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The authors have studied photoluminescence �PL� from Er-doped Si-rich Si oxide �SRSO� films
deposited by magnetron sputtering of an Er+Si+SiO2 composite target in Ar or Ar+H2 ambients.
When the samples were annealed in N2, for the film grown in an Ar ambient, the PL annealing
behaviors reveal that the emissions from the film are defect-related and that the Er3+ PL at 1.54 �m
is possibly triggered by a defect-mediated energy transfer process; while for the films grown in an
Ar+H2 ambient, the emissions from the SRSO matrix are suppressed and the Er PL intensities
increase significantly but differently dependent on the Ar:H2 ratios during sputtering. After
annealing the samples in an Ar+5%H2 �FG� ambient, however, almost no Er PL was observed from
the film grown in the Ar ambient, while the Er PL intensities of the films grown in the Ar+H2

ambient increase further compared to those annealed in N2. Fourier transform infrared spectroscopy
shows that the absorption of the samples after FG annealing is weaker than after annealing in N2.
The PL properties have also been compared to those of a sample grown by plasma enhanced
chemical vapor deposition. The roles of hydrogen during sputtering and postdeposition annealing

are discussed. © 2009 American Vacuum Society. �DOI: 10.1116/1.3043465�
I. INTRODUCTION

Erbium �Er�-doped silicon �Si�-rich Si oxide �Er-SRSO�
has been studied intensively for applications in photonics
and optoelectronics,1 since the Er3+ ions’ room-temperature
photoluminescence �PL� at �1.54 �m first was reported
to be substantially stronger than that from Er-doped silica.2

Various techniques have been employed independently or
jointly to fabricate Er-SRSO thin films, such as ion
implantation,3–5 plasma-enhanced-chemical-vapor deposition
�PECVD�,6–8 magnetron sputtering,9–11 and laser abla-
tion.12,13 The excitation of Er3+ ions in the films is regarded
to be initiated by an energy transfer from Si nanoclusters
�Si-ncls� to nearby Er3+ ions. The efficiency of the Er PL
depends on the details of Si-ncls. Amorphous Si-ncls as well
as Si nanocrystals have been demonstrated to be efficient
luminescence sensitizers.14 Besides Si-ncls, defects due to
excess Si in the SRSO matrix are also believed to act as
sensitizers for the excitation of Er3+ ions.15 The Er PL also
depends on the concentration of Er, although only a small
fraction of the Er3+ ions are optically active.16,17 Moreover,
for an Er-SRSO film with given concentrations of Si and Er,
the Er PL efficiency can be influenced greatly by postdepo-
sition annealing.18 For undoped SRSO, Comedi et al.19 re-
ported that the emissions at wavelengths in a range of
780–950 nm can be enhanced greatly after annealing in
forming gas Ar+5%H2 �FG� ambient, with hydrogen passi-
vating nonradiative recombination centers �i.e., dangling
bonds� believed to be responsible for the enhancement.
Gourbilleau et al.20 annealed Er-SRSO films in N2 or N2

+5%H2, and also suggested that the hydrogen passivating
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dangling bonds was responsible for the Er PL difference be-
tween the two gas ambients annealing. Previously,18 we have
suggested that when an Er-SRSO film was annealed in N2

+H2, Si oxynitrides form around Si-ncls, which hinders the
energy transfer from Si-ncls to Er3+ ions, thus decreasing the
Er PL efficiency. In this study, we have deposited the Er-
SRSO films by magnetron sputtering of an Er+Si+SiO2

composite target in Ar or Ar+H2 ambients with different
Ar:H2 gas ratios, and studied the PL from the films annealed
in N2 and FG, respectively. We have also compared the PL
efficiency to that of an Er-SRSO film grown by electron-
cyclotron-resonance �ECR� PECVD.

II. EXPERIMENTAL DETAILS

Three Er-doped SRSO thin films �labeled as samples A,
B, and C� were deposited on Si substrates by rf magnetron
sputtering of an Er+Si+SiO2 composite target consisting of
small Si and metallic Er chips placed on a 2 in. SiO2 plate
�99.99% purity�. The area ratio of Er to Si was 4.5:72.6. The
base vacuum of the chamber was about 3�10−7 Torr. The
films were deposited without any intentional heating of the
substrates and with a power density of 6.41 W /cm2. The
working gas pressure during the deposition of samples A and
B was 5.0�10−3 Torr but was 10.0�10−3 Torr for the depo-
sition of sample C. Sample A was deposited by sputtering the
target in a pure Ar ambient, while samples B and C were
deposited by sputtering in Ar+H2 ambients with Ar:H2 gas
flow ratios of 1:1 and 2.2:20, respectively. The as deposited
�A.D.� samples were characterized by using ellipsometry
with laser wavelength of 632.8 nm and Rutherford back-
scattering spectroscopy �RBS�, the results of which are
shown in Table I. The uncertainty of the RBS measurements

is �1 at. %. Our sample growth is well controlled and the
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reproducibility is very good. Under the same deposition con-
ditions, the deposition rate of the growing film varies within
2 Å /min, and the refractive index varies by less than 0.02
from one sample to another. For comparison, another Er-
doped SRSO film �sample D� was synthesized by using
ECR-PECVD with an organic Er source supplying the in situ
doping. The details of the film deposition can be found
elsewhere.6 The parameters of A.D. sample D are also shown
in Table I. After the depositions, all the samples were cleaved
into small pieces and subjected to thermal annealing treat-
ments in flowing N2 or FG ambients for 30 min at different
temperatures as indicated in the text.

Fourier transform infrared �FTIR� spectroscopy was used
to study the structural changes in the annealed samples by
employing a Bio-Rad FTS-40 instrument with a resolution of
4 cm−1. The attenuated total reflection �ATR� technique was
employed by using a special attachment with a 45° incident
angle. The advantage of this technique comes from the mul-
tiple internal reflections that take place in the crystal. As the
refractive index of the deposited films is much smaller than
that of the ATR crystal, only evanescent waves penetrate into
the grown film. For our cases, the total number of internal
reflections is calculated to be about 16, resulting in enhanced
absorption spectra. 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 �note that the 325 nm
exciting line is nonresonant with the excitation of Er ions�.
The PL spectra in the 1400–1700 nm range were measured
using a 500 mm grating monochromator �3 mm slits�, a
lock-in amplifier with a chopper working at 40 Hz, and an
InGaAs detector. The PL spectra in the 350–900 nm range
were measured using a charge coupled device based spec-
trometer. The effective power density of the laser beam on
the surface of the samples was �0.64 W /cm2, correspond-
ing to a photon flux of 1.05�1018 cm−2 s−1; while for the IR
measurement, the photon flux after the chopper and two re-
flective mirrors could be as little as half of this value. The
visible PL spectra were corrected for system response and
optics transmission and subsequently converted to, and pre-
sented in normalized photon flux �arbitrary units�. All the
measurements were performed at room temperature.

III. RESULTS AND DISCUSSION

From Table I, it can be seen that by increasing the H2

TABLE I. Characteristics and composition for sample

Sample
Deposition

method
Thickness

�nm�
R

Index

A Sputter in Ar 423.4�19
B Sputter in

Ar:H2 �1:1�
343.1�12

C Sputter in
Ar:H2

�2.2:20�

370.0�12

D ECR-PECVD 56�2
partial pressure upon sputtering, the Si concentration �refrac-
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tive index� in the final films first increases from 32.8
�1.52� to 35.5 at. % �1.66� then decreases to 33.9 at. %
�1.63�, while the Er concentration decreases monotonically
from 1.43 to 1.06 at. %. The increase in Si content after the
Ar+H2 sputtering, should be due to hydrogen chemically
reducing in the plasma the oxygen from the sputtered
target.21 However, Si atoms from the growing film surface
can also react with hydrogen to form volatile species �such as
SiH4 or Si2H6� and then being pumped away. So, there exists
an optimum H2 partial pressure for sputtering in Ar+H2 gas
ambient from which the Si concentration in the film can be
maximized. It has been reported that when the partial pres-
sure ratio of H2 to Ar is 1:1, one can obtain the highest Si
concentration in the film from a given Er+Si+SiO2 compo-
sition target.11 Below this ratio, hydrogen chemically reduc-
ing oxygen plays the major role and the Si concentration
increases with increasing hydrogen partial pressure; above
this ratio, hydrogen reacting with Si dominates and the Si
concentration starts to decrease.

Figures 1�a� and 1�b� show the PL spectra of sample A
A.D. or annealed in N2 for 30 min at the temperatures as is
indicated. The PL spectra shown in Fig. 1�a� are in the range
of 350–850 nm indicative of the luminescence from the
SRSO matrix of the film. The A.D. sample shows emission
with a broad peak located at around 570 nm. After 600 °C

, C, and D.

tive
32.8 nm�

Si concentration
�at. %�

Er concentration
�at. %�

2 32.8 1.43
6 35.5 1.21

3 33.9 1.06

3 44.7 1.20

FIG. 1. PL spectra of sample A, as-deposied �A.D.� or annealed in N2 for
30 min at 600, 700, 800, 850, 900, 1000, and 1100 °C, respectively: �a� the
spectra in the range of 350–800 nm indicative of the emission from the
SRSO matrix of the film and �b� the Er3+ PL at �1.54 �m. The base lines of
s A, B

efrac
�at 6

1.5
1.6
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the spectra were shifted for clarity.
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annealing the peak position shifts to �526 nm and a shoul-
der at �400 nm emerges in the spectrum. The peak position
is at �550 nm after 700 °C annealing and shifts with in-
creasing the temperature to �470 nm after 900 °C anneal-
ing. As the temperature increases further to 1100 °C, the
470 nm peak position remains almost the same. Note that the
400 nm shoulder is almost unchanged at all the temperatures.
Figure 1�b� shows the Er3+ PL spectra at �1.54 �m for the
above annealed sample A. The Er PL from the A.D. sample
is very weak, but becomes evident after 600 °C annealing.
The PL intensity increases drastically and reaches the maxi-
mum value after 700 °C annealing. Further increasing the
annealing temperature causes the PL intensity to decrease
and after 1000 and 1100 °C annealing, almost no Er emis-
sion was observed.

From the annealing behaviors of the emission bands, we
believe that the bands originate from defects �or impurities�
rather than from Si-ncls. A 400 nm emission reported in
silica implanted with Si ions was associated with B2 centers
�OwSiuSiwO� �Refs. 22 and 23� since oxygen vacancies
can be generated by Si ions impinging on the SiO2 network
and one oxygen vacancy will generate two kinds of defects:
E� �OwSi� � and the B2 centers depending on its electronic
charge. For the 400 nm band �or shoulder� present here, we
believe that oxygen vacancies can be created in our film and
form the B2 centers upon the incorporation of Er. We suggest
that there are at least two types of defects responsible for the
emission bands lying between 470 and 570 nm: one type of
defect has emissions at around 470 nm and the other emits at
�570 nm. The 470 nm component can be attributed to oxy-
gen vacancy type defects, such as neutral oxygen
vacancies,24,25 but the origin of the 570 nm component has
various explanations in the literature, such as certain transi-
tions in the oxide matrix,26 or “extended defects.”27 Then the
decrease in the PL intensity is due to the amount of defects
generally decreasing with increasing annealing temperature.
The variation of the major peak position with increasing tem-
perature is also attributed to the decrease in the defect con-
centrations but not at the same rate. Some defects vanish at
lower temperatures while others can persist up to 1100 °C
annealing. The change in the ratios among these defects
leads to the peak position varying with the annealing tem-
perature.

Note that after annealing at 700 °C the emissions at
longer wavelengths of the spectrum ��700 nm� in Fig. 1�a�
are becoming evident and correspond to the strongest Er PL
�Fig. 1�b��. One may suggest that Si-ncls have formed in the
sample and acted as sensitizers for the Er PL. However, due
to the Si:O ratio in sample A being very close to stoichio-
metric, it is less likely that the drastic variation of the Er PL
intensities is caused by precipitation of Si-ncls and their den-
sity varying upon annealing from 600 to 900 °C. Also note
that when the Er PL reaches the maximum intensity after
700 °C annealing, the corresponding major peak �Fig. 1�a��
is located at �550 nm. It is well known that Er3+ ions can
have visible emissions at 391, 408, 441, and 550 nm, which

4 2 4
correspond to the optical transitions from G11/2, H9/2, F3/2,
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and 4S3/2 energy levels to the ground level �4I15/2�, respec-
tively. Then the maximum Er PL is likely due to the Er3+

ions being resonantly excited by the defects’ luminescence
through a fluorescence resonance energy transfer process,
i.e., the photons emitted from the defect will be absorbed by
an Er3+ ion to excite an electron from the 4I15/2 level to the
4S3/2 level. The electron then will relax to the 4I13/2 level, and
finally decay back to the 4I15/2 level to emit a photon with
1.54 �m wavelength. This indicates a defect-related energy
transfer process for the excitation of Er3+ ions, which has
been reported by Kozanecki et al. as a major energy transfer
mechanism in Er-doped SRSO film.15,28 After annealing at
higher temperatures �800–850 °C�, the amount of the de-
fects decreases, and their emission wavelengths deviate
gradually from the resonant excitation wavelength, so the Er
PL at 1.54 �m decreases.

Figures 2�a� and 2�b� show the PL spectra of the SRSO
matrix and the Er PL for sample B, which was annealed
under identical conditions as sample A. In Fig. 2�a�, there are
two emission bands present in the spectrum of the A.D.
sample: one weak band has a peak position at �450 nm and
another broadband has a peak position at �680 nm. The PL
intensity again increases after 600 °C annealing, but de-
creases with further increasing the annealing temperature to
900 °C. The peak position of the 680 nm band does not
change upon these annealing temperatures, but the PL inten-
sities �from the 680 nm band� are obviously weaker than
those of sample A. The intensity has a higher value after
1000 °C annealing and the peak position redshifts to
�740 nm. After 1100 °C annealing, the peak position red-
shifts slightly ��750 nm� while the PL intensity shows a
significant enhancement. Note that the 450 nm band remains
weak and almost unchanged at all annealing temperatures. In
Fig. 2�b�, the Er PL from the A.D. sample B is rather weak,
but the intensity shows a significant increase after the
600 °C annealing. Then the Er PL intensity increases further
with increasing temperature and reaches a maximum value at

FIG. 2. PL spectra of sample B as-deposited or annealed in N2 for 30 min
with increasing the temperature from 600 to 1100 °C: �a� from the SRSO
matrix and �b� the Er3+ 1.54 �m PL. The base lines of the spectra were
shifted for clarity.
800 and 850 °C. Beyond this, the intensity starts to decrease
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with increasing temperature. The intensity is 87% of the
maximum value after 900 °C annealing, only 42% after
1000 °C annealing and is very weak again after the 1100 °C
annealing.

The �450 nm band likely originates from oxygen defi-
cient centers �ODCs�,29 which are normally regarded to be
responsible for the short-wavelength emission. The
�680 nm �or longer� emissions should be mainly related to
the radiative recombination within very small Si-ncls, the
broad emission band may also include the contribution from
certain defects, for example, nonbridging oxygen hole cen-
ters which have emission wavelengths at around 650 nm.30

After 600 °C annealing, more Si-ncls have formed in the
sample and act as efficient sensitizers of the Er3+ ions, so the
Er PL increases significantly. The decrease in the emission
from the SRSO matrix with further increasing the annealing
temperature is likely due to the defects being gradually an-
nealed out; the coupling between Si-ncls and Er atoms also
quenches the emission from the Si-ncls. When annealing at
even higher temperatures �1000 and 1100 °C�, the redshift of
the major peak position could be related to an increase in the
size of the Si-ncls �an increase in Si-ncls’ size after annealing
at high temperature was observed by transmission electron
microcopy31�; and the significant increase in the PL intensity
is due to crystallized Si-ncls being formed which have much
higher emission efficiency than amorphous Si-ncls.32,33 The
decrease in the Er PL after annealing at temperatures higher
than 900 °C �Fig. 2�b��, likely is also due to an increase of
Si-ncls’ size and the formation of Er-related precipitates in
the film.1

Figures 3�a� and 3�b� show the PL spectra for sample C
after identical thermal treatments. In Fig. 3�a�, again, the PL
from the SRSO matrix of the film is very weak, and almost
no light emission was observed when the annealing tempera-
ture was lower than 1000 °C. Annealing at 1000 °C causes
enhanced emissions at longer wavelengths ��680 nm� of the
spectrum. After 1100 °C annealing, a strong broad emission
band was observed with a peak wavelength at �760 nm, and

FIG. 3. PL spectra for sample C as-deposited or annealed in N2 for 30 min at
elevated temperatures from 600 to 1100 °C: �a� from the SRSO matrix �b�
the Er3+ 1.54 �m PL. The base lines of the spectra were shifted for clarity.
a weak band with peak position at �450 nm emerges. In Fig.
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3�b�, similar to that shown in Fig. 2�b�, the Er PL from the
A.D. sample is rather weak, and after the 600 °C annealing
the Er PL becomes quite strong. With further increasing the
annealing temperature, the Er PL reaches a maximum inten-
sity at about 900 °C, beyond which the PL intensity de-
creases with increasing the temperature up to 1100 °C.

From the PL spectra of the above three samples, it can be
seen that by incorporating H2 during the Ar sputtering, the
defect-related emissions are greatly suppressed and the Er PL
intensity increases significantly. After normalizing for the
films thickness, we find that the maximum Er PL intensity of
sample B is about 18.5 times stronger than that of sample A,
and 1.4 times stronger than that of sample C. The significant
enhancements of the Er PL are likely due to hydrogen pas-
sivation of dangling bonds at the interface of Si-ncl /SiO2

which improves the radiative recombination within Si-ncls.
Thus, more optical energy can be transferred from Si-ncls to
Er3+ ions. The enhancements of the Er PL strongly depend
on the Ar:H2 ratio during the Ar+H2 sputtering: a high H2

partial pressure during Ar sputtering reduces the improve-
ment of the Er PL.

Previously, we have demonstrated that PL spectra of Er-
doped SRSO can be influenced significantly by post-
deposition annealing in H2-containing gas ambients.18 How-
ever, annealing in N2+H2 was supposed to form Si
oxynitride at the surface of Si-ncls, which hinders the energy
transfer from Si-ncls to Er3+ ions.31 Here, we have annealed
samples A, B, and C in FG ambient for 30 min at their op-
timum temperatures for Er PL upon annealing in N2 �700,
800, and 900 °C, respectively�, and the PL spectra are shown
in Figs. 4�a�–4�f�. In Fig. 4�a�, it can be seen that for sample
A annealed in FG, the PL intensity of the SRSO matrix in-
creases only slightly but the major peak position blueshifts
from 550 to 470 nm, and the longer wavelength part of the
spectrum decreases when compared to the case of annealing
in N2. The shift of the peak position is likely due to defects
responsible for the 570 nm emission being sensitive to H2

annealing and thus being passivated. From the temperature
dependence of the defect-related PL �Fig. 1�a�� and the de-
fect sensitivity to H2 annealing, we believe that the defect is
not likely to be an extended defect as was suggested in Ref.
27. The exact nature, however, is not clear at present. The
decrease in the longer wavelength emission indicates that
few Si-ncls are being formed upon the FG annealing. In Fig.
4�b�, after annealing sample B in FG, both the 450 nm band
and the 680 nm band have increased in intensity by about
17% compared to the case of N2 annealing, the longer wave-
length emission are also enhanced. Similar effects were ob-
served for sample C after 900 °C annealing in FG as is
shown in Fig. 4�c�. The observed PL intensity increases
slightly when compared to the case of 900 °C annealing in
N2. The influences of annealing in FG on the Er PL are
shown in Figs. 4�d�–4�f�. It can be seen �Fig. 4�d�� that for
sample A after annealing in FG, almost no Er PL is observed.
This indicates again that the Er PL in sample A more likely
originates from a defect-related energy transfer process than

from a Si-ncls-mediated transfer process. Figures 4�e� and
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4�f� show that the Er PL intensities of samples B and C after
the annealing in FG have increased by 77% and 48%, respec-
tively, compared to the cases of annealing in N2. In sum-
mary, annealing in FG ambient significantly improves the Er
PL efficiency but the enhancement also depends on the hy-
drogen partial pressure during the deposition.

The structural differences between samples A, B, and C
annealed in N2 and FG at their optimum temperatures for Er
PL, have been studied by FTIR, the results of which are
shown in Fig. 5. For sample A annealed at 700 °C in N2,
there are three major features present in the spectrum with

FIG. 4. PL spectra of the samples A, B, and C, annealed in FG for 30 min at
matrix and ��d�–�f�� the Er3+ 1.54 �m PL. The PL spectra for the samples a

FIG. 5. FTIR spectra of samples A, B, and C, annealed in N2 �or FG� for

30 min at the temperatures of 700, 800, and 900 °C, respectively.

JVST A - Vacuum, Surfaces, and Films
peak positions at �1110, �996, and �783 cm−1, respec-
tively. The three bands become less defined after annealing
in FG and the 783 cm−1 band decreases the most in intensity.
The 1110 cm−1 absorption band stems from the asymmetric
�or out-of-phase� SiuO stretching vibration.34,35 The
996 cm−1 band can be ascribed to the SiuOuSi stretching
mode �it should be noted that with increasing the annealing
temperature from room temperature to 1100 °C, the peak
position of the band blueshifts from 992 to 1017 cm−1, not
shown�. However, if we attribute the 996 cm−1 band only to
the symmetric SiuO bonds, the �O� / �Si� atom ratio in
sample A should be at �0.66 �Ref. 36� or �1.0, �Ref. 37�
both of which are much lower than that obtained from our
RBS analysis. We believe that upon the N2 annealing some
other chemical bonds, for example, SiuN bonds,35 have
formed and contributed to the wide band, as N can diffuse
into the film and passivate the Si dangling bonds.38,39 The
783 cm−1 band can be ascribed to both the SiuO bending
mode and the SiuN stretching mode.35,40 The decrease in
the absorption after annealing the sample in FG is likely due
to few SiuN bonds being formed. Hydrogen incorporation
can either passivate the defects which emit light at around
550 nm or form OuH bonds35 �the undesirable OH group
quenches the Er PL greatly�. So, the fact that almost no Er
PL was observed after 700 °C annealing in FG can be un-
derstood.

For sample B annealed at 800 °C in N2, similar three
absorption bands are present in the spectrum, also shown in
Fig. 5, with peak positions located at �1135 and
�976 cm−1, respectively, but the band in a range of
700–850 cm−1 is less defined. After annealing in FG, the

mperatures of 700, 800, and 900 °C, respectively: ��a�–�c�� from the SRSO
led in N2 cases have been plotted in dotted lines for comparison.
the te
nnea
absorption of the sample again decreases but the peak posi-
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tions remain the same. Gourbilleau et al.11 reported that the
relative intensity of the longitudinal optical �LO3� mode
��1250 cm−1� for the SiuO vibrational mode with respect
to the transversal optic �TO3� mode ��1080 cm−1�, increases
with increasing hydrogen partial pressure upon an Ar+H2

sputtering, and suggested that this was a signature of the
increase of interfacial silica, i.e., Si /SiO2 surface, at the ex-
pense of volumic silica, which is induced either by the in-
crease in Si excess for a given size of Si-ncls or by the
increase in the density of small nanoclusters for a given
value of Si excess. Therefore, we believe that the here ob-
served changes in the shape of the �1135 cm−1 band are
related to more Si-ncls being formed since more Si excess
exists in sample B than in sample A. However, we cannot
rule out the possibility that NuH bonds are being formed in
the sample upon annealing in N2, as the NuH bending
mode can have frequencies ranging from 1150 to 1200
cm−1.35,41,42 The wide 976 cm−1 band is believed to be
mainly from the SiuOuSi stretching mode �it should be
noted that the peak position of the band blueshifts from
973 to 1001 cm−1 with increasing the annealing temperature
from 25 to 1100 °C, not shown�; however, the band may
also include the contribution from the SiuH bending vibra-
tion since hydrogen is believed to have incorporated in the
film and can have an absorption peak at �976 cm−1.36 In the
case of FG annealing, again the decreases of the 1135, 976,
and the 700–850 cm−1 absorption bands are likely due to
less SiuN or NuH bonds being formed. The significant
enhancement of the Er PL after annealing in FG is due to
hydrogen passivating the Si dangling bonds and fewer
chemical bonds �i.e., SiuN or NuH bonds� being formed
at the surface of Si-ncls, both of which greatly improves the
energy transfer efficiency.

The absorption spectra of sample C annealed at 900 °C
are quite different from those of samples A and B. Four
absorption features are present in the spectrum after anneal-
ing in N2. The major band is located at around 1070 cm−1

with a shoulder at around 1145 cm−1, and another two small
absorption bands emerge with peak positions at �739 and
�818 cm−1, respectively. After annealing in FG, the
1070 cm−1 band decreases in intensity, and the shoulder
evolves into a band with a peak position located at
�1144 cm−1. The two small bands also decrease in intensity
but the peak positions are unchanged. The 1070 cm−1 peak in
the spectra is attributed to the SiuOuSi stretching
mode.35,36 The �739 cm−1 peak can be ascribed to SiuSi
bonds43 or SiuN bonds, while the 818 cm−1 peak is likely
due to the SiuO bending modes. Note that there is no indi-
cation of SiuHx bonds present in the spectra, which means
that the hydrogen content in sample C is quite low. A de-
crease in the hydrogen content after magnetron sputtering at
high H2 gas flow rates was reported in amorphous hydrogen-
ated Si film deposition, and attributed to “excessive hydro-
gen atoms in the gas phase extracting hydrogen from the
surface of the depositing films.”44 We believe that a similar
phenomenon has occurred during the film C deposition, the

hydrogen incorporated in the film is low and not reflected in
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the FTIR spectra. After annealing in FG, the decreases in the
absorption bands are again due to less SiuO bonds being
formed, which improves the energy transfer from Si-ncls to
Er3+ ions.

Figure 6 show a comparison of the PL spectra of samples
B and D, since the two samples have similar Er concentra-
tions ��1.2 at. % � but different Si excess �35.5 at. % versus
44.7 at. %�. Samples B and D were annealed in N2 for
30 min at 850 and 875 °C, respectively, which are optimum
annealing temperatures for their Er PL. From Fig. 6�a�, one
can see that the PL spectra originating from the SRSO matrix
of samples B and D are different, the major emission band of
sample D is located at around 450 nm with small features
present at around 520–540 nm, and the emissions at longer
wavelengths of the spectrum are less evident than that of
sample B. The 450 nm band has also been attributed to ODC
defects but the 520–540 nm structure has been linked to the
transition between Er3+ excited states and the ground state
�4S3/2→ 4I15/2�.31 If we assume that the emission intensity is
proportional to the film thickness and normalize the thick-
ness of sample D to that of sample B, the intensity of the
SRSO emissions from sample D would be about three times
as strong as that from sample B. Figure 6�b� shows the Er PL
spectra of the two samples. The full width at half maximum
of the spectrum of sample B is 43 nm while that for sample
D is 37 nm. The different widths of the Er PL spectra indi-
cate that the Er3+ ions lie in somewhat different chemical
environments. After normalizing the thickness of sample D
to that of sample B, the maximum Er PL intensity of sample
B is about 67% stronger than that of sample D. It should be
noted that for the two samples annealed at the above
temperatures—but in FG—for 1 h, after the same normaliza-
tion, the Er PL from sample B is about two times stronger in
intensity than that from sample D.

Franzò et al.45 discussed the role of Si excess in the PL
properties of Er-SRSO grown by PECVD+implanted Er
ions, and suggested that when Er is excited through an en-
ergy transfer from Si-ncls �i.e., nonresonant excitation�, the

FIG. 6. Comparison of the PL spectra of samples B and D: �a� from the
SRSO matrix and �b� the Er3+ 1.54 �m PL. Samples B and D were annealed
in N2 for 30 min at the temperatures of 850 and 875 °C, respectively.
Er emission at 1.54 �m increases with increasing Si content.
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They observed that the Er PL intensity of an Er-SRSO
sample with a Si concentration of 44 at. % is about five times
stronger than that of a sample with a Si concentration of only
35 at. %. The 325 nm HeuCd laser line employed in our
experiments is a nonresonant excitation for the Er3+ ions,
however, a simple comparison of the Er PL intensities of
samples B and D shows that our results are not in agreement
with their observations. This discrepancy could be due to our
samples B and D being deposited with different techniques.
We believe that hydrogen has been incorporated in both
samples during their deposition but possibly exists in differ-
ent SiuHx bonds, and hydrogen passivation effects play sig-
nificant role in improving the Er PL intensity as well as Si
excess. From our FTIR spectra, hydrogen possibly exists in
sample B mainly in the form of SiuH bonds, while in
sample D it is supposed to exist in the form of SiuH2 bonds
as well as SiuH bonds from the dissociation of SiH4.31

�Note that this is different from that of hydrogenated amor-
phous Si thin films reported in Ref. 44.� After annealing in
FG, the fact that the Er PL from sample B increases further
while that from sample D varies little,18 indicates that the
hydrogen passivating efficiency depends on the condition of
hydrogen �content, configuration� already existing in the
A.D. films. The different hydrogen passivation effects �or
efficiency� in the two samples should be responsible for the
significant difference in the Er PL. Clearly, further study of
the hydrogen chemical states upon deposition and annealing
is needed.

IV. CONCLUSIONS

Three Er-doped SRSO films were deposited by using
magnetron sputtering in Ar or Ar+H2 ambients. For the
sample grown by Ar sputtering, the excitation of Er3+ ions is
believed to be a defect-mediated energy transfer process;
while for the samples grown by Ar+H2 sputtering, the
defect-related emissions are greatly suppressed and the Er PL
at 1.54 �m increases significantly. After annealing in FG
ambient, almost no Er PL was observed from the sample
grown in an Ar plasma, while the Er PL intensities of the
samples grown in Ar+H2 plasmas increase compared to the
cases of annealing in N2. FTIR spectroscopy showed quite
different absorption spectra for the samples dependent on the
hydrogen partial pressure during deposition. That the absorp-
tion bands are decreasing in intensity after annealing in FG is
likely due to fewer SiuO bonds being formed, which sup-
presses the defect-related emissions and improves the Er PL
efficiency by the hydrogen passivation. A comparison of the
PL properties with the sample grown by ECR-PECVD indi-
cates that the Er PL efficiency not only depends on the Si
excess, but hydrogen content and hydride forms also greatly
influence the Er PL. This study is an important contribution
to the further understanding of the energy transfer mecha-
nism in the Er-doped SRSO system, which is helpful toward

improving the Er PL efficiency.
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