specimens. The
crystallization begins at a temperature of 1000 ∘C
in the specimens with the minimum tin content, at
a temperature of 800 ∘C in the specimens with the
medium tin content, and at 500 ∘C in the speci-
mens with the maximum tin content. Moreover, a
high tin content in the specimens of batches III and
IV results in a reduction of the crystallite dimen-
sions to about 5–7 nm. This value is considerably
smaller than the size of crystallites (≥10 nm) in the
specimens with the minimum tin content (batch II)
and in the tin-free specimens (batch I). On the ba-
sis of the obtained experimental results, the pres-
ence of metal aggregates of tin in SiO𝑥 can be
considered as a necessary condition for the crystal-
lization of a-Si to start. In addition, the obtained
data testify to the metal-induced mechanism of crys-
tallization.
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ВПЛИВ ОЛОВА НА СТРУКТУРНI
ПЕРЕТВОРЕННЯ ТОНКОПЛIВКОВОЇ
СУБОКСИДНОЇ МАТРИЦI КРЕМНIЮ

Р е з ю м е

Дослiджено процеси кристалiзацiї аморфного кремнiю (a-
Si) в субоксиднiй матрицi a-SiO𝑥Sn. Показано, що темпера-
тура, при якiй починається процес кристалiзацiї, тим ниж-
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ча, чим бiльше олова мiститься в a-SiO𝑥Sn плiвках. Для
зразкiв з максимумом олова (2% в об’ємi SiO𝑥) кристалi-
зацiя починається при температурi 500 ∘C, для зразкiв з
середнiм значенням олова (1%) температура кристалiзацiї
становить 800 ∘C i для зразкiв з мiнiмумом олова (0,5%),
процес кристалiзацiї a-Si починається при 1000 ∘C. З iншого
боку, показано, що олово не впливає на процеси роздiлення
фаз a-Si та SiO2 у дослiджуваних зразках в процесi вiдпалу.
З розрахункiв встановлено, що у a-SiO𝑥Sn плiвках з висо-
ким вмiстом олова (1 та 2%) в процесi кристалiзацiї a-Si

формуються кристалiти кремнiю значно менших розмiрiв
(𝑑 ≈ 5–7 нм) порiвняно iз нелегованими оловом зразками
(𝑑 ≥ 10 нм). Запропоновано метало-iндукований механiзм
кристалiзацiї а-Si, який передбачає наявнiсть металiчних
кластерiв олова в SiO𝑥, якi створюють умови для бiльш
раннього переходу аморфної фази кремнiю в кристалiчну.
Враховуючи експериментальнi данi, ми припускаємо, що у
нашому випадку необхiдною умовою для початку криста-
лiзацiї а-Si є наявнiсть металiчних скупчень олова в SiO𝑥, i
має мiсце метало-iндукований механiзм кристалiзацiї.
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