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Abstract. ncs-Si-SiO,:Sm structures formed by high-temperature air annealing of the SiO,
films doped with samarium during thermal co-evaporation in vacuum of silicon monoxide
and metallic Sm was studied. By measuring the spectra of photoluminescence (PL), it has
been shown that doping of SiO films with Sm stimulates their decomposition into Si and
SiO,, and also reduces the transition temperature of silicon nanoparticle from the
amorphous state to the crystalline one. With an increase in the impurity content up to
2 wt.%, along with the ncs-Si luminescence, the PL spectrum exhibits emission bands of
Sm** and Sm?* ions, which do not appear at a lower Sm concentration. The presence of
silicon nanocrystals in SiOy films doped with Sm and annealed at 970 °C in air has been
confirmed using Raman scattering spectra. A possible mechanism for interaction of
samarium ions with the SiO, matrix and ncs-Si has been discussed.
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1. Introduction

Silicon-oxide nanocomposites (ncs-Si—SiO,, where ncs-Si
— amorphous or crystalline silicon nanoparticles) doped
with lantanide (Ln) ions are of particular interest due to
their promising application in modern photonic, opto-
electronic, photovoltaic etc. devices that are compatible
with mainstream microelectronic processing technology
[1-6]. This is due to the fact that Ln ions in these
structures display sharp or broad emission bands in the
ultraviolet, visible and near-infrared spectral ranges. The
absorption cross-section of ncs-Si exceeds that of direct
excitation of Ln ions by almost three orders of magnitude
[7, 8]. Accordingly, the ncs-Si—SiO, structures doped
with lantanide ions can take advantage of the energy
transfer from Si-nanoclusters to doping ions.

Most of the studies have been carried out on the
ncs-Si-SiO, structures doped with Er (see, for example,
reviews [2, 3, 6]), and a number of works have been
devoted to studying the luminescence properties of the
structures doped with Th [9-12], Nd [13-17], Ce [18-
20], Tm [21, 22], Eu [23], Sm [24]. ncs-Si-SiO, based
nanocomposites doped with samarium are among the
least studied ones. However, in our opinion, more
attention should be paid to the formation and properties
of ncs-Si-SiOy structures doped with samarium, as well
as the relationship between the emission characteristics

of samarium ions and the structure of the nano-
composites. As reported, in ncs-Si-SiO,:Sm  structures
prepared using the oxygen annealing of the films
obtained by the radio-frequency sputtering of the solid Si
target partially covered with a layer of Sm,03, samarium
ions can take both 3" and 2" valence state [24]. It is
known that emission spectrum of Sm®* ions includes
groups of lines within the range of 550...720 nm due to
transitions from the Gz, excited state to the ®Hs,, *Hyp,
®Hgy,, and ®Hyy, levels [25]. Also, in some cases emission
near 550...560 nm can be caused by the transition from
the Gy, to the °Hg, level [26]. The luminescence
spectrum of Sm?**-doped phosphors usually consists of
intense narrow lines within the range from 680 up to
830 nm attributed to °Dy — 'F; (j = 0,1,...4) transitions in
the 4f° configuration and one 4f >5d*-4f° broad band [27,
28]. Thus, doping with samarium allows large variability
in the emission spectrum of the resulting phosphors.
Several authors have reported on the effects of
metal impurities on the thermally stimulated decom-
position of SiO,, as well as on formation and crystalliza-
tion of silicon nanoparticles in an oxide matrix [29-33].
In particular, the authors [32] demonstrated the
stimulating effect of Er impurity on the nucleation and
growth of Si nanocrystal during thermal treatment of
SiO,:Er films deposited using reactive sputtering in
Ar/O, atmosphere of a silicon target partially covered
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with metallic Er. The authors [34-36] found that air-
annealing of SiO,:Er,F films obtained by co-evaporation
of SiO and ErF; results in more intense crystallization of
a-Si nanoparticles and more perfect structure of the oxide
matrix as compared to the similar annealing of evapo-
rated SiOy films. This dictates the need to study the effect
of doping with samarium on the thermally stimulated
decomposition of SiO,, formation and crystallization of
silicon nanoparticles in the oxide matrix.

In this work, the effect of samarium on the ther-
mally stimulated decomposition of SiO, during high-tem-
perature annealing, formation of ncs-Si and their crystal-
lization was studied by measuring the photoluminescence
(PL) and Raman scattering (RS) spectra. A possible
mechanism of thermally stimulated interaction of Sm
ions with the SiO, matrix and ncs-Si has been discussed.

2. Experimental procedure

The studied SiO,:Sm structures were obtained using
thermal co-evaporation of silicon monoxide (Cerac Inc.,
Milwaukee, Wisconsin, USA) and metallic Sm powders
in a vacuum of ~107° Pa onto silicon wafers and sapphire
substrates in a vertical evaporation geometry. The
evaporation rate was monitored in situ by using two
calibrated quartz microbalance. The Sm concentration in
the samples varied from 0.8 up to 2.0 wt.%. The
reference SiO, films were deposited under the same
conditions. The thickness of the obtained samples was
measured after deposition using an MII-4 micro-
interferometer and was 300...400 nm. Thermal treatment
of the films after deposition was carried out at 500, 700
and 970 °C for 30 min in a silica furnace in air. As a
result, the phase decomposition of the non-stoichiometric
silicon oxide and the growth of ncs-Si in the oxide matrix
occur.

The PL spectra were excited by linearly polarized
laser diode radiation (wavelength 405 nm) at almost
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Fig. 1. Photoluminescence spectra of the SiO,:Sm film with the
Sm concentration of 0.8 wt% on the c-Si substrate:
after deposition (1) and after annealing in air for 30 min at
500 (2), 700 (3), and 970 °C (4). Excitation by radiation with
A =405 nm.

normal incidence on the surface of the samples. The
emitted light was collected in the direction normal to the
surface by using focusing lenses on the entrance slit of a
ZMR-3 monochromator (spectral resolution ~1.2 nm for
the 10-um slit within the investigated wavelength range
from 500 up to 1100 nm). The FEU-62 photomultiplier
and a 232B synchronizing nanovoltmeter were used to
record the PL signal. The PL spectra were measured at
room temperature, and the spectral response of the
detection system was corrected using the spectrum of a
standard tungsten lamp. The structural characteristics of
the samples were studied by analyzing the Raman spectra
at room temperature. RS were excited by emission of Ar*
laser (wavelength 457 nm) and recorded using a Horiba
Jobin-Yvon T-64000 Raman spectrometer coupled to a
high-sensitive CCD.

3. Results and discussion

Fig. 1 shows the PL spectra of SiO4 films on c-Si
substrates with the samarium concentration 0.8 wt.%:
as-deposited (1) and annealed at 500 (2), 700 (3) and
970°C (4) for 30 minutes. The film without heat
treatment (as-deposited) exhibits relatively weak PL
emission with a maximum at about 560 nm, which is
most likely associated with structural defects. After
annealing at 500 °C, a significant increase in the PL
intensity of the film is observed. Its emission in visible
range spectrum is described by a wide non-elementary
band as shown in Fig. 1 by curve 2. An increase in the
annealing temperature (T,,) up to 700 °C causes some
decrease in the PL intensity and a red shift of the band
(Fig. 1, curve 3). Decomposition of this spectrum into
three component bands using Gaussian functions is
shown by dashed curves 3-1, 3-2 and 3-3. The PL
emission of the short-wavelength band (curve 3-1) is
usually associated with recombination on oxygen
dangling bonds (nonbridging oxygen hole centers,
NBOHCs) of the SiO, matrix [37]. The emission
spectrum presented by the curve 3-2 can be interpreted as
the luminescence of amorphous silicon nanoclusters,
which are formed in SiO, films at medium annealing
temperatures (T, < 900 °C) and emit within the range
700...750 nm [38, 39]. The long-wave band represented
by the curve 3-3 has a characteristic peak centered at
840 nm. The origin of this peak is usually associated with
exciton recombination inside crystalline ncs-Si due to
quantum confinement [40]. With a further increase in Ty,
to 970 °C (curve 4), a noticeable increase in the intensity
of this PL band is observed, and the short-wave band due
to NBOHCs completely disappears.

The luminescence spectra of the SiO,:Sm samples
with the Sm concentration 1.5 wt.% are shown in Fig. 2.
After annealing at T,,= 500 °C, the PL spectrum clearly
shows the band with its maximum at 630 nm (curve 1),
and at T,, = 700 °C, two overlapping bands appear with
their maxima at 720 and 880...890 nm (curve 2).
As mentioned above, these bands are associated with
recombination of non-equilibrium carriers or excitons
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Fig. 2. Photoluminescence spectra of the SiO,:Sm samples with
Sm concentration of 1.5 wt.% on the c-Si substrate after
annealing in air for 30 min at 500 (1), 700 (2) and 970 °C (3).
Excitation by radiation with A = 405 nm. The curve 4:
PL spectrum of non-doped SiO, film annealed under the same
conditions at 970 °C.

in amorphous and crystalline silicon nanoparticles or at
their surface. When T,, increases to 970 °C, an increase
in the intensity of the long-wave PL band is observed
(Fig. 2, curve 3). It indicates that the amount of
nanocrystalline silicon in the SiO,:Sm film also increases
after annealing at a higher temperature. It should be
noted that the Gaussian shape of this band and the
spectral position of its maximum are close to the
characteristics of the PL band observed in SiO, films
annealed at T,, > 1100 °C in argon atmosphere [41].

For comparison, Fig. 2 also shows the PL spectrum
of the SiO, film without samarium on the c-Si substrate
after annealing under the same conditions at 970 °C
(curve 4). The spectrum of the undoped SiO, film covers
the range from 650 up to 1050 nm, which corresponds to
the luminescence of amorphous and amorphous-crystal-
line silicon nanoclusters. The emission of the SiO, film
annealed in air is weaker than the PL of the SiO,:Sm film
annealed under the same conditions. It indicates that the
samarium impurity stimulates decomposition of silicon
suboxide and formation of silicon nanoparticles during
high-temperature annealing. As seen in Figs 1 and 2,
PL within the range 840...900 nm, which indicates the
presence of silicon nanocrystals, is observed after
annealing the SiO,:Sm samples at 700 and even 500 °C.
It indicates that the samarium impurity stimulates not
only decomposition of SiO, and formation of ncs-Si, but
also promotes crystallization of amorphous silicon
nanoparticles at lower annealing temperatures.

In the luminescence spectra of SiO4:Sm films with a
high impurity content (2 wt %), along with the PL band
of nanosilicon, emission bands of samarium ions (Sm**
and Sm?*) appear, too. Fig. 3 shows the PL spectra of
such a film before and after annealing at 500 and 970 °C.
In the non-annealed film, against the background of a
weak PL signal, two bands with the maxima at 550 and
725 nm are observed (curve 1). These bands correlate

well with the spectral position of the emission bands of
Sm* and Sm®* ions in a glassy matrix [42]. In the film
under study, the 550 nm band is close to the 560-nm
emission band of Sm*®* ions, which corresponds to the
4f-4f shell transition of the samarium from the excited
state to the ground state (“Gs;, — ®Hsy). In contrast to
Sm®" ions, the main emission bands of Sm?* ions are
somewhat redshifted. At room temperature, the 724 nm
band usually appears, which corresponds to 4f° 5d'-4f°
shell transition of samarium from the excited state to the
ground state "Dy — 'F,) [42, 43]. The spectral position
of this band is in good agreement with the maximum of
the PL band in the unannealed film at 725 nm (curve 1).
Its large halfwidth is caused by the strong coupling of 5d
electrons with lattice vibrations and the thermal
population of the excited 4f°5d level. The density of
states of the excited level of Sm®* ions is higher as
compared to the 4f-4f levels of Sm* ions, so the
excitation spectrum of Sm*" ions is much wider (the
visible to ultraviolet band) [42, 43]. The source of
excitation of all photoluminescence spectra used in the
work was a laser diode with the emission wavelength
405 nm, corresponding to the absorption bands of Sm®*
and Sm?* ions [44, 45].

After annealing the samples at T,, = 500 °C, the
luminescence intensity noticeably increases, and its
spectral composition covers the visible and near-IR
spectral ranges (Fig. 3, curve 2). Decomposition of the
PL spectrum into component bands (not shown) and their
analysis enabled to associate these bands with formation
of amorphous and amorphous-crystalline silicon nano-
composites. The luminescence bands of silicon nano-
composites, as well as the emission bands of Sm*" and
Sm** ions, are located in the orange-red region of the
spectrum and overlap with each other, which somewhat
complicates their identification. However, the presence
of two shoulders at ~545 and ~600 nm on the short-wave
side of the PL spectrum can be associated with mani-
festation of bands at 560 and 600 nm due to radiative

10

12

o
™

PL intensity (arb. un.)
PL intensity (arb. un.)

o
~

800
Wavelength, nm

1
700

Fig. 3. Photoluminescence spectra of the SiO,:Sm samples with
the Sm concentration of 2 wt.% on the c-Si substrate:
as-deposited (1) and after annealing in air for 30 min at 500 (2),
and 970 °C (3). Excitation by radiation with A = 405 nm.
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transitions in  Sm* ions (*Gsp — °H;, j=5/2, 712,
respectively). The curve 2 also clearly shows a narrow
peak at 725 nm and the shoulder at 780 nm, position of
which correlates with the emission bands of Sm** ions at
728 and 766 nm [24].

Annealing of SiOy films with 2 wt.% Sm (as well as
samples with a lower impurity content) at 7, = 970 °C is
accompanied by the transition of a significant part of
silicon nanoparticles from the amorphous state to the
crystalline one and the corresponding change in the PL
spectrum. As a result, the radiation of amorphous
nanosilicon is noticeably attenuated, and a broad band
appears in the IR region of the spectrum with its
maximum at ~910 nm for SiO, films with 2 wt.% Sm, as
shown in Fig. 3. Moreover, due to the transition of
nanosilicon from the amorphous state to the crystalline
one and the weakening of the PL signal in the orange-red
range, the emission of Sm®* and especially Sm?* ions
becomes more pronounced. It can be seen that, after
annealing, the position of the bands maxima at 725 nm
and at 550 nm does not change, but the ratio of their
intensities changes (Fig. 3, curves 1 and 3). It is known
that the °Dy — 'F, electric dipole transition (~725 nm) is
a very sensitive to ligand field and is often used as a
sensitive probe of the electronic and structural properties
of the host material [46, 47]. But the “Gs, — °Hgp
magnetic dipole transition corresponding to the ~550 nm
band is weakly sensitive to structural changes in the
environment of Sm®* ions [48]. Therefore, the observed
change in the intensity ratio of the bands can be due to a
change in the chemical composition of the Sm ions’
environment during annealing.

If we consider the dependence of the luminescent pro-
perties of SiO,:Sm samples on the impurity concentration,
we can note the following features. In samples annealed
at 970 °C with an increase in the content of samarium
from 0.8 to 2 wt.%, the shift of the maximum of the PL
band of nanocrystalline silicon from 840 to 910 nm is
observed. The PL intensity also changes: first it increases
with an increase in the samarium concentration, and then
decreases. The highest integrated PL intensity is
observed in films with the Sm content close to 1.5 wt.%.

As the impurity content increases to 2 wt.%, along
with the ncs-Si luminescence, emission bands of Sm**
and Sm?* ions appear in the PL spectrum, which, as seen
from Figs 1 and 2, do not appear at a lower Sm content.
It is known that in homogeneous matrices (crystals,
glasses) the luminescence intensity of lanthanide ions is
directly proportional to their concentration up to the
onset of concentration quenching [43]. But we observe
the threshold character of samarium ions PL. It indicates
that a significant fraction of samarium ions in the
SiO«:Sm structures is in the radiatively inactive form.
The physical mechanism of such a concentration depen-
dence of samarium impurity PL remains to be elucidated.
It can be assumed that this is due to the heterogeneous
nature of the matrix, which consists of silicon oxide and
silicon inclusions. Therefore, a non-uniform distribution
of samarium ions can be expected, and at lower ion

concentrations, their predominant fraction is in the
regions that contribute to the quenching of their glow (for
example, they passivate the ncs-Si surface).

The traditional method for detecting nanocrystalline
silicon in annealed SiOy films is Raman spectroscopy.
Fig. 4 displays the 460...560 cm™ frequency range of the
Raman spectrum of the annealed at 970 °C SiO,:Sm film
with Sm concentration of 1.5wt% on a sapphire
substrate. In this frequency range, there are no lines
characteristic of the Raman spectra of the sapphire
substrate, which simplifies the processing of the obtained
experimental data. At the same time, as it is known, the
vibrational spectra of optical phonons (their transverse
modes) corresponding to the amorphous (~480 cm™) and
crystalline (~521 cm™) phases of silicon should be located
in this frequency range. Deconvolution of the Raman
spectrum showed that it consists of two Gaussian bands
(dashed curves in Fig. 4). The first is a relatively sharp
(halfwidth 12 cm™) band centered at the frequency
525.3 cm™ (curve 1). Its presence confirms the results of
luminescent measurements indicating the presence of
silicon nanocrystals in the annealed film. Due to the size-
induced confinement in Si nanocrystals, a red shift of the
phonon band relative to the bulk phonon frequency of Si
(521 cm™) should be observed [49]. However, in our
case, there is a blue shift with respect to the phonon
frequency of the Si macrocrystal. Mechanical strain or
stress can affect Raman mode frequencies. The total shift
towards higher frequencies indicates the existence of
strong compressive stresses in Si nanocrystals, which act
in the direction opposite to the phonon confinement
effect [50]. Similar blueshifted Raman spectra of Si
nanocrystals were observed in SiOy:Er,F films on sap-
phire substrates, which were also annealed in air [39]. In
such samples, all three possible contributions to the total
stress (external stress, intrinsic stress, and thermal stress)
for Si nanocrystals are of a compressive nature [39].

6200
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Raman intensity (arb. un.)

500 520
Raman shift, cm™

Fig. 4. Raman spectrum of the SiO,:Sm sample with the Sm
concentration of 1.5 wt.% on the sapphire substrate after
annealing in air for 30 min at 970 °C (dots — the results of
experiment). The red line (3) is the result of superposition of
the Gaussian curves 1 and 2.
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The second band in the Raman spectrum has a
maximum at 508.3 cm™ and the halfwidth of 32 cm™
(curve 2). The Si phonon frequencies within the range
495...510 cm™ have been attributed to the interface of
smaller size silicon nanocrystals and SiO, matrix [51]. At
the same time, we do not observe a signal from the a-Si
TO mode. This indicates the absence of a clearly defined
amorphous silicon phase (possibly, non-crystalline
silicon is in a strongly dispersed form). Its absence is also
indicated by the luminescence spectrum (not shown) of
the same films, in which the PL band characteristic of
amorphous silicon is absent.

The above studies have shown that doping of SiO,
films with metallic samarium stimulates decomposition
of silicon suboxide, formation and crystallization of sili-
con nanoparticles in the oxide matrix. In particular, the
impurity lowers the transition temperature for conversion
of silicon nanoparticles from amorphous to crystalline
state. Similar results were obtained for SiO, films doped,
for example, with nickel [29], tin [31], erbium [32],
aluminum [33], and ErF; [34-36]. It can be assumed that
the mechanism of samarium-induced decomposition of
SiO, also includes the oxidation of the impurity Sm atoms
by oxygen of the oxide matrix. When Sm interacts with
oxygen of weakly oxidized molecular clusters of the SiO,
layer, such as Si—(OSis3), for example, the latter can lose
oxygen, which leads to a local increase in the Si concent-
ration in the SiO, matrix and stimulates formation of ncs-
Si. It has been ascertained that samarium not only accele-
rates formation of ncs-Si, but also participates in the passi-
vation of their surface. We suppose that the passivation
of dangling bonds in SiO,:Sm films occurs in the oxide
shell surrounding ncs-Si due to Si-O-Sm binding.

4, Conclusions

Thus, the effect of the samarium impurity and its
concentration on formation of nanosized silicon in films
of amorphous suboxide has been studied. By measuring
the PL spectra, the influence of the samarium impurity on
the acceleration of thermally stimulated decomposition of
SiO,:Sm films into silicon and silicon oxide, as well as
the acceleration of crystallization inherent to the formed
amorphous silicon nanoparticles, has been ascertained.
The presence of crystalline silicon nanoparticles in SiOy
films doped with samarium and annealed at 970 °C is
confirmed by the Raman spectra. It has been assumed
that the mechanism of stimulation of SiO, decomposition
during annealing is due to the reaction of Sm atoms with
oxygen of the oxide matrix, which leads to a local
increase in the concentration of Si-Si bonds and
nucleation of silicon particles near impurity atoms.
Passivation of the ncs-Si surface due to Si-O-Sm bonds
significantly slows down their additional oxidation with
atmospheric oxygen during annealing in air.

In the samples with the impurity content close to
2 wt.%, along with the luminescence of ncs-Si, the
emission bands of Sm®*" and Sm?* ions appear in the PL
spectrum. The concentration dependence of these bands
exhibits threshold character: PL of samarium impurities
does not appear at lower Sm concentrations.
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JlromiHeceHTHI Ta PamMaHiBChKi J0CTiKeHHS CTPYKTYP, copMoBaHUX NpH Binnaui miaiBok SiO,:Sm
K.B. MuxaiinoBcbka, 1.3, InnyTHuii, I1.€. leneasisuii, M.B. Coninchkuii, B.A. lanbko, B.O. IOxumuyk

AHotanis. J[ociiKeHO BIUTUB JOMIIIOK camapilo Ha MPOIECH BHUCOKOTEMIIEPATypHOTO PO3Kiamy B TumBKax SiOy,
JIETOBAHWX CaMapieM IIiJ Yac TEPMITHOTO CIIIBBHIIAPOBYBAaHHS y BaKyyMi MOHOOKCHIY KPEMHIIO0 Ta METaJIeBOTO Sm.
Bucokoremneparypuuit Bimman miaiBok SiOy:Sm B atmocdepi moBiTpsS mpHBOANTH 0 (OPMYBaHHS CTPYKTYp
ncs-Si-SiOy:Sm. Hlnsixom BuBueHHsI cnekTpiB QoromrominecueHuii (DOJI) Hanokommo3uTiB ncs-Si-SiOy:Sm Gyso
MOKa3aHo, 1110 JieryBaHHs ITiBOK SiOy camapieM mpuckoproe ix po3nan Ha Si i SiO, npu TepMIYHOMY Biamai, a TaKoX
3HMKY€E TEMIEpaTypy Nepexoay HAaHOYACTHHOK KPEMHIIO 3 aMOpP(HOT0 CTaHy y KpUCTaliuHUH. 31 3017bLICHHSIM BMICTY
gomimok Sm y Ncs-Si-SiOy:Sm g0 2 mac.%, nopsxa 3i GJI, HoB’s13aHO0 3 HAHOYACTHHKAMH KPEMHII0, y crekTpi dJI
LMX CTPYKTYp 3’SIBISIOTHCS CMYTH BHIPOMiHIOBaHHs iomiB Sm®" Ta Sm®*, siki He CHOCTepiralOThCS MPH MEHIIHX
KOHIeHTpamisx Sm. HasBHicTh HaHOKpHUCTANIB KpeMHito y TutiBKax SiOy, seroBanux Sm i Bigmanenux mpu 970 °C y
MOBITPi, MIATBEPHKEHO CHEKTPaMU KOMOIHAIIIIHOTO po3citoBaHHs . OOrOBOPEHO MOMIIMBUI MEXaHi3M B3a€MOJIi1 10HIB
camapiro 3 marpuiero SiOy i ncs-Si.

Ku104oBi cj10Ba: HAHOYACTUHKH KPEMHII0, HAHOKOMIIO3UTH KPEMHIIO, PiTKO3eMENbHI eJIEMEHTH, (POTOFOMIHECTICHITIS,
cnexkrpu KPC, camapiid.
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