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MICROSTRUCTURE OF THIN Si-Sn COMPOSITE FILMS

Microstructure investigations of thin Si-Sn alloy films were carried out, by using Auger and
Raman spectroscopies, X-ray fluorescence analysis, and electron microscopy. The films were
produced by the thermal-vacuum coevaporation of Si and Sn. The properties of films with the
Sn content ranging from 1 to 5 wt.% are studied. A significant influence of the tin impurity
on the formation of a film surface microrelief and nanocrystals in the amorphous matrizc is
found. The size of quasispherical formations on the film surface can be of the order of 100 nm.
The volume fraction of the silicon nanocrystalline phase in a film can reach 90%. The roles of
fabrication conditions and growth rate on the distributions of Sn and technological impurities
C and O over the film surface and across the film thickness are analyzed.

Keywords: Microstructure of thin composite films, Auger method, Raman spectroscopy.

1. Introduction

The progress in the fabrication technologies of photo-
electric solar energy converters made the search for
effective means of controllable influence on the energy
gap width, E,, in silicon materials and the study of
the process of their transformation from the amor-
phous state into the nanocrystalline one to be the
challenging tasks [1-5]. Doping the silicon structures
with isovalent elements of group IV is one of the ef-
ficient methods that allow the width E, in them to
change. It is known that E, in the amorphous al-
loy silicon-tin, Si;_,Sn,, considerably decreases, as x
grows from 0.001 to 0.5 [6-8], other characteristics of
this material being also changed. In particular, the
authors of works [8,9] showed that the electroconduc-
tivity of this alloy has an activation energy close to
E,/2 only at small Sn concentrations. As the con-
tent of Sn grows in the interval 0.01 < = < 0.02,
the transition of the electroconductivity mechanism
to the hopping one is observed. The Si;_,Sn alloy is
known to absorb light by the direct interband transi-
tion mechanism [10]. At the same time, it was shown
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in work [11] that the addition of another isovalent im-
purity — carbon — to this alloy changes the absorption
mechanism and makes it the indirect-band-gap one.

It is remarkable that, numerically, those and other
properties of Si;_,Sn, alloys differ substantially in
works by different authors. As a possible reason of
this discrepancy, we may point to different methods
of alloy preparation and even different technological
regimes in the framework of that or another method.
The influence of technological conditions at the alloy
formation on its physical properties evidently takes
place by means of modifying the alloy microstructure.
In particular, the alloy can be completely or partially
amorphous, with Sn atoms being located in substitu-
tional positions of a tetragonal [12] or non-tetragonal
[8] configuration, with emerging a regular grid or not;
the alloy can contain precipitates of Sn atoms [9, 13]
or Si crystals [14]. The crystal dimensions and the
volume ratio between the amorphous and crystalline
phases can also be different.

A considerable role in the formation of a mi-
crostructure and properties of silicon-based alloys is
played by the relations between the contents of iso-
valent impurities, the atoms of which have the co-
valent radius larger or smaller than that of silicon
atoms [11, 15, 16]. All the above-mentioned features
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Fig. 1. SEM images of the surfaces of films formed by thermo-vacuum coevaporation of the mixtures of silicon and tin powders

with tin mass contents of 0 (a), 1 (b), 3 (¢), and 5% (d)

of Si;_,Sn, alloys, as well as the non-uniformity in
the distribution of impurities across the film thick-
ness and over the film area, substantially affect the
integrated film parameters such as the optical energy
gap width, electroconductivity, lifetime and diffusion
length of non-equilibrium charge carriers. Ultimately,
all those factors become responsible for whether a
specific material is suitable for the manufacture of
solar cells.

Therefore, this work aimed at studying the mi-
crostructure of thin Si;_,Sn, films fabricated, by us-
ing the method of thermo-vacuum coevaporation un-
der the conditions that allow this alloy to be obtained
in the form of an amorphous-crystalline composite
that includes nano-sized crystals of silicon [14].

2. Experimental Technique

Films of Si;_,Sn, alloy were prepared by thermally
coevaporating a mixture of silicon and tin powders in
vacuum. The silicon powder was produced by crush-
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ing a Si single crystal of the electron purity grade
KEF-4.5 and carefully mixed it with a tin powder
of grade PO-1 (an Sn content of 99.92%) in vari-
ous weight ratios. The mixtures were coevaporated
from resistive tantalic evaporators in a universal vac-
uum unit VUP-4 and in a vacuum sputtering instal-
lation UVN-2M-1 at a residual gas pressure of about
2 x 107> mm Hg. Industrially fabricated polished
wafers of single-crystalline silicon and optically pure
quartz were used as substrates. Films were deposited
at two rates, 5-7 and 15-20 nm/s, onto the substrates
with a temperature of 300 °C. The thicknesses of the
films obtained, which were determined with the help
of an interferometer MII-4, fell within the interval
from 250 to 600 nm.

The surface relief of the films was studied with the
use of a scanning electron microscope (SEM) JSM-
840 at magnifications varying from 4 x 10% to 3 x 10%.

The chemical composition of near-surface layers in
the films was researched, by using an x-ray micro-
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probe analyzer CAMEBAX SX50. The profile of
impurity distributions across the film thickness was
studied in the course of ionic etching with the help of
an Auger microprobe Riber Las 2000 with a sensitiv-
ity of 0.2 at.%.

The Raman spectra of the films were registered on
a spectrometer Jobin Yvon T64000. The spectra were
excited by radiation of an Ar-Kr* laser with a wave-
length of 514.5 nm.

3. Results and Their Discussion

The researches of the film surface morphology with
the help of SEM showed that the addition of an in-
significant amount of tin to the initial silicon powder
substantially affects the film surface microstructure.
The film surface relief becomes granular (Fig. 1,b to
d). The average grain size grows with the tin content
and can reach a value of the order of 100 nm.

The SEM images (Fig. 2) demonstrate that the
grains are quasispherical by shape. The researches
of their component composition carried out with the
help of an x-ray microprobe analyzer showed that the
tin content in grains is approximately identical over
the whole film surface. At the same time, in grains
and grain aggregates that noticeably protrude over
the film surface, the contents of oxygen and carbon
are 2 to 3 times higher in comparison with those at the
plane surface (Fig. 2). In Table 1, the concentrations
of main chemical elements at the sites designated in
Fig. 2 by figures 1 to 3 are quoted.

From Table 1, one can see that the Sn contents
in all tests are approximately identical, whereas the
contents of C and O in grain aggregates are 2 to 3
times higher in comparison with the plane surface
section. The revealed difference between the distri-
butions of the C and O impurities over the surface
can be a result of a larger indraft of those elements,
which are present in the composition of residual gases,
into nanocrystals, because the latter have a consid-
erably larger surface area in comparison with that
of the plane film section. Taking the revealed non-
uniformity of impurity distributions at the microscale
level into account, the similar measurements of ele-
ment concentrations over the larger area of the film
surface were carried out to make an integrated char-
acterization of the chemical composition of fabricated
alloys. The dimensions of the zone scanned by a probe
were approximately equal to 3 x 3 ym?. The results
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Fig. 2. SEM image of the film surface. The numbers mark
sites, where the chemical composition of the material was de-
termined: (1) a small aggregate of grains, (2) a large aggre-
gate of grains, and (3) a section free of grains. The square of
400 x 400 nm? in size shows the microprobe operation region

of measurements are listed in Table 2. When analyz-
ing them, one should pay attention to that the tin
content in films is several times higher than that in
the initially sputtered mixture Si + Sn. This result
can mean that the segregation of tin, which is weakly
soluble in silicon, takes place on the film surface in
the course of growth of a film.

To determine the distribution of tin atoms across
the film thickness, we carried out the Auger analysis

Table 1. Concentrations of main chemical
elements (in at.%) at the sites indicated in Fig. 2

Number Chemical Element
site

C (0] Si Sn

1 11.88 13.00 74.01 1.11

13.92 15.81 69.19 1.08

3 5.22 5.43 87.94 1.41

Table 2
Specimen’s number
Impurity

1 2 3 4
Sn (wt.% of raw material) 0 1.00 3.00 5.00
Sn (wt.% of film) 0 6.56 | 18.06 | 22.79
Sn (at.% of film) 0 1.29 | 3.85 | 6.12
O (at.% of film) 22.54 | 46.15 | 47.64 | 16.00
C (at.% of film) 0.65 | 154 | 3.11 | 0.52
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Fig. 4. Dependences of alloy component concentrations across
the film thickness on the ionic etching duration

of the film component contents by applying the level-
by-level ionic etching. The rate of film sputtering by
ArT ions was 20-25 nm/min. The determination sen-
sitivity of chemical element concentrations was about
0.2 at.%. Some examples of concentration profiles ob-
tained for the distributions of alloy components across
the film thickness are depicted in Figs. 3 and 4.
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Figure 3 demonstrates the typical profiles of com-
ponent concentrations across the film formed at a
deposition rate of 57 nm/s. One can see that the
Si—Sn alloy obtained in this way also contains C, N,
and O impurities in concentrations that are compa-
rable with that of Sn. In fact, it is a five-component
alloy Si—-Sn—C—O-N. Moreover, in the external near-
surface layer about 5-10 nm in thickness, the concen-
trations of all impurities in silicon are several times
higher than the corresponding concentrations in the
film depth. This fact agrees with the results quoted
in Table 2 and confirms our assumption concerning
the segregation of tin on the film surface during the
film growth. A similar character of alloy component
concentration distributions across the thickness was
observed in the films with a different tin content that
were grown up at a rate of 5-7 nm/s. At the same
time, when the rate of film formation is 15-20 nm/s,
we obtain specimens with a more uniform distribution
of the Sn impurity across the film thickness (Fig. 4).

A comparison of the tin distributions across the
film thickness that are depicted in Figs. 3 and 4 tes-
tifies that the increase of the film growth rate by a
factor of three substantially diminishes the oscilla-
tions of the Sn concentration, and its near-surface
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maximum almost completely disappears from the dis-
tribution. However, the increase of the film growth
rate gives rise to an increase in the concentrations
of technological impurities, carbon and oxygen, over
the whole film thickness. This fact evidences that
the residual atmosphere in a sputtering chamber is
the main source for the indraft of C and O into
the alloy for the selected way to fabricate the films.
The disappearance of the near-surface maximum from
the Sn distribution across the film thickness can be
a result of two factors: (i) a reduction of the seg-
regation of this impurity by the film surface owing
to increasing the film growth and (ii) the increase
of the film surface temperature with of the atomic
flux density.

The emergence of a microrelief of such a shape
and a scale on the film surface can be associated
with the formation of a crystalline silicon phase in
the form of clusters of nanocrystals [17]. An effi-
cient method for the diagnostics of a phase state
of silicon films is Raman light scattering [18]. In
Fig. 5, the Raman spectra of reference films of amor-
phous silicon deposited in vacuum using the same
raw materials, but without the Sn impurity, are
shown. The inset of this figure demonstrates the res-
olution of the Raman spectrum into separate com-
ponents that have frequencies of 145, 306, 365, and
475 ecm~! and correspond to TA, LA, LO, and TO
modes, respectively. The whole spectrum was nor-
malized by the spectrum maximum. From the anal-
ysis of the spectra, we arrived at a conclusion that
all the films contained only the amorphous phase.
Annealing of specimens at temperatures of 450 and
700 °C did not result in the appearance of a crys-
talline phase, although the frequency positions and
halfwidths of the bands changed a little. Such vari-
ations testify that the structure of amorphous sil-
icon undergoes the ordering; in other words, the
arrangement, of silicon atoms approaches the per-
fect tetrahedral configuration [19]. Notice that even
the annealing of a film at 700 °C was not suffi-
cient for the amorphous phase to transform into the
crystalline one.

At the same time, films that were doped with tin
immediately after their deposition did contain the
crystalline phase. Really, from Fig. 6, one can see
that the spectra of those films reveal rather a narrow
band at about 510 cm ™!, which is typical of nanocrys-
talline silicon. The analysis of Raman spectra testi-
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1.07 1O (~ 512 em™)
058

staem
Y |
Y |
/ (519 o]
. 3500] |

0.6

“
0.4 LO(~490¢cm’)

Intensity, cm=-1

z 3000] L i /“ b P 52;;_
A N " £ -
>.,\2500 \_1,‘:: \\ i Ramans_hlft, cm ‘
-oi 2000] s12cm’ | :.: r—’\w Y—3

b ;
o 1500 j / _____
)
€ 1000
500
200 400 600 800 1000 1200 1400

Raman shift, cm™

Fig. 6. Raman spectra of Si—Sn alloy films with an Sn content
of about 1 at.%: the as-fabricated film (1) and after the 30-min
annealing at temperatures of 450 (2) and 700 °C (3)

fies that the annealing of the films concerned gives
rise to an increase in the relative fraction of the crys-
talline phase. The intensity of the band correspond-
ing to nanocrystalline silicon grows, its half-width de-
creases, and the band itself shifts toward high fre-
quencies.

In order to estimate the fractions of crystalline and
amorphous phases in Si:Sn films, we may use the
known formula from work [20],

I./1,

_ - 1
Cy+ 1)1 L)
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where I. and I, are the integral intensities of scatter-
ing bands of crystalline and amorphous components,
respectively; and y is the ratio between the scatter-
ing cross-sections of crystalline and amorphous sili-
con. The authors of work [20] proposed the following
empirical formula to determine the value of y as a
function of the average nanocrystal size L:

y(L) = 0.1 4+ exp(—L/25). (2)

In turn, the parameter L can be estimated by the
formula [21,22]

B _q2L2 d3q
I(V) = /exp( 167‘(2)(1/ 7 I/(q))2 + (F0/2)2, (3)

where T'g is the half-width of the phonon band in
single-crystalline Si, and v(q) are the dispersion de-
pendences for TO (LO) vibrations.

The resolution of the spectrum in the interval from
400 to 550 cm~! into a Gaussian component charac-
teristic of amorphous silicon and an asymmetric com-
ponent described by formula (3) and corresponding to
the nanocrystalline phase allowed us to estimate the
fraction of each of them. In particular, for the initial
film with an Sn content of about 1 at.%, the aver-
age dimension of nanocrystals, according to formula
(3), amounts to about 3.5 nm. Using this value and
formulas (1) and (2), we estimated that the fraction
of the crystalline phase in the initial film was equal
to 0.85. After the films were annealed at 700 °C for
30 min, this value increased to 0.9.

4. Conclusions

In this work, a combined analysis of the influence of a
tin doping on the morphological and structural prop-
erties of silicon films fabricated with the use of the
method of thermal sputtering of both components is
carried out. We have studied the Si films with a con-
centration of the Sn impurity to be 1-5 wt.% (i.e.,
0.2-1.25 at.%). We have found that at least the near-
surface layer of a film available for RS-based studies
with a wavelength of 514.5 nm is an amorphous crys-
talline composite. The volume ratio between the crys-
talline and amorphous phases in the films depends on
the integral concentration of the tin impurity and the
specimen annealing temperature. In particular, in
unannealed films with the integral content of Sn near
1 at.%, the fraction of the crystalline phase amounts
to 85%. The prevailing size of silicon nanocrystals in
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the amorphous matrix of a film is 3.5 nm. The mi-
crostructure of film surfaces was characterized by the
granular relief with grains of a quasispherical shape.
The grain dimensions substantially depend on the tin
content and can reach 100 nm. The researches of
component contents at the film surfaces reveal a uni-
form distribution of tin over them. No metal clusters
or other precipitations with an elevated content of
tin are revealed. The distributions of Sn and tech-
nological impurities (C, O, and N) across the film
thickness are uniform except those in a near-surface
layer 10-20 nm in thickness. The degree of impurity
distribution uniformity across the film thickness is de-
termined to depend on the rate of film growth. This
should be taken into account at the interpretation of
the results of RS-based studies. The films fabricated
under the same conditions, but without tin doping,
had similar distributions of technological impurities,
but were completely amorphous, and the granularity
of their surface relief was not observed.

Our results testify to the ability of the tin impu-
rity to efficiently stimulate the formation of silicon
nanocrystals in the amorphous matrix of silicon films
during their formation. The nanocomposite obtained
by the described method can be of interest for the
application in photo-electric energy converters.
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gram “Nanotechnologies and nanomaterials” and the
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cooperation in nanotechnologies.
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MIKPOCTPYKTYPA TOHKUX KOMIIO3UTHNX
IIJIIBOK Si-Sn

Pesmowme

Meromamu oxke Ta pamMaHIBCbKOI CIHEKTPOCKOIII, PEHTreHiB-
CBHKOTO (DJIyOPECIIEHTHOIO aHAII3y Ta eJIeKTPOHHOI MiKPOCKO-
mil JIOCJTIiI?KEHO OCOBJIMBOCTI MIKPOCTPYKTYPHU TOHKHUX ILIIIBOK
cIutaBy Si—Sn, BUTOTOBJIEHUX TEPMOBAKYYMHUM CIIiBBUIIAPOBY-
BaHHaAM Si Ta Sn. JlocaimKkeHo BJIaCTUBOCTI IUIBOK 3 BMICTOM
Sn B inTepsaJi Bij 1 10 5 Barosux BijcoTkiB. BecranosieHo cy -
TEBUI BILUIMB OJIOBa Ha (OpMyBaHHS MiKpopesbedy OBEpXHi
IJIIBOK Ta HAHOKPHUCTAJIB y aMopdHiit marpuni. Kasicdepu-
YHi yTBOPEHHS Ha IOBEPXHI IUIIBOK MOXKYTb CATaTH PO3MipiB
nopsiiky 100 aM. HacTKa HaHOKPHCTAJIIYHOI KpeMHieBOI da3u
B miBmi Moxke gocsiratu 90% ii 06’emy. [IpoanasnizoBano posib
YMOB Ta IIBHIAKOCTI POCTY ILIBOK y PO3IOJiji KOHIIEHTpAIil
Sn Ta TexHosoriynux gomimok C i O 1o noBepxHi Ta TOBIUHI
MJTiBOK.
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