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Infra-red (IR) transmission spectra of Si/SiO, nanocomposite
films obtained by a pulsed laser deposition have been measured,
and the shapes of lines that correspond to stretching vibrations of
bridging oxygen have been analyzed. The content of Si—Oy,—Sis 4
(1 < y <4) molecular complexes in the structural network of SiO,
films has been determined versus their formation conditions. The
correlation between photoluminescent properties of the films and
the composition and the structure of the barrier phase is reported.

1. Introduction

Nowadays, the photoluminescence (PL) nature of many
nanocomposite Si/SiO, structures in the range 1.2—
3.2 eV at room temperature is usually related to the
quantum confinement effect and to the formation of a
potential well for charge carries and excitons. Such a well
is formed by Si nanocrystals (nc-Si) with dimensions 1—
5 nm with the SiO, (z — 2) barrier phase that provides
a high (above a quantization level) potential barrier
and a low permittivity €. The exciton concentration
in the well increases with the binding exciton energy,
which increases in turn with the rise of a potential
barrier and with a decrease of permittivity ¢ of the
barrier phase. Therefore, the PL intensity related to the
radiative exciton annihilation in a potential well depends
on the composition, structure of the SiO, barrier phase,
its porosity, etc. Among other optical methods, namely
IR transmission is successfully used to analyze the SiO,
composition. In works [1,2], the approach was proposed
to the analysis of the Gaussian line deconvolution of the
main absorption band of SiO, within the random bond
model, which allows the determination of the content of
Si—0,—Sis—y (1 <y < 4) complexes in the SiO, phase.

The goal of this work was to determine the
composition and the structure of the SiO, barrier phase
of PL NC Si films using the above-mentioned approach
in the analysis of IR spectra and to determine how the
SiO, phase structure and the efficiency of visible PL are
related to the formation conditions of films during the
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pulsed laser deposition (PLD). This is necessary both
for the confirmation of the proposed PL model and the
optimization of the formation conditions of PL Si/SiO,
films [3 — 5].

2. Experimental Technique

Nanocomposite films of Si/SiO, were obtained by
the PLD method using a vacuum chamber and a
Si monocrystal target that was illuminated by a
YAG:Nd?t laser beam at a wavelength of 1.06 mm,
which was operating in a modulated quality mode with
a pulse energy =~0.2 J, pulse duration of 10 ns, and
repetition rate of 25 Hz [3—5]. The deposition was
carried out on c-Si substrates. The films of type I were
obtained by the deposition of a direct flux of high-energy
particles from the erosion jet on the substrate placed at
a distance of 20 mm along a normal to the target, in the
atmosphere of a residual gas of a vacuum chamber (104
Pa) with addition of oxygen at pressure P: 0, 6.5, and
16 Pa (for samples 1, 2 and 3, respectively). The films
of type II were deposited from a backward flux of low-
energy particles of the erosion jet on the substrate placed
in the target plane in the inertial gas (argon) atmosphere
at a pressure of 13 Pa (samples N 4). Some films of
type II during the deposition process were doped with
gold (samples N 5). It was assumed that gold atoms act
as a catalyst and help the formation of the SiO, phase
in place of the SiO, phase. The thickness of films was
within the range 50—500 nm.

Time-resolved PL spectra were measured in the
energy range 1.4—3.2 eV at room temperature. PL was
excited by a nitrogen laser with a wavelength of 337 nm
and a pulse duration of 8 ns. The stroboscopic signal
registration was carried out in the photon counting
mode.

IR transmission spectra were measured in the range
800—1350 cm ! using an automatic spectrometer IRS-
25M. As a reference sample, a silicon substrate without
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Fig. 1. IR transmission spectra of nanocomposite Si/SiO, films:
a — type I, b — type II. Numbering of curves is the same as

numbering of samples

an oxide film was employed. It is known that, in
this spectral range, there is an absorption band of
antisymmetric stretching vibrations of bridged oxygen
atoms. The maximum of this band vmax is located
approximately within 1000—1100 cm~!, depending on
the composition and the structure of the silicon-
oxygen phase. This band was decomposed into Gaussian
lines, whose characteristics (the peak positions and the
intensities) were analyzed using the model of random
bonds. For the non-stoichiometric silicon-oxygen SiO,
phase, the goal of this analysis was to determine
the content of Si—0,-Sis—, (1 < y < 4) molecular
complexes, and, for the stoichiometric SiO, phase, we
tried to determine the configuration of SiO4 tetrahedron
rings. The reliability of the mathematical deconvolution
of spectral bands is a serous issue. This problem was
studied before by different authors, including us, for
the films of thermic silicon dioxide [6,7] and for the

584

films of non-stoichiometric silicon oxides obtained by
thermic SiO spraying [8, 9] or by the CVD-method
[1, 2]. As a criterium of the deconvolution uniqueness
in the above-cited works, the Alentsev—Fock approach
[10] was used that allowed quite a good consistency of
main characteristics of elementary components, which
demonstrates a reliability of the obtained deconvolution
results. Thus, in this work, the mathematical treatment
of the absorption spectra was carried out with the use
of the obtained earlier parameters of Gaussian (peak
positions and half-width of lines), and these parameters
were corrected for each sample. The deconvolution
accuracy was estimated by the mean square deviation of
the sum of Gaussians from the experimental spectrum.
In our experiments, this deviation did not exceed 1072.

3. Results and Discussion

Fig. 1,a shows the transmission spectra of the films
of type I obtained from the direct particle flux of the
erosion jet at various oxygen pressures P. It can be seen
that the shape and the position of the transmission band
strongly depend on pressure P. In particular, the value
of Umax changes from ~1021 cm™! (sample N 1) to ~1070
em~! (sample N 3). For sample N 1, the absorption
occurs in quite a narrow spectral range (1000 — 1150
cm 1), while the spectra reveal a high-frequency tail
for samples obtained at higher P, which indicates the
presence of a longitudinal vibration mode of the Si—O
bond. These characteristic features allow us to make
conclusion that, at low pressures, we obtain SiO, films
with the low oxygen content, while, at higher P, we
obtain films that are close by content to silicon dioxide.
The oxygen content in the samples can be evaluated
by using the known function vy, for films obtained
by thermic spraying on silicon monoxide [11]. These
estimates give the following results:  ~ 1.2 (sample N
1) and ~1.8 (samples N 2 and N 3). The increase of
the oxygen content with pressure observed in the films
seems quite natural and indicates that, at high P, the
silicon particles sprayed from a target undergo strong
oxygenation.

Fig. 1,b shows the transmission spectra of the
films of type II obtained from a backward flux of
particles of the erosion jet. It can be seen that although
the shapes of the absorption bands are similar for
two samples, the values of vy.x are quite different,
namely, 1066 cm~! (sample N 4) and 1078 cm™!
(sample N 5). These facts indicate that both films
have the SiO, composition, but the doping with gold
helps the formation, at equal other conditions, of
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silicon oxygen films of the almost stoichiometric
composition. Indeed, the estimate of the oxygen content
in these samples gives the values x ~ 1.8 and 2 for
samples N 4 and N 5, respectively.

The data on the structure of SiO, films can be
obtained from the deconvolution of the main absorption
band. The example of such a deconvolution is presented
in Fig. 2, and the parameters of elementary lines
are given in the table. It should be noted that the
deconvolution results were almost the same for both
the model of a uniform SiO, phase and the model of a
mixture of the SiO, and SiO2 phases. For films of type I,
the main band is composed of 4—6 profiles corresponding
to shear and longitudinal stretching vibrations of
bridging oxygen in Si—O,—Sis—, complexes. With
increase in the oxygen concentration in a vacuum
chamber, the share of vibrations corresponding to the
bridging oxygen in Si-O3—Si and Si—04 complexes also
increases. In these films, Si—0—Si3 complexes disappear,
and the share of Si—0,—Si> complexes essentially
decreases.

For the films of type II doped with gold, a
characteristic feature is a noticeable increase of the
content of vibrations related to the bridging oxygen
incorporated in Si—QO4 complexes. On the basis of a
significant increase of the share of the 1094-cm~! band,
we can conclude that the dominant share in the SiO 5
phase in these films is created by 6-fold rings of Si—QOy4
tetrahedra, which should relax mechanical stresses and
reduce the number of electrically active defects [12].

The shape of absorption bands of the films of type
I is essentially different from that of the films of type
IT. In the latter case, the high-frequency tail is more
pronounced (Fig. 1,a,b). This fact deserves a more
detailed discussion. At present, the high-frequency tail
of the absorption band related to stretching vibrations
of oxygen atoms in Si—O—Si “molecules” is usually
attributed to a longitudinal mode of optical phonons in
films of the silicon-oxygen phase [6, 13, 14]. However,
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Fig. 2. Example of the optical density spectrum deconvolution into
Gaussian profiles for sample N 5

such phonons appear in the film-substrate system only
in the case where the electric field vector of a light wave
has a component normal to the film plane [15]. That
is, the ray should be directed at an angle to the film.
In our experiments, the spectra were measured at the
normal incidence of light onto samples. Therefore, the
appearance of longitudinal phonons can be explained by
light scattering by various inhomogeneities of the film,
in particular, by pores.

Earlier investigations of a surface morphology of
films with the use of atomic-force microscopy (AFM)
revealed its dependence on deposition conditions [3].
The surfaces were found to present nanograin complexes
which were strongly inhomogeneous for the films of type
I and were composed from clusters of lateral dimensions
of 100—300 nm and with a broad dispersion in height,
spreading from 1.5 to 13 nm. The films of type II
were characterized by a more homogeneous surface and
smaller average grain sizes, but these films also revealed

Parameters of elementary lines of IR absorption of the SiO; barrier phase of Si/SiO; films

Line | Maximum position, cm~1! | Half width, cm~1! | Vibrational mode | Structural component | Content of structural component, %
Samples N
11 271 371 47 5
1 100542 48+2 TO Si—0—Si3 23 — — — —
2 103343 44+3 TO Si—02—Sis 40 6 11 11 5
3 105343 55+2 TO Si—0j — 14 14 6 8
4 106742 50+2 TO Si—03—Si 20 40 39 26 21
5 109443 54+2 TO Si—0j3* 17 17 10 19 29
6 1145+3 55£2 TO Linear fragment — 9 13 19 21
Si—0O—Si
7 120043 62+3 LO Si—02—Sia — 14 13 19 16
N ot e. * — 4-fold rings; ** — 4- and/or 6-fold rings of SiO4 tetrahedra of the SiO» phase.
ISSN 0508-1265. Ukr. J. Phys. 2005. V. 50, N 6 585
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Fig. 3. Time-resolved PL spectra of nanocomposite Si/SiO; films:
a — type I, samples N 2; b — type II (samples N 5)

pores. The films of type II doped with gold had the bigger
grains at the surface, but the film roughness was the
same. Taking into account the results of the AFM study
of the film structures, the appearance of longitudinal
phonons in the IR transmission spectra for the films of
type I can be related to a wider dispersion of grain sizes
and to the grain clusterization, while to the presence of
pores for the films of type II.

The results of the band deconvolution correlate with
a shift of the total absorption band to the high-frequency
region, which can be observed in Fig. 1,a,b by comparing
the data for all samples.

Among films deposited from a direct flux of particles
of the erosion jet, only samples N 2 obtained at the
optimal oxygen pressure P=6.5 Pa revealed visible PL.
The PL spectrum of samples N 2 was located in the
energy range 1.4—3.0 eV, and PL relaxation times were
less than 50 ns (Fig. 3,a). All films of type II deposited
from the backward flux of particles of the erosion jet
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also revealed visible PL. The spectrum of samples N 4
(non-doped) was in fact the same as that of samples N 2.
At the same time, in samples N 5 (doped with gold), the
PL intensity strongly increased, and the relaxation times
increased by three orders of magnitude and reached tens
of microseconds. These samples also exhibited a low-
energy band at 1.6 eV (Fig. 3,b) [4, 5].

Thus, it is shown that the increase of the PL intensity
and the relaxation time and also the PL red shift
correlate with the composition change of the barrier
Si0O, phase from the weakly oxygenated molecular
silicon-oxygen complexes to the strongly oxygenated
ones. The strongest PL is observed in the films doped
with gold, in which the barrier layer has almost
stoichiometric composition with a dominated content
of 6-fold rings of SiO4 tetrahedra, which provides the
highest potential nc-Si/SiOy barrier and, in addition,
strongly decreases the concentration of electroactive
defects related to non-radiative recombination.
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[Y-COEKTPOCKOIIISI BAP’€PHOI
OABU POTOJIIOMIHECIHEHTHUX
HAHOKOMITIO3UTHUX IIJIIBOK Si/SiO,

L.I1. Jlicoscvruti, B.I. Jlumosuenxo, /I.0. Ma3yros,
E.B. Kazanosuy, I.M. Kizax, E.I. Mawnotinos

Pe3smowme

IIposeneno BumiproBamus I[Y-crmekTpiB NOpOmyCKAHHS Ta IPO-
aHa/1i30BaHO (DOPMHU CMYT, gKi BiANOBIJAIOTH BAJIEHTHUM KOJIH-
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BAaHHSAM MICTKOBOIO KHCHIO B HAHOKOMIIO3UTHHX ILTiBKax Si/SiOg,
OZIepPKAHUX IMITYJIbCHUM JIA3ePHUM OCAJKEeHHsIM. BU3Ha4eHO BMiCT
Mostekysipaux Kommekcis Si—Oy—Sis_y (1 < y < 4) B cTpyk-
Typuiit citii SiOz-miBok B 3asexHOCTI Big yMOB Ix popMmyBaHHs.
CriocTepiraeTbCsi KOpeJisiiist (DOTOJFOMIHECIIEHTHHX BJIACTUBOCTEMH

ILTIBOK Ta CKJAAY 1 CTpYKTypH 1x 6ap’epHOi das3u.
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