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Light Emission From Hydrogenated and
Unhydrogenated Si-Nanocrystal/Si Dioxide
Composites Based on PECVD-Grown
Si-Rich Si1 Oxide Films

David Comedi, Othman H. Y. Zalloum, Jacek Wojcik, and Peter Mascher

Abstract—Hydrogenated and unhydrogenated Si-nanocrystal/Si
dioxide (Si-nc/SiO2) composites were obtained from Si,0,_,
(y = 0.36, 0.42) thin films deposited by plasma-enhanced chem-
ical vapor deposition. The unhydrogenated composites were fab-
ricated by promoting the Si precipitation through the thermal an-
nealing of the films in the flowing pure Ar at temperatures up to
1100 °C. The hydrogenated composites were obtained from identi-
cal films by replacing the Ar with (Ar 4+ 5% H>) in the annealing
step. The photoluminescence (PL) of the composites was studied
as a function of the annealing temperature (7°), annealing time,
and pump laser power. The PL intensity increases with increasing
annealing temperature and time; however, it increases faster and
attains several hundreds percent larger values when the anneal-
ing is performed under (Ar 4+ 5% H) as compared to the an-
nealing under pure Ar. Fourier-transform infrared spectra show
that H in these hydrogenated samples incorporates mainly as Si—
H bonds. The dependence of the PL spectra on y, T, and laser
power are consistent with the assumption that light emission in
both the hydrogenated and unhydrogenated Si-nc/SiO> compos-
ites originates from the bandgap transitions involving the electron
quantum confinement in the Si-ncs. The PL spectra from the hy-
drogenated films are skewed to the red as compared to those from
the unhydrogenated ones. The bulk of the data indicates that H
passivates the nonradiative recombination centers, most probably
Si dangling bonds in disordered Si-nc/SiO- regions, thus increas-
ing the number of Si-ncs that contribute to the PL and modifying
the distribution of the emission wavelengths.

Index Terms—Nanotechnology, photoluminescence (PL),plasma
chemical-vapor deposition (CVD), semiconductor films, silicon.

1. INTRODUCTION

HE fabrication of the light sources from Si has proven to
be the major challenge in Si photonics [1]. This is mainly
due to the poor emission efficiency of bulk Si, which, in turn,
is a consequence of its indirect bandgap. The use of the con-
ventional ITII-V material light emitters in Si-photonic integrated
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systems has so far circumvented this problem [2]. Such an ap-
proach, however, relinquishes the most important appeal of the
Si-photonics technology, namely the use of fully CMOS com-
patible processes at every fabrication stage. Indeed, the develop-
ment of a Si laser would allow economical and mass production
of the monolithically integrated optoelectronic on-a-chip sys-
tems. It is in the recognition of this fact that much work on the
Si light sources has been done in recent years [3]-[6]. Signifi-
cant achievements have been obtained albeit the field is still far
from having reached maturity.

A promising line of research concentrates on the lumines-
cent Si nanostructures such as porous Si (PS) obtained by the
anodic wet etching of Si wafers [7]. Pioneering efforts showed
light emission in PS to be consistent with the quantum confine-
ment (QC) effect in Si nanocrystals (Si-nc), which are known
to be produced in the etching process [8]. The luminescence
efficiency from PS, however, was shown to degrade with time
as a result of the buildup of a native oxide at the Si-nc sur-
faces that replaces the Si—H bonds originally present in the
as-etched material [9]. This triggered a considerable amount of
research on several alternative methods to synthesize Si-ncs. An
interesting technique, which is fully CMOS compatible, takes
advantage of the well-known good passivation and stability of
the Si/SiO, interface by dispersing the Si-ncs in an amorphous
SiO9 matrix [10], [11]. Such an Si-nc/SiOs composite can be
easily obtained by promoting the decomposition of the substo-
ichiometric Si oxides (Si, O;_,, where y > 1 /3) into SiO5 and
elemental Si phases through thermal annealing above 900 °C.
Metastable Si, O;_, films, in turn, can be obtained by the ion
implantation [10] of Si into silica or by the vapor deposition
methods [11], [12]. The phase separation process, the evolu-
tion of the amorphous Si oxide, the precipitation of Si, and
the formation of Si-ncs have been studied in considerable de-
tail [13]-[16]. The Si-nc mean size increases with increasing
excess Si concentration, annealing temperature, or annealing
duration. Efficient photoluminescence (PL) in the visible region
has also been observed in these materials, which appears as Si-
ncs are formed [15]-[18]. The dependence of the PL intensity
and energy on the Si-nc mean size supports the hypothesis that
as in PS, QC plays a major role in the emission process in these
materials. However, studies have indicated that the details of
the recombination mechanisms are strongly influenced by the
electronic states in the Si-nc/SiO- interface region [19]-[21],
which is not sharp in structure and composition. Si dangling
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bonds (dbs) were found to be the major luminescence killers
due to their large electron—hole capture cross section [22]. The
passivation by H of these dbs was demonstrated; however, it has
been argued that H could produce additional chemical changes
at the Si-nc/SiO- interface [23], [24] or promote the formation
of siloxene [25].

The effects of H on the PL from the Si-nc/SiOs compos-
ites have been studied mostly for materials obtained from the
Si, O;_, films synthesized by the ion implantation [26]-[31].
In most cases, the incorporation of H was found to yield a sig-
nificant increase of the PL intensity, which was ascribed to the
passivation of the Si dbs. Few authors, however, reported on
other effects induced by H, such as the spectral redistribution
of the PL, and some possible explanations for this effect have
been put forward [31].

In this paper, we compare the behavior of the PL intensity as
a function of the annealing temperature, annealing time, and op-
tical pumping power for the hydrogenated and unhydrogenated
Si-nc/SiO; samples prepared from the Si, O;_, films deposited
by electron cyclotron resonance plasma-enhanced chemical—
vapor deposition (ECR-PECVD). The PL measurements are
complemented by the Fourier-transform infrared (FTIR) spec-
troscopy and elastic recoil detection analysis (ERDA) to obtain
information on the H incorporation.

II. EXPERIMENTAL DETAILS

The Si, O;_, films were deposited on the single-side polished
c-Si(1 0 0) substrates held at 120 °C using an ECR-PECVD sys-
tem described elsewhere [32]. For the FTIR study, some of the
films were deposited on the double-side polished c-Si(1 0 0)
substrates. The thickness of the films was around 2 pm and
the y values were 0.36 and 0.42 [33]. The annealing of the
films was performed in a quartz tube furnace under either Ar or
(Ar + 5% Hs) atmospheres for time ranging from 30 minto 3 h
and at temperatures up to 1100 °C. At the end of the annealing
runs, the samples were slowly transferred to a lower temperature
region in the furnace while keeping the same annealing atmo-
sphere until they attained the room temperature. This cooling
procedure took 15 min. The PL measurements were carried out
at room temperature using the 325 nm line of a He—Cd laser
and an Ocean Optics spectrometer with the maximum incident
effective power of ~0.64 W/cm?. All the PL spectra were cor-
rected for the detection system response. The laser pump power
dependence of the PL was determined by repeating the measure-
ments with the incident laser power attenuated by the neutral
density filters. The ERDA measurements were performed at the
University of Western Ontario using a 1.6 MeV He™' beam.
FTIR measurements were performed in the transmission mode
between 4000 and 350 cm ™.

III. RESULT

A. Dependence of the PL on the Annealing Parameters

Fig. 1(a) shows the typical PL spectra obtained for the
Siy 01, (y = 0.36) films annealed in (Ar+ 5% H) at three
different temperatures (7°). Also shown is the spectrum from an
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Fig. 1. (a) PL spectra as obtained for the Si, O1_, (y = 0.36) 2-um thick
films annealed in the flowing Ar at 1100°C (4) and in the flowing (Ar +
5% Hz) at 900 °C (dotted line), 1000°C (dashed line), and 1100°C (solid
lines). The annealing duration was 2 h. (b) The data corresponding to the
sample annealed at 1100 °C in (Ar + 5% Hz) from (a) and compared with the
similar data obtained for a thinner (1-pm thick) film that was annealed under
identical conditions.

identical sample annealed in pure Ar at 1100 °C. The PL inten-
sities from as-grown films or from films annealed at 7" < 800 °C
are within the noise level and are not shown in the figure. The
weak modulation superimposed on the peaks shown in Fig. 1
is believed to be due to the multiple interference effects on the
reflectivity [34]. This has been particularly confirmed for the
sample annealed at 1100°C in the (Ar + 5% Hz) data. The
apparent “double-peak character” of this spectrum is an arti-
fact due to a small valley that occurs on the top of the peak,
which is probably just due to an interference dip that is partic-
ularly visible as it happens to be in a low-derivative region of
the spectrum (i.e., at its maximum). To confirm this, we have
repeated the annealing processes and measurements in a sim-
ilar Si, O;_, sample with a different thickness (1 pum instead
of 2 pm). The corresponding spectra for the 1100 °C annealing
in (Ar+ 5% Hz) are compared in Fig. 1(b). It can be noted
that no “double peak structure” is apparent for the 1-um thick
sample, although the annealing parameters were kept identical
to those used for the thicker film. The slight relative redshift of
the peak with respect to that for the thicker film is probably due
to a slightly different Si excess concentration achieved in this
particular PECVD growth. Hence, throughout this paper, we
refrain from making any strong argument based on the shapes
of the PL peak, except for the well-documented fact that the PL
peak widths are, in general, related to the relatively wide Si-nc
size distributions achieved by the kind of fabrication technique
used here [11].

Returning to Fig. 1(a), it can be seen that the annealing at
T =900 °C leads to a barely measurable PL intensity, which
increases abruptly as 7" increases to 1000 °C and 1100 °C. This
effect is accompanied by a slight redshift of the PL peak. Previ-
ous X-ray diffraction (XRD) studies in similar samples [14], [18]
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Fig. 2. Fully integrated PL intensity from the Si;,O1_, (y = 0.36) films
annealed at 1100 °C in the flowing (Ar + 5% Hz) (circles) and Ar (squares),
as a function of the annealing duration. The point at the origin corresponds to
the unannealed (as-grown) sample. The lines are guides to the eye.

have shown that the phase separation and the Si-nc formation
occurs in the same temperature range. Hence, the increase of
the PL intensity can, possibly, be associated with the formation
of an increasing number of Si-ncs. Furthermore, the mean Si-nc
size has also been shown to be an increasing function of 7,
presumably due to the increase of the Si diffusivity in the Si
oxide [14]. The slight redshift of the PL peak with the increas-
ing T' is consistent with the QC effect, which predicts a gradual
decrease of the Si-nc bandgap toward the value in the bulk Si as
the Si-nc mean size increases.

Fig. 2 shows the integrated PL intensity as a function of
the annealing time at 1100 °C for samples annealed in Ar and
(Ar 4 5% Ha). It can be seen that in both the cases, PL rapidly
increases from zero and tends to saturate for times above 4000 s.
Hence, it seems that the main effect of adding 5% Hs to the
annealing gas is in increasing the total PL intensity by a factor
of about 5, which depends weakly on the annealing time.

This weak time dependence is reasonable considering that the
amount of H incorporated in the films at 1100 °C is also expected
to be weakly dependent on time on the time scale of Fig. 2. This
is because the H diffusion length for this time scale, as estimated
from the effective H diffusivity [35] in SiO,, is much larger than
the film thickness of 2 um. The enhancement of the PL upon
H incorporation has also been observed in the Si, O;_, films
obtained by the Si ion implantation in SiO5 and annealed in
the gas formed and has been attributed to the passivation of
the nonradiative recombination centers, such as Si-dbs, by the
H atoms [26]—-[31].

The enhancement of the PL intensity in the samples annealed
in (Ar+ 5% Hy) is also observed [18] for the Si, O;_, films
with different values of y. The amount of the enhancement and
its spectral dependence are quantitatively different for differ-
ent compositions. Fig. 3 shows the enhancement ratio (ER),
defined as the ratio between the PL intensities from a sample
annealed in (Ar + 5% Hz) and that from the identical samples
annealed in pure Ar under otherwise identical annealing condi-
tions (1100 °C), for two different values of y and three different
annealing times.

1563

Enhancement ratio

0 Y T r v T T
600 650 700 750 800 850 900

Wavelength (nm)

Fig. 3. Enhancement ratio [the ratio between the PL intensity from a sample
annealed in (Ar 4 5% Hy) and that from an identical sample annealed in the
pure Ar under otherwise identical annealing conditions] as a function of the PL
wavelength for the Si, O1_, films. (a) y = 0.36. (b) y = 0.42. The annealing
temperature was 1100 °C and the annealing durations were 0.5 h (solid line), 1 h
(dashed line), and 3 h (dash-dotted line). The modulation of the lines is likely
due to the interference effects.
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Fig. 4. Enhancement ratio (as defined in Fig. 3) as a function of the PL
wavelength for Si, O1_, films with y = 0.36 at annealing temperatures of
900 °C (solid line), 1000 °C (dashed line), and 1100 °C (dash-dotted line). The
annealing duration was 2 h.

Fig. 3(a) and (b) shows that the ER increases with the increas-
ing wavelength. This result reflects the fact that, as reported in a
recent publication [33], the replacement of Ar by (Ar + 5% Ha)
in the annealing preferentially promotes emissions at longer
wavelengths. In addition, the ER for the sample with larger Si
content increases faster with the increasing wavelength, reach-
ing significantly larger ER values in the long wavelength range
as compared to y = 0.36. It is important to note, however, that
the overall PL intensity for the y = 0.42 sample is always sig-
nificantly lower than that for the y = 0.36 sample [33]. This is
consistent with what is expected from the QC, since for larger y,
larger Si-ncs are formed, which should lead to a reduced smear-
ing out of the excitonic wavefunctions and, therefore, reduced
bandgap transition probabilities.

Similar to Fig. 2, Fig. 3 also indicates that the annealing
time does not have a significant effect on the ER, except for
the longer wavelengths in the y = 0.42 sample. In this case, the
ERs decrease slightly with the increasing annealing time.
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Fig.5. (a) Normalized PL spectra as measured for different pump laser power

(L) for a Si, O1_, film with y = 0.36 annealed at 1100 °C for 3 h in pure Ar.
(b) Close-up view of the inset square region shown in (a). The spectral variation
trends with increasing L are indicated by arrows. The dashed line represents
the PL spectrum as measured with the full pump laser power.

Fig. 4 shows the spectral dependence of the ER for the sample
with y = 0.36 for various annealing temperatures. ER becomes
a more steeply increasing function of the wavelength as T’
increases. This indicates that the combined process of the Si-nc
formation by the Si precipitation and passivation by H of the
nonradiative recombination centers is significantly improved as
T increases. Also apparent from Fig. 4 is that the preferen-
tial activation of the long-wavelength emissions induced by the
annealing in (Ar + 5% Hs) occurs most significantly when T
reaches the value of 1100 °C.

B. Dependence on the Pump Laser Power

In order to gain some more insight in the PL. mechanisms, the
PL for samples annealed in the pure Ar and in (Ar + 5% Ha)
was measured as a function of the pump power. The normal-
ized spectra obtained for the sample with y = 0.36 are shown in
Figs. 5 and 6. Two main features can be noticed in these figures.
First, the PL spectral shape changes only slightly (but notice-
ably) with increasing L for the sample annealed in Ar (Fig. 5)
and more significantly for the sample annealed in (Ar + 5% Hs)
(Fig. 6). Second, in both the cases, these changes are character-
ized by a skew of the spectra to the blue as L increases. These
results indicate that the PL decay rate depends on the wave-
length in a way that is qualitatively similar, but quantitatively
different, for the samples annealed in (Ar + 5% Hs) as com-
pared to those annealed in Ar. As shown in the next section,
the overall behavior is consistent with a PL decay model for the
Si-ncs embedded in SiO».

C. H-Bonding in As-Grown and Annealed Samples

The full FTIR spectra for the samples considered here were
presented previously and the modes associated with the Si—O
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Fig. 6. (a) Normalized PL spectra as measured for different pump laser power
(L) for a Si, O1_, film with y = 0.36 annealed at 1100°C for 3 h in (Ar +
5% Ha). (b) Close-up view of the inset square region shown in (a). The spectral
variation trends with increasing L are indicated by arrows. The dashed line
represents the PL spectrum as measured with the full pump laser power. The
apparent double peak structure is an artifact due to a multiple interference-related
dip on the peak maximum regions.
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Fig.7. FTIR absorption spectra in the region of the Si—H bending mode for the

Siy 01 films. (a) y = 0.36. (b) y = 0.42. The general shape of the spectra
is dominated by a strong minimum associated with the interference fringes
due to the multiple reflections of the probe beam in the films. From fop to
bottom: (1) As-grown samples. (2) Annealed at 900 °C in (Ar + 5% Hz). (3)
Annealed at 1100°C in (Ar+ 5% Ha). (4) Annealed at 1100 °C in Ar. The
annealing duration was 2 h. Note the traces of the Si—H bending mode detected
as flat-bottomed minima in the data for the samples annealed in (Ar + 5% Ha).

bonds in the oxide were thoroughly discussed [18]. No peaks
due to the OH groups were detected, indicating that the bonded
H incorporates mainly as Si—H bonds. A close up around the Si—
H bending mode is shown in Fig. 7 for samples with y = 0.36
and 0.42. It can be seen that the as-grown y = 0.36 film clearly
presents the Si-H bending peak at 882 cm ™!, which is also ob-
served, slightly shifted to a lower wavenumber, in the sample
with y = 0.42. The shift of the peak to a lower wavenumber
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Fig. 8. FTIR absorption spectra in the region of the Si—H stretching mode

for the Si, O, films. (Left) y = 0.36. (Right) y = 0.42. The spectra were
background-corrected for the interference effects due to the multiple reflections.
As-grown (Solid lines). Annealed at 900 °C in (Ar + 5% Hz) (dashed lines).
Annealed at 1100°C in (Ar 4+ 5% Hz) (+). The annealing duration was 2 h.

with increasing y has been observed before and is due to
the increasing replacement of O by the less electronegative
Si in Si-O,,Si;_,, (4 > n > 0) tetrahedral units [36]. The peak
intensity is reduced to less than the present FTIR detection limit
when the films are annealed under Ar at 1100 °C. The ERDA
measurements show that the H concentration is reduced to values
lower than the detection limit of 0.1 at.% due to the H exodif-
fusion, as found previously in similar samples [37]. Hence, the
trace observed for the samples annealed in (Ar + 5% Hz) corre-
sponds to the H incorporated during annealing to a concentration
probably close to the solubility limit of H in the Si, O;_, films.

Unfortunately, this H incorporation, although barely de-
tectable by the FTIR, is still less than our present ERDA detec-
tion limit of 0.1 at.%. Fig. 8 shows the FTIR absorption spectra
in the Si-H stretching region for both y = 0.36 and 0.42. For the
as-grown film with the low Si content, a single peak is observed
at about 2260 cm™!, characteristic of the nearly stoichiometric
(SiO3) materials [36]. For y = 0.42, an additional peak close to
2130 cm™! is also present. This behavior is normally observed
in the Siy,O;_, films with the intermediate values of y (i.e.,
y not too close to either 1/3 or 1), and it can be attributed to
the combined induction effects due to the nearest and remote
neighbors [38] of the Si atom to which the H is attached. As
can be seen in Fig. 8, after annealing, the peak intensities are
strongly reduced due to the reduction of the H content in the
films. The differences in the shape and intensity observed be-
tween the spectra for the as-grown samples in Fig. 8(a) and (b)
are nearly lost upon annealing. This is because phase separation
occurs [13], [14] and, in both the cases, an amorphous SiO;
matrix is formed whose bonded H gives the largest contribution
to the peak associated with the stretching Si—-H mode at about
2260 cm~!. Note, however, that the vibrations of the H atoms
bonded to the Si atoms at the Si-nc interfaces are likely to con-
tribute to the absorption less than 2200 cm ™! as the induction
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effects due to the backbonded Si atoms from the Si-nc core act
in a way to reduce the mode frequency [38].

IV. DISCUSSION

Previous studies of the structure of the Si,O;_, films an-
nealed under the inert and Ha-containing atmospheres have
shown that the inclusion of Hy does not significantly influ-
ence the Si-nc mean density or size [33], [39]. This observation
is consistent with the recent theoretical predictions [23] of the
negligible size modifications in the Si-ncs upon H passivation.
Diffraction measurements [18] of the Si(1 1 1) Bragg peak in
samples similar to those considered here have estimated a mean
Si-nc diameter of ~5.2 nm for y = 0.42 and <2 nmfory = 0.36
for the samples annealed either in Ar or in (Ar 4+ 5% Ha).

The present ERDA results show that the concentration of both
the bonded and the nonbonded H in materials annealed at tem-
peratures above 1000 °C is below the detection limit of 0.1 at.%.
No signs of Si—H bonds are detected by the FTIR in the samples
annealed at the same temperatures in pure Ar (see, for instance,
Fig. 7 and also [18]). In the films annealed in (Ar + 5% Hs),
however, traces of Si—H bonds are detected, mainly through the
Si—H stretching modes (Fig. 8). From the FTIR traces, we esti-
mate the H concentration of the order of a few times 1072 at.%.
This value should be close to the chemical solubility of Hy in
the Si-nc/SiO, composite lattice at the annealing temperature or
at a certain (somewhat lower) effective temperature determined
by the cooling rate down to room temperature at the end of the
annealing run. Hence, it can be concluded that the Si-H traces
detected by the FTIR in (Ar 4 5% Hz) annealed materials are
due to the H incorporated in the annealing process, and not
due to the thin film growth. These Si—-H bonds are primarily
due to the Si atoms backbonded to three O atoms in the SiO
matrix, which contribute to the Si—H stretching peak at about
2250 cm™ . Nevertheless, signs of the H atoms bonded to the
Si atoms backbonded by one or more nearest neighbors of Si
are also found as contributions to the absorption at wavenum-
bers below 2200 cm™! in Fig. 8. Since, at 1100 °C, the SiO»/Si
phase separation process is nearly completed [13], [14], it is
very likely that some of these contributions are due to the H at
the Si-nc/SiO5 interface regions, which are expectedly highly
disordered and rich in dbs.

Concomitant with these H-bonding changes upon annealing
in either Ar or (Ar+ 5% Hs), Si-ncs are formed and the PL
intensity in the visible emerges above the detection limit, in-
creasing significantly with the increasing annealing tempera-
ture (Fig. 1) and time (Fig. 2). This increase is larger when
the samples are annealed in (Ar+ 5% Hs). Since the same
annealing procedures have been shown to lead to the phase
separation and Si-nc formation [18], it is very likely that the
observed PL is associated with the excitation of the Si-ncs.
Although we lack rigorous proof at this stage, the bulk of
the presently available data indicates that the PL has its ori-
gin linked to QC in the Si-ncs. First, we observe a redshift
of the PL peak with the increasing Si-nc size (i.e., with the
increasing y and T'). Second, the intensity of the PL is negli-
gible for the stoichiometric materials, it is the maximum for
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y = 0.36, and decreases with the increasing y, as expected
from a diminishing QC effect for the increasing Si-nc size
[12], [18].

Regarding the effects of H, it is interesting that H itself,
without Si-nc formation, does not lead to any luminescence, as
could be expected if siloxene [25] or other luminescent Si-H
complexes [40] were formed. This is the case of the as-grown
Si, O;_, films, which contain several atomic percent of the
bonded H that are incorporated from the SiH,4 precursor in the
PECVD process. In contrast, its incorporation by the Hs diffu-
sion from the (Ar + 5% Hy) gas during the annealing process—
while Si-ncs are formed—Ieads to the strong enhancement of the
PL. This fact is consistent with the hypothesis that the main role
of the H is to passivate the nonradiative recombination centers,
very likely Si dbs in the Si-nc/SiOs interface regions. In view
of the fact that the behavior of the PL intensity as a function of
the annealing parameters, Si content, and pump power is very
similar for the samples annealed in either (Ar + 5% Hs) or Ar,
it is also very unlikely that the H introduces new luminescence
centers other than Si-ncs, such as siloxene, during the annealing.

In addition, the enhancement of the PL induced by the H
occurs, for both the Si concentrations studied here, at wave-
lengths longer than the peak wavelength that is observed when
the samples are annealed in pure Ar (see Fig. 3 and [33]). This
clearly supports the interpretation that H passivates preferen-
tially dbs close to the disordered Si-ncs where radiative transi-
tions between disorder-induced bandgap states occurs [18], [33].
That is to say, as the Si content increases, larger Si-ncs are
formed with the corresponding narrower Si-nc bandgaps, which
result in a red-shift of the PL peak with the increasing y. The
H-enhanced PL contributions, in turn, also shift to longer wave-
lengths with the increasing y (Fig. 3) because the disorder-
induced bandgap states tend to become closer to each other as
the Si-nc bandgaps become narrower.

We now turn our attention to the power dependence of the
PL spectra. As seen in Figs. 5 and 6, the relative contributions
at long wavelengths decrease while the contributions at short
wavelengths increase as the laser power is increased. This effect
is observed for the samples annealed in either Ar or (Ar+
5% Ha), although it is more noticeable for the latter, and it
can be characterized by plotting the PL intensity at different
wavelengths as a function of the laser power (Fig. 9). It can be
seen that the data points can be well represented by a power
law PL = A(L)", where A is a proportionality constant and
b is always very close to unity, but depends slightly on the
wavelength and the annealing ambient.

For the light emission from the isolated quantum dots, a linear
dependence (b = 1) is expected at low pump power [41]-[43].
For L high enough, when virtually all the dots are already
excited, a saturation regime might be approached where b
will become gradually lesser than unity [42], [43]. Hence,
one would expect the saturation regime to be achieved ear-
lier (i.e., at lower values of L), when the number of the quan-
tum dots is relatively small or the decay time is relatively
long.

Returning to Fig. 9, we observe that b is consistently lower
for the samples annealed in Ar than for those annealed in (Ar +
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4(a) Ar

PL intensity (a.u.)

Normalized laser power, L

Fig. 9. The PL intensity (PL) as a function of the laser power (L) for the
Siy O1_, films with y = 0.36 annealed at 1100°C for 3 h, and measured
at two different wavelengths: 840 nm (open circles) and 730 nm (squares).
(a) Annealing in pure Ar. (b) Annealing in (Ar + 5% H2). L is normalized to
its maximum value obtained for the full pump laser power. The solid and dashed
lines are least-squares fits of the equation PL = A(L)b to the corresponding
experimental data. The values of b obtained from the fits are indicated; the
present uncertainty in their determination is Ab ~ 0.04.

5% Haj) for each of both the wavelengths considered. This is
in general agreement with what is expected from the arguments
given above; namely, in the unpassivated (Ar-annealed) sample,
the number of the light-emitting Si-ncs is significantly smaller
than in the passivated [(Ar + 5% Hy)-annealed] sample, leading
to the slightly lower b. Migration of the electrons and holes
across the barrier material between the neighboring dots have
been invoked to explain a blueshift of the PL peak observed with
the increasing laser power [44] in the Si-nc/SiOy composites.
In our case, both Figs. 5 and 6 do not show a clear blueshift
of the peak; however, they do reveal a skew of the PL spectra
to the blue for both the Ar and (Ar + 5% Hs) annealing with
the increasing L. The laser power induced blueshift can be
explained [44] by a PL decay model that considers the tunneling
of electrons from the Si-nc to the surrounding SiO5 matrix where
they recombine nonradiatively [45]. The tunneling probability of
the photoexcited electron in the Si-nc increases when its energy
increases, which leads to a corresponding decrease in the decay
lifetime. Since a smaller electron energy corresponds to the light
emission at longer wavelengths, longer decay times are, indeed,
expected for the PL contributions at longer wavelengths. This is
in agreement with what is deduced from the power dependence
data of Figs. 5, 6, and 9, which indicate a weaker dependence
of the PL on L (i.e., an earlier approach to a sublinear regime)
at longer wavelengths. Alternative possible models to explain
the blueshift of the PL spectra from the Si-ncs have also been
given [43]. Clearly, further studies of the PL are needed to give
a detailed description of the recombination mechanisms.
Nevertheless, the present power dependence data for the
Si, 01—, samples annealed in either Ar or (Ar+ 5% H,) are
in qualitative agreement with the previous results and decay
models proposed for the PL from the Si-nc quantum dots em-
bedded in SiO;y. The fact that the decay time differences are
more noticeable in the (Ar + 5% Hs) case (compare Fig. 6 with
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Fig. 5) is probably related to the fact that the PL peak, in this
case, is wider, hence spanning a wider range of the electron
energies. The widening of the PL peak for the (Ar + 5% Ha)
annealed sample with respect to that for the film annealed in the
pure Ar reflects a widening of the bandgap energy distribution
of the light-emitting Si-ncs. Since this widening is accompanied
by a skew of the whole PL spectrum to the red, it seems that the
small-bandgap Si-ncs are preferentially activated by the H passi-
vation in the (Ar + 5% Ha) annealing step. The small-bandgap
Si-ncs could result from either large Si-nc sizes [31] or from
disorder-induced bandgap narrowing [33]. Possible models to
explain why such small bandgap Si-ncs would be preferentially
deactivated by the dbs in the unpassivated materials (and prefer-
entially passivated by H under Hy treatments) have been given
in the literature [31], [33].

V. CONCLUSION

The PL of the hydrogenated and unhydrogenated Si-nc/SiO2
composites obtained from the ECR-PECVD 8Si, O;_, thin films
was studied for two different Si contents above the stoichio-
metric value as a function of the annealing parameters and the
laser pump power. The H was incorporated into the samples by
annealing them in (Ar + 5% Hs) and the H bonding was studied
by the FTIR. The dependence of the PL spectra on y,7T’, and
laser power indicates that the light emission in these materials
is linked to the QC in Si-ncs. Further work is needed to confirm
the exact mechanism of the light emission and the details of
the recombination process. H incorporates as Si—H bonds and
leads to a strong increase of the PL intensity and to a skew of
the PL spectrum to the red. This behavior, and the dependence
of the PL spectra on the laser power, indicate that the H pas-
sivates the nonradiative recombination centers, most probably
Si dbs at the Si-nc/SiO, regions. This process results in the ac-
tivation of many Si-ncs that incorporate into the ensemble of
the light-emitting Si-ncs in the samples, increasing their total
number by several hundred percent and skewing the bandgap
energy distribution to the lower energy side. These results pro-
vide new insight in the mechanisms of the H passivation of the
Si-nanostructures based on the substoichiometric Si, O;_,, films
fabricated by the PECVD, and are expected to be relevant for
the optimization of the light-emission efficiency and tunability
in future developments of the Si-light sources.
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