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We have studied photoluminescence �PL� from an Er-doped Si-rich Si oxide �SRSO� film thermally
annealed under different conditions. Compared to the case of annealing in N2 alone, double-step
annealing the film at 875 °C in N2 and then at �850 °C in O2 or vice versa increases Er PL
intensities by 10%–15%; while double-step annealing in N2+5%H2 �FG� and then in O2 or vice
versa yields significant enhancements of the PL from the SRSO matrix and the Er PL intensity
decreases differently by exchanging the processing order. Fourier transform infrared spectroscopy
indicates that silicon oxynitride forms after annealing in FG ambient, and for the samples initially
oxidized, the increase of Er PL intensity after secondary annealing in N2 �or FG� is due to more Si
nanoclusters being formed. The PL spectra exhibit different annealing behavior with increasing the
FG annealing temperature and the processing order. Weak oxygen bonds and silicon oxynitrides are
believed to form upon O2 and FG annealing, respectively, and play important roles in the PL.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2829809�

I. INTRODUCTION

During the past decade, Er3+ photoluminescence �PL� at
1.54 �m from Er-doped Si-rich Si oxide �SRSO� films has
been studied intensively for the development of light sources
or small-size and Si-compatible optical amplifiers.1,2 The ex-
citation of Er3+ in the films is usually regarded as originating
from the recombination of photogenerated excitons within Si
nanoclusters �Si-ncls� and subsequent energy transfer to the
nearby Er ions. The efficiency of Er PL depends on the de-
tails of Si-ncls �density and size� and Er ions �concentration,
distribution, and chemical environment�, both of which are
strongly dependent on postdeposition annealing conditions
for a film with given composition.3–5 The coupling between
Si-ncls and Er dopants usually produces an overall quench-
ing of the intrinsic PL from the SRSO matrix. It has been
reported that besides Si-ncls, defects due to excess Si in the
SRSO matrix can also act as sensitizers for the Er3+

excitation.6 Thus, investigation of the luminescence from the
SRSO matrix can be helpful to reveal further details of the
energy transfer mechanism and to find optimized conditions
to enhance the emissions from the SRSO matrix on the con-
dition that the Er PL remains efficient, since undoped SRSO
has been demonstrated to be an efficient luminescent
material.7,8 This may have potential applications �for ex-
ample, as light source� in optical integration schemes.

The luminescent properties of undoped SRSO under dif-
ferent annealing conditions have been studied intensively.
Wilkinson and Elliman9 studied the effects of annealing en-
vironments �Ar, N2 or N2+H2 �FG�� on the PL from Si nano-
crystals �Si-NCs� in silica and attributed the effects to varia-
tions in both nanocrystal size and defect states at Si-NC/
oxide interface. Comedi et al.10 observed that the PL at long

wavelengths can be enhanced greatly by annealing SRSO
films in an Ar+5%H2 ambient and suggested that hydrogen
passivating nonradiative recombination centers were respon-
sible for the enhancement. Wolkin et al.11 investigated room
temperature oxidation of Si-ncls in a porous Si matrix and
suggested that SivO bonds formed at the SiO2 /Si-ncl inter-
face are crucial to the electronic states and PL of Si-ncls with
sizes less than 3 nm. There are also a few reports on the
luminescence from Er-doped SRSO after different annealing
treatments. Gourbilleau et al.12 annealed Er-doped SRSO
films in N2 and FG, respectively, and suggested that hydro-
gen passivating dangling bonds were responsible for their Er
PL difference. Pi et al.13 studied the formation and oxidation
of Si-ncls in Er-doped SRSO films and their effects on the Er
PL and gave a kinetic model for the cluster formation and
oxidation. We have reported the effects of annealing ambi-
ents and double-step annealing treatments on the lumines-
cence of an Er-doped SRSO film.14 Here, we report the PL
anneal behavior of films single treated in N2 at elevated tem-
peratures and discuss the effects on the PL after different
double-step treatments combined with Fourier transform in-
frared �FTIR� spectroscopy analysis. We also demonstrate
how the PL spectra vary with elevated FG anneal tempera-
ture when annealing in FG and then in O2 or vice versa.

II. EXPERIMENTAL DETAILS

The Er-doped SRSO film of 56 nm thickness was syn-
thesized on a single crystal Si substrate by using electron
cyclotron resonance plasma-enhanced-chemical-vapor depo-
sition, with an organic Er source supplying the in situ dop-
ing. Silane and O2 were used as the precursors to form the
SRSO matrix. The deposition conditions have been described
in detail elsewhere.14 Rutherford backscattering spectroscopy
analysis yields a Si concentration in the film of 44.7 at. %,
with an Er concentration of 1.2 at. %. The film with the sub-
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strate was then cleaved into small pieces and subjected to
thermal treatments under various conditions. Some samples
were single annealed in ultrahigh purity N2 �99.9999%� for
30 min at 600, 800, 875, 1000, and 1100 °C, respectively; or
annealed at 875 °C �or 1100 °C� for 1 h in N2, FG �N2 with
5% H2� and O2, respectively. Others were subjected to
double-step treatments by annealing in N2 �or FG� for 1 h
and then oxidizing at 850 °C for 1 h; or oxidizing at 875 °C
for 1 h and then annealing in N2 �or FG� for 1 h, at the
temperatures indicated in text.

The precipitation of Si-ncls was observed with transmis-
sion electron microcopy �TEM�. The microscope used was a
JEOL 2010F field emission gun transmission electron micro-
scope operating at 200 kV. FTIR spectroscopy was used to
study the structural changes in such annealed samples by
employing a Bio-Rad FTS-40 instrument with a resolution of
4 cm−1. The PL was excited with an unfocused beam
��1 mm diameter� using the 325 nm line of a He–Cd laser
with a nominal power of 17 mW. The PL spectra in the
1400–1700 nm range were measured using a 500 mm grat-
ing monochromator �3 mm slits�, a lock-in amplifier with a
chopper working at 40 Hz, and an InGaAs detector. The sys-
tem response curve for the monochromator is flat over the
bandwidth of the Er signal near 1540 nm and therefore, the
spectra do not require further correction. The PL spectra in
the 350–850 nm range were measured using a charge
coupled device �CCD�-based spectrometer. These PL spectra
were corrected for system response and optics transmission
and subsequently converted to, and presented in normalized
photon flux �arbitrary units�. A full description of the CCD-
based PL system and the data correction methodology are
given elsewhere.15 All the measurements were performed at
room temperature.

III. RESULTS AND DISCUSSION

A. Influence of annealing temperature

Figure 1�a� shows the PL spectra of the samples as de-
posited �AD� or annealed in N2 for 30 min at the tempera-
tures indicated. The wavelength range from 350 to 800 nm is
indicative of luminescence from the SRSO matrix of the

film. It can be seen that the PL from the AD sample is very
weak. After annealing at 600 °C, the emission at longer
wavelengths of the spectrum increases significantly. The PL
spectrum becomes more structured as the annealing tempera-
ture increases to 800 °C, with two emission bands present in
the spectrum with peak positions at 440–450 and
520–550 nm, respectively, and the longer wavelength emis-
sion becomes more evident. After an 875 °C annealing, the
440–450 nm band nearly doubles in intensity and becomes
the main peak in the spectrum. A small peak near 550 nm
clearly appears in the 520–550 nm band. Increasing the an-
nealing temperature further to 1000 and then to 1100 °C, the
PL intensity further increases, both the violet-blue band and
the 550 nm band become more evident, and the longer wave-
length emission yields a peak position at around �680 nm.
Note that the peak positions of the violet-blue band and the
550 nm bands vary little with increasing the annealing tem-
peratures. The origin of the 440–450 nm band can be attrib-
uted to some oxygen deficiency centers �ODCs� which are
often considered as being responsible for short-wavelength
PL in the SRSO films.16 The 550 nm peak is believed to
originate from the transition between Er3+ excited states and
the ground state �4S3/2→ 4I15/2�.17 The band around 660 nm
is normally regarded to originate from nonbridging oxygen
hole centers �NBOHCs� in SiO2.18,19 In general, the mono-
tonic enhancement of the spectrum intensity can be related to
the precipitation of Si-ncls and the decrease of nonradiative
recombination with increasing annealing temperature. Also
note that the 550 nm peak is still evident after the 1100 °C
annealing. This indicates that the size of Si-ncls remains
small enough to excite the Er3+ to high energy level states
consistent with quantum confinement effects.

Figure 1�b� shows the Er PL spectra at �1.54 �m for
the above annealed samples. The Er PL observed from the
AD sample is also very weak. This means that the direct
excitation of Er3+ by the nonresonant laser line is very low.
After annealing the sample at 600 °C for 30 min, the Er PL
intensity increases evidently. Combined with the fact that the
longer wavelength emission was enhanced significantly after
the 600 °C annealing, we believe that Si-ncls have precipi-
tated and acted as sensitizers for the Er3+ excitation. The PL

FIG. 1. The PL spectra for the samples AD or annealed
in N2 for 30 min at elevated temperatures �Ta� of 600,
800, 875, 1000, and 1100 °C, respectively: �a� the spec-
tra in the range of 350–800 nm indicative of the emis-
sion from the SRSO matrix of the film and �b� the Er3+

1.54 �m PL.
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intensity then increases monotonically and reaches a maxi-
mum value after 875 °C anneal and saturates until 900 °C.
After that, the Er PL decreases quickly with the anneal tem-
perature increasing further to 1100 °C; and after the
1100 °C annealing, the Er PL intensity is only 20% of the
maximum value. We believe that the Er PL annealing behav-
ior is closely related to the precipitations of Si-ncls and Er3+

ions in the film. Polman et al.20 have reported similar Er PL
annealing behavior for Er-doped thermally grown SiO2

films; by combining their results with PL lifetime measure-
ments, they attributed the increase of the Er PL intensity
mainly to an increment in the luminescence quantum effi-
ciency and a decrease of the PL to the precipitation of Er. It
has been demonstrated that the concentration of excited Er
ions is proportional to the amount of Si-ncls in Er-doped
SRSO;21 by increasing the annealing temperature, the density
of Si-ncls will reach a maximum value at a certain tempera-
ture, it then decreases with further increases of the tempera-
ture due to the growth of Si-ncls;13,22 Moreover, the precipi-
tated Si-ncls can act as nucleation centers; the Er distributed
around Si-ncls will be clustering and precipitate upon an-
nealing especially at high temperatures ��1000 °C�. As
such, the Er PL annealing behavior can be readily under-
stood.

B. TEM study

Figure 2�a� shows an energy filtered TEM �EFTEM� pic-
ture for the sample annealed at 875 °C in N2 for 30 min. The
image was taken with 3 eV slit in the Si plasmon region
�16–19 eV�. The white dots are Si-ncls having an average
size of about 3–4 nm. Note that the size is a little larger than
that reported in a SRSO film with similar Si concentration.23

We believe that this is due to the Er dopants beneficial to the
nucleation and growth of the Si clusters. Figure 2�b� shows a
high-resolution TEM picture for the sample annealed at
1100 °C in N2 for 30 min. Si-NCs are observed to have
formed with clear lattice fringes. The Si-NCs increase in size
to be about 5 nm but with clearly decreased density com-
pared to the case of 875 °C annealing.

C. PL after single-step annealing at 875 °C in N2
„or O2… or double-step treatments combining
the two ambients

Besides the anneal temperature, anneal gas ambients
have also significant effects on the PL. Figure 3 show the PL
spectra for the samples after annealing at 875 °C in N2, O2,
or double-step treatments combining the two ambients. Each
anneal duration has been extended from 30 min to 1 h to
further manifest the effects of gas ambients. In Fig. 3�a�, for

FIG. 2. The precipitation of Si-ncls: �a� EFTEM image
for the film after annealing at 875 °C in N2 for 30 min;
�b� HRTEM picture shows Si-NCs have formed after
annealing at 1100 °C in N2 for 30 min.

FIG. 3. PL spectra of the samples annealed at 875 °C
for 1 h in N2 and O2, respectively, or subjected to
double-step treatments in 875 N2+850 O2 or 875 O2

+875 N2: �a� from the SRSO matrix and �b� the Er3+

1.54 �m PL.
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the sample annealed in N2 for 1 h, the PL spectrum of the
SRSO matrix is similar to that when annealed at the same
temperature but for 30 min; while after annealing in O2, the
PL intensity increases significantly, a �405 nm band
emerges in the spectrum and becomes the dominant peak, the
440–450 nm band is still present but as a shoulder, and the
emission with wavelengths longer than 660 nm decreases
significantly. We believe that Si-ncls have also precipitated
after the 875 °C oxidation, but the amount of the clusters is
smaller than that in the N2 annealing case and a very thin
oxide layer likely surrounds each Si-ncl.13 The 405 nm band
has been attributed to localized surface states at the SiOx /Si
interface after oxidizing Si-NCs,24 and we suggest that the
surface states could be weak oxygen bonds �WOBs�.25 Even
though no interstitial O atoms were generated as through Si
ion implantation,26 O atoms can diffuse into the film upon
oxidation to form WOB defects at the surface of Si-ncls.

Since oxidization significantly enhances the violet-blue
emission of the film, we have treated samples by combining
the oxidation with the N2 annealing, also shown in Fig. 3�a�.
It can be seen that after annealing the sample in N2 and then
oxidizing at 850 °C �875 N2+850 O2�, the PL spectrum is
similar to the case of annealing in N2 alone, secondary oxi-
dation seems to have little effect on the PL; however, for the
sample initially oxidized at 875 °C and then annealed at
875 °C in N2 �875 O2+875 N2�, the PL intensity decreased
by �23% compared to the case of oxidation alone. For the
875 N2+850 O2 treatments, the small variation of the PL
spectrum after secondary oxidation suggests that the oxida-
tion of Si-ncls should be slight or be a self-limiting process
as in the Si-NC case;27 while for the 875 O2+875 N2 treat-
ments, the small decrease in PL intensity after secondary
annealing in N2 is likely due to the initially formed WOB
defects being partially reduced.

Figure 3�b� shows the Er PL spectra for the above
samples. After annealing the sample at 875 °C in N2 for 1 h,
the PL intensity decreases slightly ��4% � compared to the
case of annealing in N2 but for 30 min. However, after an-
nealing in O2 the intensity is only 37% of that annealed in N2

under identical conditions. The strong decrease in intensity is
due either to fewer Si-ncls formed or a decrease of “effec-

tive” Si-ncl size after the oxidation.13 In the case of double-
step annealing in 875 N2+850 O2, the Er PL intensity is
about 10% stronger than in the case of annealing in N2 alone.
This is possibly due to the size of Si-ncls being decreased
slightly after the secondary oxidation which improves the
quantum excitation efficiency by reducing the energy back
transfer from Er3+ ions to Si-ncls.17 For the 875 O2

+875 N2 treatments, the Er PL intensity has increased by
about a factor of 2 compared to the case of oxidation alone,
and it is also about 15% stronger when compared to the case
of annealing in N2 alone. The pronounced enhancement is
attributed to either the amount of the Si-ncls or the effective
Si-ncl size being greatly increased. Note that the intensities
for the above two double-step anneal cases are almost iden-
tical despite the processing order. If the concentration of op-
tically excited Er ions is proportional to the number of Si-
ncls in Er-doped SRSO, then the number of Si-ncls formed
in the film after these two double-step treatments should be
almost the same.

D. PL after single annealing in FG at 875 °C
„or 1100 °C… or double-step treatments
of combining the FG and O2 annealing

N2 is believed to be relatively inert for annealing tem-
peratures less than 1200 °C, however, N2 can react with Si
to form ultrathin silicon oxynitride near the Si /SiO2 interface
at moderate temperatures �760–1050 °C� in the presence of
gas impurities �H2, O2, CO2�.28 We believe that silicon ox-
ynitrides, with PL emission at wavelengths around
�430 nm,29 have been formed on the surface of Si-ncls upon
annealing our film in FG.14 The formation of silicon oxyni-
trides has significant effects on the PL from both the SRSO
matrix and the Er3+ ions, as is shown in Figs. 4�a� and 4�b�,
respectively. In Fig. 4�a�, when annealing the sample at
875 °C in FG for 1 h, the 440–450 nm band in the PL spec-
trum becomes weaker, while the 660 and 800 nm emissions
are slightly stronger than those in the case of annealing in
N2. The decrease of the blue band is due to the formation of
silicon oxynitride at the expense of ODC defects, but the
amount of the oxynitrides is so small that it cannot be re-

FIG. 4. PL spectra of the samples annealed in FG for
1 h at 875 and 1100 °C, respectively, or subjected to
double-step processes of 875 FG+850 O2 or 875 O2

+875 FG: �a� from the SRSO matrix and �b� the Er3+

1.54 �m PL.
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flected in the spectrum.14 The emissions at around 800 nm or
longer are normally regarded as originating from the radia-
tive recombination within Si-ncls;30 and the stronger 660 and
800 nm bands are due to hydrogen passivating nonradiative
recombination centers.10,14 After annealing at 1100 °C in
FG, the PL intensity clearly increases; there seem to be two
structures present in the violet-blue band with peak positions
at around �420 and �450 nm, respectively; the �680 nm
band is also stronger than that in the case of 1100 °C N2

annealing. The appearance of the 420 nm peak indicates that
more oxynitrides have formed after the 1100 °C FG anneal-
ing. It should be noted that for the sample annealed at
1100 °C in O2, the PL intensity is about twice as strong as
that in the case of 875 °C oxidation.

Figure 4�a� also shows the PL spectra for the samples
after double-step treatments in FG and then in O2 or vice
versa. For the sample annealed at 875 °C in FG and then
oxidized at 850 °C �i.e., 875 FG+850 O2�, the spectrum has
a major peak at around 405 nm, the intensity is about nine
times stronger than that in the case of annealing in FG alone,
but the 660 nm and the 820 nm bands remain weak. The
significant enhancement of the intensity should be related to
the introduction of defects �silicon oxynitrides and WOB�
through the double-step treatments. For the sample initially
oxidized at 875 °C and then annealed at 875 °C �i.e.,
875 O2+875 FG�, the PL intensity is only 25% more intense
than that in the case of 875 °C oxidation alone, but the
660 nm band, and especially the 820 nm band are observed
to be greatly enhanced. The evident increase of the 660 nm
band after secondary FG annealing is believed to be due to
the H2 passivation being beneficial to the formation of
NBOHC possibly by breaking the weak O–O bonds, with
WOB being the precursor of NBOHC in our film.14,31 The
significant enhancement of the 820 nm band should also be
due to the formation of silicon oxynitrides which hinders the
energy transfer from Si-ncls to Er ions, thus increasing
greatly the radiative recombination within Si-ncls.

Figure 4�b� shows the corresponding Er PL spectra for
the above annealed samples. Compared to the case of anneal-
ing in N2, after annealing the sample at 875 °C in FG, the
PL intensity has decreased by �10%; and after annealing at
1100 °C in FG, the intensity decreases drastically to be only
13% of the original. For double-step treatments of 875 FG
+850 O2, the PL intensity has decreased by �14% after the
secondary oxidation. This intensity is also lower than that in
the case of 875 N2+850 O2 treatments. The decrease of the
Er PL should be closely related to the formation of silicon
oxynitrides at the surface of Si-ncls that partly hinders the
energy transfer. This will be discussed further in Secs. III E
and III F. Note that after the 875 O2+875 FG treatments, the
Er PL intensity has increased by 50% when compared to the
case of 875 °C oxidation alone, but decreases to be 60% of
the original if compared to the case of 875 °C FG annealing.
The intensity is also much lower than that in the case of
875 O2+875 N2 treatments, which again demonstrates the
influence of the oxynitride.

E. FTIR study

The structural changes in the samples after the above
single- and double-step annealing processes were investi-
gated by FTIR spectroscopy. Figures 5�a� and 5�b� show the
spectra of the samples in a range of 650–1400 cm−1. In Fig.
5�a�, for the sample annealed at 875 °C in N2, there are five
absorption bands including shoulders present in the spectrum
with peak positions at around 793, 886, 970, 1120, and
1225 cm−1, respectively. Since silane was used as the precur-
sor in the deposition, it is not unexpected to have Si–Hx

�x=1,2� bonds in the film. The 793 cm−1 peak can be as-
signed to a certain Si–H bending vibration with local-
bonding configuration of HSi–Si2O.32,33 The 886 cm−1 peak
is normally attributed to Si–H2 bending vibrations.34–36 An-
other type of Si–H group with local configuration of
H2Si–O2 has been ascribed to be responsible for the absorp-
tion at �976 cm−1;33,37 our 970 cm−1 shoulder is possibly

FIG. 5. FTIR spectra of the samples �a� after single-
step annealing at 875 °C for 1 h in N2, O2, and FG,
respectively; �b� after different double-step processes of
875 N2+850 O2, 875 O2+875 N2, 875 FG+850 O2,
and 875 O2+875 FG.
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from the Si–H bending mode. The two small absorption
bands at around 1120 and 1225 cm−1 are believed to come
from out-of-phase �or “asymmetric”� Si–O stretching
vibrations.38,39 After the 875 °C oxidation, an absorption
peak at around 730 cm−1 emerges in the spectrum which is
possibly related to certain Si–Si stretching vibrations;38,40 the
main 886 cm−1 peak decreases in intensity and broadens evi-
dently, and the 970 cm−1 peak smears out into the main band.
The variations in the peaks are believed to be due to oxida-
tion of the film causing the dissociation of Si-Hx bonds to
form Si–Si and/or Si–H bonds, as has been observed for
oxidation of porous Si.37 Note that after the oxidation treat-
ment only one absorption band appears at around 1200 cm−1.
For the sample annealed at 875 °C in FG the main 886 cm−1

band and the absorption peak at �1200 cm−1 are wider than
those in the cases of N2 �or O2� annealing. Besides the
Si–H2 bonds being dissociated, we believe that the broaden-
ing of the peaks is also due to the formation of Si–N �possi-
bly by Si–Si+N–H→Si–H+Si–N� �Ref. 41� and/or Si–
O–N bonds42 upon the FG annealing, since Si–N stretching
modes can have wide absorption from 734 to 904 cm−1

�Refs. 43 and 44�. This is consistent with the assumption of
silicon oxynitride formation as suggested from the PL mea-
surements.

In Fig. 5�b�, for the sample after double-step treatments
of 875 N2+850 O2, the 793 cm−1 peak becomes less evident
in the spectrum when compared to the case of 875 °C an-
nealing in N2 alone, the main 886 cm−1 peak decreases much
in intensity and two additional absorption peaks emerge at
around 848 and 939 cm−1, respectively. The 848 cm−1 shoul-
der can also be ascribed to certain Si–H bonds with local
configuration of HSi–SiO2,37 and the 939 cm−1 band is re-
ported to have the same origin as the 976 cm−1 shoulder.33

Therefore, the variations in the peaks can be due to the
Si–H2 bonds being oxidized and certain Si–H bonds being
formed. Note that after the secondary oxidation, only one
major peak appears in the spectrum with peak position at
around 1190 cm−1. From this, combined with the observa-
tions for the single N2 �or O2� annealing cases, we believe
that the oxidation has changed the “symmetry” of the Si–O
bonds. Under the reverse 875 O2+875 N2 treatments, com-
pared to the case of 875 °C oxidation alone, the 730 cm−1

band increases in intensity and broadens after the secondary
N2 annealing, which indicates more Si-ncls have precipi-
tated. Hence, the fact that the Er PL shows two times en-
hancement can be understood. The 886 cm−1 peak decreases
in intensity and two bands ��837 and �945 cm−1� appear in
the spectrum, which are ascribed to the dissociation of
Si–H2 bonds upon the secondary N2 annealing. On the other
hand, for the sample after double-step treatments in
875 FG+850 O2, the main 886 cm−1 peak and especially the
1200 cm−1 peak becomes narrower when compared to the
case of 875 °C FG annealing alone. It has been suggested
that the incorporation of N into the Si /SiO2 interface is not
chemically stable;28 the narrowing of the peaks is likely due
to the Si–O–N bonds formed upon the FG annealing being
replaced by Si–O bonds upon the secondary oxidation. After
the 875 O2+875 FG treatments, the intensity of the
733 cm−1 peak increases compared to the 875 °C oxidation

alone which indicates that more Si-ncls have formed. This
can explain the 50% increase of the Er PL after secondary
FG annealing. Note that two bands appear in the spectrum
with peak positions at 833 and 928 cm−1, respectively, which
is again attributed to the dissociation of Si–H2 bonds into
Si–H bonds.

F. Influences of FG annealing temperature
and processing order

From the above measurements, silicon oxynitrides are
believed to form around Si-ncls upon annealing in FG, and
the amount increases with increasing annealing temperature.
Double-step annealing in FG and then in O2 or vice versa
yields different final oxides at the surface of Si-ncls, which
affects the PL from the SRSO matrix �mainly Si-ncls� and
thus from the Er3+ ions. Figure 6 shows how the PL spectra
of the samples vary as a function of the FG annealing tem-
perature and the processing order in the double-step treat-
ments of annealing in FG and then in O2 or vice versa. In
Fig. 6�a�, for the sample initially annealed at 950 °C in FG
followed by 850 °C oxidation �950 FG+850 O2�, the PL
from the SRSO matrix decreases in intensity, and the peak
position of the violet-blue band redshifts from
404 to 435 nm compared to the case of 875 FG+850 O2

treatments. As the FG annealing temperature increases fur-
ther to 1000 and then to 1050 °C, the intensity of the violet-
blue band increases slowly, but the emissions at longer wave-
lengths ��650 nm� are evidently enhanced. After 1100 °C
annealing in FG and then in 850 °C oxidation �1100 FG
+850 O2�, both the violet-blue band and the longer emission
band increase significantly in intensity; the peak position of
the violet-blue band shifts back to 419 nm and the longer
emission band has an evident peak position at �820 nm.

Green et al.28 have suggested that upon double-step
treatments of rapid thermal nitriding and then rapid thermal
oxidizing of a clean Si wafer, as the preincorporated N con-
tent is less than 1015 N at. /cm2, the lower the N content, the
thicker the final oxide thickness on the Si surface after the
secondary oxidation. If, however, the N content is higher
than 1015 N at. /cm2, the final oxide thickness tends to satu-
rate with increasing N content. Similar phenomena appear to
have occurred in our case as the FG annealing temperature
increases from 875 to 1050 °C. Compared to the case of
875 FG+850 O2 treatments, after 950 °C FG annealing
more silicon oxynitride forms, and the N content increases;
then less final oxide is formed around the Si-ncls after the
secondary 850 °C oxidation. Hence, the decrease of the in-
tensity of the violet-blue band can be understood. Also due to
more oxynitride being formed, the radiative recombination
within Si-ncls increases, the intensity of the 820 nm band
starts to increase. As the FG annealing temperature increases
to 1000 and then to 1050 °C, even more oxynitride forms,
and the N content in the oxynitride may become higher than
�1015 N at. /cm2. After secondary oxidation the final oxide
around Si-ncls seems to saturate, and the PL intensities of the
violet-blue band and the 820 nm band are nearly identical in
both cases. However, the significant increases of the violet-
blue band and the 820 nm band after the 1100 FG+850 O2
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treatments indicate that the final oxide around the Si-ncls
actually continues to increase rather than saturate. The
gradual increase of the 650–800 nm emission is believed to
be due to the passivating capability of hydrogen increasing
with elevated FG annealing temperature.45

By exchanging the processing order, the PL from the
SRSO matrix of the film exhibits different annealing behav-
ior with increasing the FG annealing temperature, as is
shown in Fig. 6�b�. For the sample oxidized at 875 °C and
then annealed at 1000 °C in FG �875 O2+1000 FG�, com-
pared to the case of 875 O2+875 FG treatments �plotted as a
dotted line�, the violet-blue band decreases in intensity but
becomes wider and seems to contain small structures; the
emissions in the range of 500–700 nm are enhanced, while
the 820 nm band decreases substantially in the PL spectrum.
The variation of the violet-blue band is possibly due to the
WOB defects being significantly reduced but the formation
of silicon-oxynitride not being able to make up for the de-
crease. The enhancement of the 500–700 nm emission is
related to the formation of NBOHC from the reduction of the
WOB defects. Since the oxide around Si-ncls has been much

reduced, the radiative recombination within Si-ncls decreases
greatly and the 820 nm band decreases much in intensity.
With increasing the FG annealing temperature to 1050 °C
�i.e., 875 O2+1050 FG� and then to 1100 °C �i.e., 875 O2

+1100 FG�, the violet-blue band increases continuously in
intensity, its peak position shifts to 425 and then to 433 nm;
the 550–750 nm emission decreases slightly, while the
820 nm band increases a little. The increases of the intensity
of the violet-blue band and the shifts of the peak position are
likely due to more oxynitride being generated with increas-
ing the FG annealing temperature. However, the fact that the
820 nm band shows no significant enhancement indicates
that the amount of final Si oxide is still not large enough to
affect the radiative recombination within Si-ncls. The in-
crease of the spectrum intensity is also possible due to the
decrease of nonradiative recombination with increasing the
FG annealing temperature.

Figure 6�c� shows the PL peak intensities of the Er PL
spectra for the samples after the above double-step pro-
cesses. For the samples initially annealed in FG and then
subjected to an 850 °C oxidation, with increasing the FG

FIG. 6. �a� The PL from the SRSO matrix of the
samples after double-step processes of annealing in FG
and then in O2. The FG anneal temperature varies from
950 to 1100 °C and the oxidation temperature is kept at
850 °C. �b� The PL from the SRSO matrix of the
samples after double-step processes of oxidizing at
875 °C and then annealing in FG. The oxidation tem-
perature is kept at 875 °C, while the secondary FG an-
neal temperature increases from 875 to 1100 °C. �c�
The Er PL peak intensities of spectra for the samples
after the above double-step treatments.
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annealing temperature from 875 to 950 °C, the Er PL inten-
sity has decreased to 60%; as the temperature increases fur-
ther to 1100 °C, the intensity decreases drastically to be only
19% after the secondary oxidation. For the samples initially
oxidized at 875 °C, with increasing the secondary FG an-
nealing temperature from 875 to 1000 °C, the Er PL inten-
sity decreases to be 70%, and decreases to be only 11% as
the temperature increases to 1100 °C. Comparing the two Er
PL intensity curves, we find that the samples which were
subjected to FG annealing and then to oxidation generally
have stronger intensity than those initially oxidized and then
subjected to FG annealing treatments. The reasons for this
phenomenon are not entirely clear at this time. However,
from the Er PL intensity of the sample single annealed at
875 °C in FG being much stronger than that from the sample
annealed at the same temperature in O2, we believe that more
Si-ncls have formed upon FG annealing than in O2 anneal-
ing. The environment of Er3+ ions after double-step treat-
ments could also play an important role in the observed dif-
ferences in the Er PL. It appears that a secondary 850 °C
oxidation is favorable for the Er3+ to be in an efficient state
for the Er PL. This is supported by the observation that the
Er PL for the sample after the 1100 FG+850 O2 treatments
is 25% stronger than that after the 1100 °C FG annealing
alone.

From Figs. 3, 4, and 6, it can be seen that the annealing
procedure �1100 FG+850 O2� is most beneficial for the PL
efficiency from the SRSO matrix, since the integrated PL
intensity is much stronger than those under the other treat-
ments; while double-step treatments of 875 O2+875 N2

yields the highest Er PL among all the annealing procedures.
It is noted, however, that most of the annealing procedures at
or near 875 °C have not significantly influenced the final PL
efficiency from Er3+ ions, the Er PL shows only 1.5–2.2
times increases in intensity.

IV. CONCLUSIONS

We have studied the PL from an Er-doped SRSO film
with samples annealed under different conditions. For the
samples annealed in N2 alone, the PL intensity of the SRSO
matrix increases monotonically with increasing the annealing
temperature, while the Er PL reaches a maximum intensity
upon an 875 °C annealing. Double-step annealing in N2 and
then in O2 or vice versa yields higher Er PL intensities than
those from the samples annealed in FG and then in O2 or
vice versa. The 1100 FG+850 O2 treatment seems most
beneficial for the PL from the SRSO matrix. FTIR analysis
indicates that for the samples initially oxidized, the enhance-
ments of Er PL after secondary annealing in N2 �or FG� are
due to more Si-ncls being formed; the broadening of the
absorption peaks is due to Si–H2 bonds being dissociated
into Si–H bonds and the formation of Si–N and/or Si–O–N
bonds upon the FG annealing. The final oxides around Si-
ncls �both WOB defects and silicon oxynitride� vary with
increasing the FG annealing temperature and the processing
order upon double-step treatments in FG and then in O2 or
vice versa. The control of light emission from Er-doped

SRSO matrix by double-step treatments may have important
applications in solid state lighting and chip-to-fiber commu-
nication in integrated optoelectronic devices.
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