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1. Introduction

The processes of crystallization of amorphous silicon (a-Si) in the a-Si0,Sn (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-Si0;Sn 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 SiO, 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
m Si0,.

Keywords: crystallization, amorphous silicon, tin, nano-sized silicon crystallites.

that are compatible with the silicon technology [1].

The ability of nanocrystalline silicon (nc-Si) in an
amorphous SiOs matrix to emit visible light opens
prospects for the creation of light-emitting elements
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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/SiOs) is known to be
determined by their radiation capacity. The latter, in
turn, substantially depends on the nc-Si dimensions
and the concentration in SiOs.
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It is well known that the nc-Si/SiOy composite is
created owing to the decay of the non-stoichiometric
phase of silicon oxide (SiO,, 0 < z < 2) at elevated
temperatures. This process can be schematically de-
scribed by the reaction

y Si0; — (y—x) Si+z Si0,(0 < z <y < 2),

where z 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 SiO, into SiOs
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-SiO,Sn, = ~ 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 pm) and a Sn powder of the PO-1 grade (a pu-
rity of 99.1%, a grain size of 4045 um) taken in
various volume ratios (see Table). The evaporation
was performed from a tantalum trunk in vacuum
(about 1073 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 A /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
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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-Si0, and a-SiO,Sn 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 em~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~! [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~! 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™!, res-
pectively).

The Raman spectra of examined specimens were
analyzed in the framework of the known “spatial
phonon correlation” model [13]. The volume ratio
fne 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

Volume ratio between

Specimen batch SiO; and Sn powders

I: a-SiO, 100: 0
II: a-SiO,Snl 100 : 0.5
III: a-SiO,;Sn2 100: 1
IV: a-SiO,;Sn3 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
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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™!) makes
it possible to characterize the structural state of the
S5i0y matrix and its transformation during the ther-
mal annealing [16]. The authors of works [17, 18] ex-
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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 SiO, and the maximum
position vyax in the band associated with the IR ab-
sorption at Si—-O—-Si bonds. This relation is described
well by the formula

Y = 14+a(Vmax —980) +b(Vimax —980)2 —¢(Vimax —980)3,
1)

wherea = 2.1x1073,b=1.05x10"%, ¢ = 2.85x107 7,
and Vmay is expressed in cm ™! units.
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The IR absorption spectra of researched specimens
in an interval from 700 to 1400 cm ™! 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~! 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 V., of the maximum in the IR absorp-
tion band experimentally measured for the researched
specimens of batches [-IV, the dependence of the pa-
rameter y characterizing the non-stoichiometry of the
Si0, matrix on the annealing temperature was re-
vealed (Fig. 5).

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

Ve =1 Ve = (y — 1) Ms; psio,
' v (y — 1) Msi psio, + Msi psio,
Msio,, psi psio
y Msio psi — (y — 1) Ms; psio”
2 Msio psi psio,
Msio, psi + Ms;i psio,’

(2)

psio, =

Psio =

where ps;, psio,, psio, and psio, are the densities of
corresponding substances expressed in g/cm? units;
Ms; = 28.09 g and Msio, = 28.09 + 16z (in gram
units) are the masses of gram-molecules of Si and
Si0Oy, respectively; and Vsio, is the volume fraction
of the SiO, matrix.

In Fig. 6, the dependence of Vg; on Ty, calculated
according to formula (2) with the parameters pg; =
= 2.33 g/em~3 and pgio = 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
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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
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Fig. 5. Dependence of the non-stoichiometry parameter y
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Fig. 6. Dependence of the total volume fraction of amorphous
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of Vg (=0.36, i.e. about 36% of SiOz) was reached at
Tann > 900 °C.

From Fig. 6, one can also see that, at the anneal-
ing temperature T,,, =~ 500 °C, the silicon volume
fraction reached the value Vg; =~ 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 SiO, 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 Si0,Sn specimens linearly depends on the
concentration and the size of tin inclusions in the ox-
ide matrix.

If the SiO, 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 (Vg ~ 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 Vg =~ 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
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does not exceed the threshold of solubility in the
Si0, 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
SiO, films with 2 = 1.2 does not affect the trans-
formation of SiO, 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 SiO, 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.

1. L.T. Canham. Silicon quantum wire array fabrication by
electrochemical and chemical dissolution of wafers. Appl.
Phys. Lett. 57(10), 1046 (1990) [DOI: 10.1063/1.103561].

2. G. Franzo, A. Irrera, E.C. Moreira, M. Miritello, F. Iacona,
D. Sanfilippo, G. Di Stefano, P.G. Fallica, F. Priolo. Elec-
troluminescence of silicon nanocrystals in MOS structures.
Appl. Phys. A 74,1 (2002) [DOI: 10.1007/s003390101019)].

3. M.E. Castagna, S. Coffa, M. Monaco, L. Caristia, A. Mes-
sina, R. Mangano, C. Bongiorno. Si-based materials and
devices for light emission in silicon. Physica E 16, 547
(2003) [DOI: 10.1016/51386-9477(02)00644-6].

4. I.LP. Lisovskyy, IZ. Indutnyy, V.G. Litovchenko,
B.M. Gnennyy, P.M. Lytvyn, D.O. Mazunov, O.S. Obere-
mok, N.V. Sopinskyy, P.E. Shepeliavyi. Thermostimulated
structural transformations in vacuum-evaporated SiOj
films. Ukr. J. Phys. 48(3), 250 (2003).

ISSN 2071-0186. Ukr. J. Phys. 2016. Vol. 61, No. 11



Effect of Tin on Structural Transformations

10.

11.

12.

13.

14.

15.

16.

17.

18.

A. Szekeres, T. Nikolova, A. Paneva et al. Silicon na-
noparticles in thermally annealed thin silicon monoxide
films. Mater. Sci. Eng. B 124-125, 504 (2005) [DOL:
10.1016/j.mseb.2005.08.124].

. S. Hayashi, T. Nagareda, Y. Kanazawa, K. Yamamoto.

Photoluminescence of Si-rich SiOs films: Si clusters as lu-
minescent centers. Jpn. J. Appl. Phys. 32, 3840 (1993)
[DOI: 10.1143/JJAP.32.3840).

. M. Zacharias, J. Heitmann, R. Scholz et al. Size—controlled

highly luminescent silicon nanocrystals: A SiO/SiO2 su-
perlattice approach. Appl. Phys. Lett. 80, 661 (2002) [DOI:
10.1063,/1.1433906].

. V.V. Voitovich, V.B. Neimash, N.N.Krasko et al. Influence

of Sn impurity on optical and structural properties of thin
silicon films. Fiz. Tekh. Poluprovodn. 45, 1331 (2011).

. R.M. Rudenko, V.V. Voitovych, N.N. Krasko et al. Influ-

ence of high-temperature annealing on the structure and
the intrinsic absorption edge of thin-film silicon doped with
tin. Ukr. Fiz. Zh. 58, 770 (2013).

R.M. Rudenko, M.M. Krasko, V.V. Voitovych et al. Behav-
ior of hydrogen during crystallization of thin silicon films
doped with tin. Ukr. Fiz. Zh. 58, 1166 (2013).

V.V. Voitovich, R.N. Rudenko, A.G. Kolosyuk et al. Influ-
ence of tin on the processes of silicon nano-crystal forma-
tion in thin films of amorphous matrix SiO,. Fiz. Tekh.
Poluprovodn. 48, 77 (2014).

A.A. Sirenko, J.R. Fox, L.A. Akimov, X.X. Xi, S. Ruvi-
mov, Z. Liliental-Weber. In situ Raman scattering studies
of the amorphous and crystalline Si nanoparticles. Solid
State Commaun. 113, 553 (2000) [DOI: 10.1016/S0038-
1098(99)00539-6].

H. Richter, Z.P. Wang, L. Ley. The one phonon Raman
spectrum in microcrystalline silicon. Solid State Commun.
39, 625 (1981) [DOI: 10.1016/0038-1098(81)90337-9].

H. Campbell, P.M. Fauchet. The effects of microcrystal size
and shape on the one phonon Raman spectra of crystalline
semiconductors. Solid State Commun. 58(10), 739 (1986)
[DOI: 10.1016,/0038-1098(86)90513-2].

P. Mishra, K.P. Jain. First- and second-order Raman scat-
tering in nanocrystalline silicon. Phys. Rev. B 64, 073304
(2001) [DOI: 10.1103/PhysRevB.64.073304].

I.P. Lisovskyy, M.V. Voitovich, A.V. Sarikov, V.G. Litov-
chenko, A.B. Romanyuk, V.P. Melnyk, I.M. Khatsevich,
P.E. Shepeliavyi. Transformation of the structure of sili-
con oxide during the formation of Si nanoinclusions under
thermal annealings. Ukr. Fiz. Zh. 54, 383 (2009).

M. Nakamura, Y. Mochizuki, K. Usami, Y. Itoch, T. No-
zaki. Infrared absorption spectra and composition of evap-
orated silicon oxides (SiOz). Solid State Commun. 50(12),
1079 (1984) [DOI: 10.1016,/0038-1098(84)90292-8|.

V.N. Seminogov, V.I. Sokolov, V.N. Glebov et al. Percola-
tion analysis of structural transformations and the forma-
tion of silicon nanoclusters at thermal annealing of SiOg
films. Perspekt. Mater. 8, 159 (2010).

ISSN 2071-0186. Ukr. J. Phys. 2016. Vol. 61, No. 11

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

A.L. Shabalov, M.S. Feldman, M.Z. Bashirov. Vibrational
spectra and structure of thin SiO, films. Izv. Akad. Nauk
SSSR Ser. Fiz. Tekh. Mat. Nauk 3, 78 (1986).

A.P. Kucherov, S.M. Kochubei. Method for the resolition of
a complicated contour into elementary components making
use of the preliminary analysis of its structure. Zh. Prikl.
Spektrosk. 38, 145 (1983).

I.W. Boyd, J.I.B. Wilson. Silicon-silicon dioxide interface:
An infrared study. J. Appl. Phys. 62, 3195 (1987) [DOI:
10.1063/1.339320].

H.R. Philipp. Optical properties of non—crystalline Si, SiO,
SiO; and SiOg. J. Phys. Chem. Solids 32, 1935 (1971)
[DOT: 10.1016,/S0022-3697(71)80159-2].

I.P. Lisovskii. Dr. Sci. thesis Structural Transformations in
Near-Surface Layers of Silicon and Silicon-Ozygen Phases
(Kiev, 1998) (in Russian).

B.I. Shklovskii, A.L. Efros. Electronic Properties of Doped
Semiconductors (Springer, 1984).

V.G. Golubev, V.Yu. Davydov, A.V. Medvedev, A.B. Pev-
tsov, N.A. Feoktistov. Raman scattering spectra and
electric conductivity of thin silicon films with mixed
amorphous—crystalline composition: determination of the
volume fraction of nanocrystalline phase. Fiz. Tverd. Tela
39, 1348 (1997).

O. Nast, S.R. Wenham. Elucidation of the layer exchange
mechanism in the formation of polycrystalline silicon by
aluminum-induced crystallization. J. Appl. Phys. 88, 124
(2000) [DOI: 10.1063/1.373632].

A. Sarikov. Metal induced crystallization mechanism of the
metal catalyzed growth of silicon wire-like crystals. Appl.
Phys. Lett. 99, 143102 (2011) [DOIL: 10.1063/1.3644981].
O. Nast, T. Puzzer, L.M. Koschier. Aluminium-induced
crystallization of amorphous silicon on glass substrates
above and below the eutectic temperature. Appl. Phys.
Lett. 73, 3214 (1998) [DOI: 10.1063,/1.122722].

V. Neimash, V. Poroshin, P. Shepeliavyi et al. Tin Induced
a-Si Crystallization in Thin Films of Si-Sn Alloys. J. Appl.
Phys. 114, 213104 (2013) [DOI: 10.1063/1.4837661].

Received 10.12.15.
Translated from Ukrainian by O.I. Voitenko

B.B. Boumosuu, P.M. Pydenxo, B.O. IOxumuyx,
M.B. Botimosuu, M.M. Kpacvko, A.I. Koaociox,
B.FO. [Tosapuyx, I.M. Xauesuw, M.II. Pydenxo

BIIJINB OJIOBA HA CTPYKTVYPHI
INEPETBOPEHHS TOHKOILJTIBKOBOI
CYBOKCUAHOI MATPUIII KPEMHIIO

Peszowme

Jlocutiypkeno mpomecn KpucTadizanii aMmopdHOro KpemHio (a-
Si) B cybokcuniit marpuni a-SiOgSn. ITokazano, mo Temnepa-
Typa, IPU sKifl TOYMHAETHCS IPOIEC KPUCTAI3AIlTl, TUM HUXK-
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qa, yuM Oiabine osioBa Micturbea B a-Si0O,Sn muiskax. s
3pa3kiB 3 mMakcuMmyMoM oJioBa (2% B 06’emi SiOz) Kpucrasi-
3amis moumHaeThca npu Temmeparypi 500 °C, mms 3paskis 3
cepeanim 3HadeHHaM osioBa (1%) Temmeparypa Kpucrasizanii
cranosuthb 800 °C i mua 3paskis 3 mirimymom onosa (0,5%),
nporec Kkpucrasizaril a-Si nounnaernbes npu 1000 °C. 3 inmoro
GOKy, IIOKa3aHo, 1110 OJIOBO He BILIMBAE HA MIPOLECH PO3JI1LJIEHHS
da3z a-Si Ta SiO2 y mocimkyBaHuX 3pa3kax B Ipoueci Biamay.
3 pO3paxyHKIB BCTaHOBJIEHO, 110 y a-SiO;Sn miiBKax 3 BUCO-
kuM Bmictom osoBa (1 ta 2%) B mponeci kpucramizanii a-Si
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bOPMYIOTbCST KPUCTAJIITH KPEMHII0 3HAYHO MEHIIUX PO3MipiB
(d &~ 5—7 HM) HIOpPIBHSIHO i3 HEJErOBAHUMH OJIOBOM 3pa3KaMi
(d > 10 mM). 3anpONOHOBAHO METAJIO-IHAYKOBAHHN MeXaHi3M
KpucTajizail a-Si, akuil nepeadadae HasBHICTb METAJIYHUX
kitacrepiB omoBa B SiOg, sIKi CTBOPIOIOTH YMOBH ZJIsl OL/IBII
paHHBOrO Itepexoy aMopdHOI da3u KPEMHII0 B KPUCTAIIYHY.
BpaxoByroun ekcrepuMeHTaJIbH] JaHl, MH [IPUIIYCKAEMO, IO Y
HAIIOMY BUIIAJIKy HEOOXIJHOIO YMOBOIO JJjisl IIOYATKY KPUCTa-
mizaril a-Si € HasiBHICTh MeTaJiYHuX CKyn4deHb o10Ba B SiOg, 1
Ma€ MiCIle MeTaJIO-iH/IyKOBaHUN MeXaHi3M KpUCTaJIi3alil.
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