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SiyO1−y :H �y=0.36 and 0.42� alloy films were fabricated by electron cyclotron resonance plasma
enhanced chemical vapor deposition and subsequently annealed in �Ar+5%H2� at different
temperatures. Glancing angle x-ray diffraction and Fourier transform infrared spectroscopy
measurements revealed the formation of silicon nanoclusters �Si-ncl� in an amorphous SiO2 matrix
for films annealed at temperatures of 900 °C and above. Negligible photoluminescence �PL� was
observed at room temperature for the as-grown samples; however, PL bands appeared in the visible
after the annealing treatments. The PL intensities are much higher and the spectra skewed to the red
as compared to data obtained for similar samples annealed in pure Ar. These effects are attributed
to the passivation by H atoms of nonradiative recombination centers in the materials annealed in
�Ar+5%H2�. The overall analysis of the PL data indicates that both quantum confinement and
defect states contribute to the luminescence. Two-step annealing procedures �in Ar and then in
�Ar+5%H2�� were found to yield slightly higher passivation efficiencies than single annealing steps
in �Ar+5%H �. © 2006 American Vacuum Society. �DOI: 10.1116/1.2177227�
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I. INTRODUCTION

When substoichiometric silicon oxide alloys �SiyO1−y,
where y�1/3 and typically y�0.5� are annealed at tempera-
tures of 900 °C and above, a stoichiometric SiO2 phase
gradually forms while the excess Si �y−1/3� precipitates.1–3

For sufficiently small values of y, Si clusters of nanometer
range size �Si-ncl� embedded in an amorphous SiO2 are ob-
tained. The mean Si-ncl size increases with increasing y,
annealing temperature �T�, and/or annealing duration �t�.3,4

This system is very promising for silicon-based photonics5

since it exhibits efficient photoluminescence �PL� in the vis-
ible whose intensity and energy depend on the Si-ncl size.
The effect has been often explained in terms of a quantum
confinement �QC� effect,1,2,5 where efficient light emission
occurs due to exciton recombination across a size-dependent
Si-ncl band gap. In real systems, however, the presence of
electronic states at the Si-nc/SiO2 interface region may be
important in the light emission process as well.6–8 It is well
known that this region is not spatially sharp and that it con-
tains undercoordinated atoms �i.e., dangling bonds �dbs��. A
single db is sufficient to deactivate light emission from a
Si-ncl due to the large electron-hole capture cross section of
this defect.9 Hence it is important to study and establish dif-
ferent passivation schemes in order to fully exploit the po-
tential of this promising luminescent system.

Although H has been used before10 to passivate defects in
some Si-ncl/SiO2 systems, its effects on the luminescence
are not well understood. In this work, we study the structure
and PL of Si-ncls embedded in a SiO2 matrix that result from
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the annealing in �Ar+5%H2� of SiyO1−y :H alloy films fab-
ricated by electron cyclotron resonance plasma enhanced
chemical vapor deposition �ECR-PECVD�.

II. EXPERIMENT

The SiyO1−y :H films �y=0.36 and 0.42, 2 �m thick� were
deposited on �100� c-Si substrates held at 120 °C using an
ECR-PECVD reactor described elsewhere.11 The silicon con-
tent y was determined by Rutherford backscattering mea-
surements. Annealing of the samples was performed in a
quartz tube furnace under either Ar or �Ar+5%H2� atmo-
spheres for times from 30 min to 3 h and at temperatures
between 800 and 1100 °C. PL measurements were carried
out in the 400–1000 nm range at room temperature using the
325 nm line of a He–Cd laser and an Ocean Optics spec-
trometer. The effective power density of the laser beam on
the surface of the samples was �0.64 W/cm2. All PL spectra
were corrected for the detection system response and con-
verted into photon flux spectra. X-ray diffraction �XRD�
scans were performed using the Cu K� line in a Bede D1
diffractometer at a fixed �2.5°� beam incidence angle with
respect to the film surface. This angle is well above the criti-
cal angle for total external reflection. It was chosen so as to
fix and increase the probed effective oxide film thickness by
a factor of sin��� / sin�2.5° � with respect to the thickness that
would otherwise be probed in a symmetric diffraction scan
through the Bragg angle �, while keeping the illuminated
area restricted to the typical sample size of 2 cm2. The bond-
ing structure of the as-grown and annealed samples was stud-
ied by transmission Fourier transform infrared �FTIR� spec-

−1
troscopy in the 4000–350 cm wave number range.
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III. RESULTS

Figures 1�a� and 1�b� show PL spectra obtained for
Si0.36O0.64 and Si0.42O0.58 samples, respectively, annealed in
Ar and �Ar+5%H2� for 3 h at 1100 °C. The spectra for the
unannealed samples do not exhibit any appreciable signal
and are not shown. It can be seen that after annealing in Ar,
broad PL bands that peaked at about 784 and 841 nm are
obtained for y=0.36 and 0.42, respectively. In addition, the
PL intensity is seen to be significantly lower for the y
=0.42 case. It is well known that usually larger Si-ncls
form1,3 in materials with larger y, which should lead to
weaker QC and consequently a narrower Si-ncl band gap.
Therefore, the redshift and lower intensity observed for y
=0.42 as compared to y=0.36 are qualitatively consistent
with the predictions of the QC effect. As can also be noted in
Figs. 1�a� and 1�b�, significant modifications of the PL bands
occur when the annealing is performed in �Ar+5%H2� as
compared to pure Ar. First, the integrated PL intensity in-
creases by several hundreds of percent in both cases, the
increase being larger for the larger y material. Second, the
PL bands for both samples skew to the red with respect to the
Ar annealing case. We attribute these effects to the passiva-
tion of nonradiative recombination centers, such as Si dan-
gling bonds at the Si-nc/SiO2 interface region, by H atoms
incorporated during the annealing.

Figure 2 shows XRD curves in the region of the Si �111�
peak obtained for the y=0.42 samples annealed in �Ar
+5%H2� at three different temperatures. It can be seen that
as T increases, two peaks develop in the XRD patterns. The
first one is broad and located close to 21°. It characterizes an
a-SiO2 phase with varying degrees of medium range order.3

The second peak appears at about 28° and it is due to the Si
�111� planes. Weaker peaks corresponding to the Si �220� and
�311� planes are also detected �not shown here�. Hence, the
XRD data show that the annealing in �Ar+5%H2� of the

FIG. 1. PL spectra converted to photon flux spectra as measured for
SiyO1−y :H with �a� y=0.36 and �b� y=0.42 annealed in �Ar+5%H2� �lines�
and Ar �symbols�.
silicon-rich silicon oxide �SRSO� leads to the separation of
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the a-SiO2 and Si phases and to the crystalline Si-ncl forma-
tion. As can also be seen in Fig. 2, the Si �111� peak narrows
as T increases from 1000 to 1100 °C. Using the Scherrer
formula,3,12 this change indicates an increase of the mean
size of Si precipitates from 3.5 to 5.2 nm. Samples annealed
in pure Ar were also thoroughly studied by XRD and no
significant differences with respect to the effects observed
for identical samples annealed in �Ar+5%H2� at the same T
and t could be detected. We hence conclude that the inclu-
sion of 5%H2 in the annealing gas does not influence the
gross features of Si-ncl growth kinetics.

Further evidence for this conclusion is obtained from the
PL study itself. Figures 3�a� and 3�b� show the data from
Figs. 1�a� and 1�b� as compared to PL spectra for samples
that were annealed in pure Ar �1100 °C, 3 h� first and then
posthydrogenated in �Ar+5%H2� for 2 h at various T
�1100 °C. PL studies of samples annealed in pure Ar at

FIG. 2. X-ray diffraction patterns for SiyO1−y :H with y=0.42 annealed in
�Ar+5%H2� at 900 °C �closed circles�, 1000 °C �open diamonds�, and
1100 °C �crosses�.

FIG. 3. PL spectra converted to photon flux spectra as measured for
SiyO1−y :H with �a� y=0.36 and �b� y=0.42 annealed in �Ar+5%H2� �solid
lines� and Ar �symbols�. Also shown are spectra obtained for similar
samples annealed in Ar �3 h, 1100 °C� and then for 2 h in �Ar+5%H2� at
800 °C �dashed lines�, 900 °C �dashed-dotted lines�, and 1000 °C �dotted

lines�.
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1100 °C show that the PL intensity nearly saturates for t
�1 h for both Si contents, indicating that the phase separa-
tion process is essentially completed. As can be seen in Figs.
3�a� and 3�b�, the posthydrogenation step produces similar
gross changes in the PL spectra as the annealing of as-grown
samples in �Ar+5%H2� �i.e., increase of the intensity and
skew of the spectra to the red as compared to annealing in
pure Ar�. We note, in addition, that the posthydrogenation
temperature has some effect on the PL intensity, which is
found to be the highest at 1000 °C, more clearly seen for
y=0.36.

Figure 4 shows the FTIR spectra obtained for the as-
grown y=0.36 and y=0.42 films after annealing in �Ar
+5%H2� at 900 and 1100 °C. The Si–O–Si stretching, Si–
O–Si bending, and O–Si–O rocking modes can be observed
at 1080, 812, and 457 cm−1 and at 1070, 807, and 455 cm−1

for y=0.36 and 0.42, respectively. The shift of the peaks to
lower wave numbers with increasing y has been observed
before and is due to the increasing replacement of O by the
less electronegative Si in Si–OnSi1−n�4�n�0� tetrahedral
units.13 With increasing T, the peaks shift to larger wave
numbers due to the precipitation of the excess Si and the

FIG. 4. Absorption spectrum in the infrared for the SiyO1−y :H samples with
�a� y=0.36 and �b� y=0.42 annealed in �Ar+5%H2� at 900 °C �dashed
lines� and 1100 °C �dashed-dotted lines�. The spectra for the as-grown
samples are also shown as solid lines.

TABLE I. Mean size of Si-ncls obtained from XRD me
annealed at 1100 °C for 3 h and the corresponding o
and �Ar+5%H2� atmospheres. The numbers in the
emission wavelengths corresponding to the calculate

y in SiyO1−y

Mean
size �nm� Theor. �TB�

0.36 �2 �626
0.42 4.5 895

Difference �269
JVST A - Vacuum, Surfaces, and Films
formation of a stoichiometric SiO2 phase in both materials.
In particular, the peak corresponding to the Si–O–Si stretch-
ing mode is seen to reach the same peak position of
1094 cm−1 in both samples, indicative of a similar a-SiO2

matrix being formed in both for sufficiently high annealing
temperature.

As for the hydrogen, no peaks due to OH or H2O groups
were detected, which means that bonded H incorporates
mainly as Si–H bonds. The peak corresponding to the Si–H
bending mode at about 882 cm−1 is observed for the as-
grown materials �see Figs. 4�a� and 4�b��, which is consider-
ably reduced after annealing at 900 and 1100 °C due to the
outdiffusion of excess H. A closer analysis of these spectra,
however, reveals traces of the Si–H bending and stretching
modes, which are absent for samples annealed in pure Ar. A
detailed analysis of these traces and experiments to deter-
mine the H concentration in the annealed samples will be
presented elsewhere.14

IV. DISCUSSION

Both XRD and FTIR results show the formation of an
a-SiO2 phase for annealing in Ar or �Ar+5%H2� at
900–1100 °C. From the XRD measurements, crystalline Si-
ncls are seen to form and subsequently grow in the same
temperature range. The PL from corresponding samples de-
pends on y and on the annealing gas. The XRD data allow us
to establish that the Si-ncl size increases with increasing T
and y, but that it remains unchanged when Ar is replaced by
�Ar+5%H2� in otherwise identical annealing treatments.

The redshift of the PL mean wavelength and the concomi-
tant reduction of the PL intensity with increasing y for both
Ar and �Ar+5%H2� annealed samples are indications that
the QC effect determines to some extent the characteristics
of the observed luminescence. From the Si �111� peak in the
XRD scans for samples annealed at 1100 °C for 3 h in either
Ar or �Ar+5%H2�, we estimate an upper limit for the Si-ncl
mean size of about 2 nm for y=0.36 and a mean size of
4.5 nm for y=0.42 �see Table I�. According to tight-binding
�TB� calculations,15 such a change in size should produce a
redshift of the emission wavelength by 269 nm in the QC
model. This is significantly larger than the experimentally
observed redshifts of 58 and �133 nm for Ar and �Ar
+5%H2� annealed samples, respectively. A similar conclu-
sion is deduced from the redshift of the mean PL wavelength

ments in SiyO1−y :H films with y=0.36 and 0.42 and
ed mean PL wavelengths for samples annealed in Ar
mn named “Theory �TB�” represent the expected
cl band gaps from Ref. 15.

Peak position �nm�

Ar atmosphere �Ar+5%H2� atmosphere

783 807
841 �940
58 �133
asure
bserv

colu
d Si-n
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�not shown� that accompanies the increase of the Si-ncl mean
size with temperature. We thus conclude that, in addition to
QC, other mechanisms must be in operation that tend to pin
the PL wavelength.

A possible effect would involve recombination through
disorder-induced states, most likely at the Si-ncl/SiO2 inter-
face region. The strong increase of the PL intensity when Ar
is replaced by �Ar+5%H2� in the annealing indicates that
defects play a significant role. Possible candidates are Si dbs,
which are known to be efficient luminescence quenchers at
Si/SiO2 interfaces and favorable sites for H2

dissociation.16,17 While dbs can clearly explain the intensity
changes, their connection with the PL mean wavelength red-
shift induced by the �Ar+5%H2� treatment is less obvious. It
has been suggested in the past that large Si-ncls could have a
larger probability of being deactivated by a db than the
smaller ones.10 Hence, H passivation would preferentially
passivate the larger Si-ncls, thus producing the redshift of the
PL. If this were the only effect here, the PL mean wavelength
in unhydrogenated samples should tend to be blueshifted
with respect to the expected theoretical values, and the
sample with larger y �i.e., larger Si-ncl mean size� should
show a larger discrepancy with respect to theory. Although
the PL wavelength for the y=0.42 unhydrogenated film is
indeed slightly blueshifted with respect to the expected
value, it can be seen in Table I that this is far from being the
case for y=0.36, which shows an even larger discrepancy
from the expected emission wavelength, in contrast to the
above.

Therefore, a more general explanation for the results pre-
sented here would need to take into consideration the partici-
pation in the luminescence of trapped excitons at defect com-
plexes in the SiO2/Si-ncl interface regions, such as the
SivO double bond.18 States due to this bond are known to
pin the emission energy as the Si-ncls become smaller, in
consistency with our results, which show a larger pinning
effect for the film with smaller y. The additional redshift that
occurs when the samples are hydrogenated in �Ar+5%H2�,
in turn, can be understood as preferential passivation by H of
dbs in disordered Si-ncls, where radiative transitions proceed
between antibonding and bonding states due to distorted
Si–Si bonds.19 Transitions between such states are expected
to contribute photons that are redshifted with respect to tran-
sitions in less disordered Si-ncls.20

V. CONCLUSIONS

The conclusions of the present article may be drawn as
follows.

�1� Annealing of SiyO1−y :H �y=0.36 and 0.42� samples in
�Ar+5%H2� at T=900–1100 °C leads to the formation
of Si-ncls embedded in an a-SiO2 matrix. PL bands in
the visible develop which are attributed to light emission

from Si-ncls.
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�2� The mean PL wavelength and intensity qualitatively fol-
low the trends expected from the QC effect. However,
the mean PL wavelength changes with y and T are
smaller than predicted. This discrepancy is tentatively
explained by the participation in the luminescence pro-
cess of excitons trapped at defect complexes.

�3� The treatment of the samples in �Ar+5%H2� leads to a
strong increase of the PL and a skew of the PL bands to
the red as compared to annealing in pure Ar. The effects
are explained by the selective passivation by H of db
defects near disordered Si-ncls where radiative recombi-
nation proceeds between disorder-induced states.

�4� Annealing in �Ar+5%H2� of as-grown SiyO1−y samples
and of SiyO1−y samples previously annealed in Ar leads
to qualitatively similar results, illustrating the passivat-
ing role of H. The two-step treatment �Ar, 1100 °C, 3 h
followed by �Ar+5%H2�, 1000 °C, 2 h� yields a
slightly more efficient passivation than any single an-
nealing step in �Ar+5%H2�.
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