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Amorphous erbium-doped silicon oxide �SiyO1−y :Er, y�1 /3� thin films are currently under
investigation as a luminescent material system for complementary metal-oxide semiconductor
compatible light emitters. We have grown films with y�1 /3 and investigated their properties using
both positron annihilation and photoluminescence �PL� spectroscopies. Films were characterized “as
deposited,” following irradiation with 1 MeV Si+ ions and after isochronal annealing. The PL yield
from both Er3+ ions and sensitizing defects is reduced by irradiation, depending strongly on the
irradiation fluence and reaching saturation at �4�1013 Si+ /cm2. Higher implantation fluences
result in an open-volume defect structure in the film that persists after annealing. This annealing
behavior is similar to that of an unrecoverable quenching effect on Er3+-related PL near 1540 nm,
and we suggest that these open-volume defects may cause a decoupling of the Er3+ ions from
sensitizing oxide point defects that form as a result of the film deposition process. © 2009 American
Institute of Physics. �DOI: 10.1063/1.3086644�

I. INTRODUCTION

Erbium-doped silicon rich silicon oxide �SiyO1−y :Er
with y�1 /3� thin films are currently being investigated as a
luminescent material system to fulfill light emission and op-
tical amplification functions for integrated silicon optoelec-
tronic applications.1 This research is motivated in part by a
desire to begin replacing high line-density copper-based
electrical interconnect architectures with an optical equiva-
lent in order to meet growing bandwidth demands. Si nano-
clusters �Si ncls� embedded in a SiO2 matrix, formed through
the thermally induced phase separation of Si atoms in the
oxide network, constitute photoluminescence �PL� centers
with broadband aggregate optical emission and absorption
properties.2 While radiative recombination of carriers in a Si
ncl can proceed through various channels, excited Si ncls can
preferentially couple to nearby Er3+ ions,3 which are intro-
duced as a dopant in the oxide matrix by processes such as
cosputtering, ion implantation, or metalorganic chemical va-
por deposition. This coupling enables nonradiative energy
transfer from an excited Si ncl to Er3+ ions, which ultimately
relax by the emission of characteristic luminescence near
1540 nm through one of the various radiative transitions
from the 4I13/2 manifold to the 4I15/2 �ground� manifold. Be-
cause it has proven difficult to incorporate this sensitization
process in electroluminescent devices, much work is still on-
going to elucidate all of the luminescence mechanisms in this
material.

The present work investigates the effect of oxide defects
on the sensitization mechanism by subjecting an Er-doped
oxide film deposited by electron cyclotron resonance plasma

enhanced chemical vapor deposition �ECR-PECVD� to a
damaging irradiation with a high energy Si+ ion beam and
examining the effect on the film luminescence and defect
properties. It is well known that such ion bombardment of
insulating thin films produces various electronic/charged de-
fects through inelastic scattering of incident ions from bound
target electrons while target vacancies are produced by elas-
tic scattering between nuclei in the target and the incident
ion. PL spectroscopy and Doppler broadening detected pos-
itron annihilation spectroscopy �PAS� with a variable energy
slow positron beam were used to characterize the effect of
the irradiation and subsequent recovery through stepwise iso-
chronal annealing. The PAS results are presented in terms of
the S �or W� parameter. The S parameter provides an indica-
tion of the relative number of positron annihilation events
which take place with target core and valence electrons. Pos-
itrons which are trapped at defect sites experience an elec-
tron environment different from those which annihilate with
the unirradiated bulk, and hence a semiquantitative determi-
nation of the type and concentration of defects may be ac-
quired by comparison of the S �or W� parameter of an irra-
diated sample and that not subjected to ion implantation.

Previous studies which investigated the damaging of sili-
con oxide thin films by ion irradiation focused on Si-rich
compositions only;4,5 consideration of the impact on the PL
properties was typically restricted to the characteristic emis-
sion from Si ncls. Following Ar+ irradiation, Brusa et al.6

found that thermal treatment at 500 °C removed electronic
defects in the oxide but vacancy defects were still detectable
�by Doppler broadening PAS� in the substrate after annealing
at 1100 °C and in the oxide in the case of high excess Si
content. Alternatively, Hirata et al.7 used PAS to measure the
S parameter in SiO2 films on c-Si following implantation
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with 30 keV Er+ ions. Considering ion fluences of 3.0
�1014 and 1.5�1015 cm−2, it was found that the S param-
eter increased with postimplant annealing up to 900 °C but
was always much higher in the sample receiving the lower
implant fluence; in neither case the preimplant S parameter
value was recovered. The decrease in the S parameter was
attributed to severe structural damage of the SiO2 network,
trapping of positrons �thus preventing their evolution to Ps�
at Er3+ bond sites, or the elimination of Ps formation sites by
the bonded Er. Cathodoluminescence measurements showed
no Er3+ emission near 1540 nm from as-implanted samples;
however, an increasingly strong emission was developed fol-
lowing annealing from 600 °C to 900 °C. Interestingly, all
defects detectable by electron spin resonance �ESR� mea-
surements, for the sample receiving the higher implant flu-
ence, had disappeared by 600 °C.

Such irradiation studies are relevant for two reasons.
First, silicon oxide thin films are often doped by implantation
either with Er or with other codopants such as carbon se-
lected to produce particular luminescence emission.8,9 It is
important to understand the effect of such irradiation on the
intrinsic luminescence centers of the initial film, as well as
those formed by postirradiation annealing. Second, an ability
to categorize the basic irradiation-induced defects �such as
with PAS� can permit the identification of those classes of
defects to which the desired luminescence centers may be
sensitive. Based on such an understanding, the tailoring of
the film preparation processes to minimize such defects may
assist in enhancing the overall efficiency of these materials.

II. EXPERIMENTAL DETAILS

A. Sample preparation and description

A single amorphous SiyO1−y :Er thin film was deposited
on a p-type c-Si wafer using ECR-PECVD with in situ Er
doping. The details of the McMaster ECR-PECVD system,
as well as the fitting of the system with the in situ Er-doping
capability, have been described elsewhere.10,11 The Si precur-
sor was 30% SiH4 in Ar, the O precursor was 10% O2 in Ar,
and the Er precursor was the metalorganic complex
Er�tmhd�3. The volatile Er chelate is heated to generate a
small amount of vapor which is then carried by an Ar gas
flow from the heating cell to a dispersion ring in the deposi-
tion chamber. The film was deposited with a SiH4 mass flow
rate of 20 cubic centimeter per minute at STP �SCCM� and
an O2 flow rate of 64 SCCM. The Er cell temperature was
120 °C and the Ar carrier gas flow rate was fixed at 18
SCCM. The microwave discharge power was 500 W. The
chamber pressure was reduced to �10−7 Torr prior to depo-
sition; chamber pressure during deposition was �3 mTorr.
The substrate was heated to a temperature of 120 °C prior to
and during deposition, and the substrate was rotated at 20
rpm throughout the growth. The film composition, as deter-
mined by Rutherford backscattering spectrometry using a 1.5
MeV beam of 4He+ ions, was approximately 33.5 at. % Si
relative to O with 1.32 at. % Er relative to Si and O.

Following deposition, the wafer was cleaved into several
samples. Each was annealed for 3 h at 800 °C in a Jipelec
JetFirst 100 rapid thermal annealer under flowing N2 gas.

This was done to optimize the film luminescence near 1540
nm. Following the measurement of the PL in both spectral
ranges of interest �details provided below�, the samples were
subjected to a damaging irradiation. The irradiation was car-
ried out using a 1.7 MV tandetron accelerator to produce a 1
MeV Si+ ion beam. Simulations using the program SRIM

�Ref. 12� indicated that such ion beam parameters would
prevent codoping of the film with Si atoms since the ion
range would be greater than 1 �m. Each sample received
one irradiation at a fluence of 1�1012, 5�1012, 1�1013,
2�1013, 4�1013, 5�1013, or 1�1015 Si+ /cm2; the beam
current was always less than 200 nA and sample heating
above room temperature was negligible. Immediately follow-
ing irradiation, the samples were divided into two groups:
first group to be characterized by PAS and the second to
undergo stepwise annealing and PL measurements. The an-
nealing schedule used isochronal heating of 10 min duration,
carried out under flowing N2 gas ambient, with a stepwise
temperature sequence from 150 to 800 °C in steps of 50°,
followed by anneals at 900 and 1000 °C.

B. Laser-excited PL characterization

Room temperature infrared PL spectra were measured
from 1400 to 1650 nm. The PL setup consists of a 17 mW
He-Cd laser operating at a wavelength of 325 nm, a grating
monochromator, a lock-in amplifier with a chopper, and an
InGaAs detector. Both the entrance and exit slits for the
monochromator were 3 mm. The system response curve is
approximately flat over the bandwidth of the Er signal near
1540 nm, and therefore the spectra do not require further
correction. Room temperature PL spectra were also mea-
sured from 350 to 1000 nm using the same laser but with a
rerouted beam. The signal was collected using an S2000
miniature fiber optic spectrometer from Ocean Optics. These
latter spectra were fully corrected for the system response
and optics transmission. A description of the PL system and
data correction methodology is given elsewhere.13 For the
purpose of this study, all PL spectra in the 350–1000 nm
band have been converted to normalized photon flux units.

C. Doppler broadening PAS

PAS was carried out using the slow positron beam facil-
ity at the University of Western Ontario. A full description of
the apparatus has been given elsewhere.14 A description of
the Doppler broadening parameters and positron and positro-
nium physics has also been given elsewhere.15 The system
generates a nearly monoenergetic positron beam from a 22Na
source with a thin tungsten transmission moderator. The
present study used a beam with variable energy between 0.5
and 33 keV corresponding to mean implanted positron
depths in SiO2 ranging from 5 nm to 4 �m. An intrinsic Ge
detector was used to measure the gamma ray energy distri-
butions resulting from the positron annihilation events. All
measurements were carried out under high vacuum
��10−7 Torr�. The S and W parameters were calculated from
the measured spectra for the full range of incident positron
energies. In order to provide a measurement standard, spectra
were taken for a sample of effectively defect-free single
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crystal Si. The S and W parameters presented throughout this
report have been normalized to the measured values for un-
defected bulk Si.

Four samples were selected, immediately following irra-
diation, for PAS measurements—unirradiated and fluences of
1�1013, 4�1013, and 1�1015 Si+ /cm2. The measurements
were conducted at room temperature. Following this, the two
samples corresponding to irradiation fluences of 1
�1013 Si+ /cm2 and 1�1015 Si+ /cm2 underwent PAS mea-
surements while subject to in situ annealing under vacuum.
During this measurement, the positron beam energy was
fixed near 2 keV �corresponding to a mean positron implant
depth in SiO2 of about 47 nm�. For the present study, the
temperature was continuously ramped from room tempera-
ture to 600 °C over a period of about 5 h.

III. RESULTS AND DISCUSSION

A. PAS and PL in the as-irradiated film

Ion implantation simulations12 indicate that the concen-
tration of Er vacancy defects caused by the irradiations in
this study is small �fewer than 10 at. % of the Er atoms for
the highest irradiation fluence�. The postirradiation Er-related
PL emission should therefore be dominated by electronic
damage, particularly defects in the SiO2 matrix involving
dangling bonds such as the E� center, the peroxy radical, and
the nonbridging oxygen hole center �NBOHC�.15 As the E�
center and peroxy radical are known to be nonradiative, they
should constitute pathways for PL quenching; excited Er3+

ions will couple strongly to any such defects located in the
Er-coordinating shell, leading to fast energy transfers to ac-
ceptor states of the defects. Figure 1 depicts the integrated
PL intensity obtained from the as-irradiated films. It is be-
lieved that the Er-related PL near 1540 nm observed in this

study is potentially sensitized by oxide defects and Si ncl,
and that the sensitizing centers emit intrinsic visible PL in
the 350–850 nm band.

Figure 1 shows that the PLs in both the infrared �1400–
1650 nm� and visible �350–850 nm� bands behave similarly
as a function of the irradiation fluence. At the lowest fluence
�1�1012 Si /cm2� there is almost no quenching of the PL,
which is consistent with the negligibly small concentration
of displaced Er atoms predicted by the SRIM simulations. For
a fivefold increase in the fluence, the PL is reduced by 50%
in both wavelength ranges. However, saturation of the PL
quenching sets in between 4�1013 and 5�1013 Si+ /cm2,
wherein the PL yield will not decrease below about 10% of
the preirradiated �maximum� value even if the irradiation flu-
ence is increased 20 fold over this initial saturation dose. In
fact, in the visible band, there is a slight increase in the
integrated intensity. The saturation effect is related to
irradiation-induced radiative point defects, such as those
which are thought to be intrinsically present in the deposited
films, including the weak oxygen bond, the neutral oxygen
vacancy, divalent Si, and the NBOHC. For example, at flu-
ences below the saturation value, the introduction of nonra-
diative defects dominates so that the PL yield decreases.
Above the saturation fluence, radiative defects appear in suf-
ficient numbers to compensate the nonradiative centers, pre-
venting further reduction in the PL.

To illustrate the impact of irradiation on the defect popu-
lation, Fig. 2 shows the positron annihilation S and W pa-
rameters �which have been normalized to the spectrum of the
bulk region of defect-free single crystal Si� for the unirradi-
ated samples and for the most heavily irradiated samples
studied. The film is only 200 nm thick and so the irradiation
changes the S and W parameters corresponding to both the
film and the substrate. Following irradiation, the normalized
S parameter for the film is decreased below unity. Con-
versely, irradiation causes an increase in the S parameter for
the substrate due to the production of vacancylike defects.

The decrease in the S parameter within the film, upon
irradiation, is attributable to the trapping of positrons at
irradiation-induced negatively charged electronic �point� de-
fects, which reduce the probability of Ps formation;16–18 the
fluence is apparently not high enough to form significant
voids in the film. In general, the annihilation characteristics
of positrons in amorphous silicon oxide films are dominated
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FIG. 1. Integrated PL intensity following irradiation normalized to the value
for the unirradiated sample. �a� Infrared wavelength band �1400–1650 nm�;
�b� visible band �350–850 nm�. The inset in �a� shows the raw PL spectrum
for the highest irradiation fluence �as-irradiated�; the inset in �b� shows the
raw PL spectrum for the two highest ion fluences �as-irradiated�. All samples
were annealed for 3 h at 800 °C in flowing N2 gas prior to irradiation to
optimize the Er-related PL near 1540 nm.

FIG. 2. Positron annihilation S parameter and W parameter �inset� for both
unirradiated and heavily irradiated samples. The dashed line in the main
graph indicates the film/substrate interface.
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by Ps formation because almost all implanted positrons an-
nihilate from Ps states.15 This means that irradiation-induced
changes in the S parameter within the film can usually be
explained in terms of changes in Ps formation; in fact, ion
irradiation is thought to be able to reduce Ps formation to
zero.16 Note that void space in the films, in which Ps might
form, is initially limited in this study because of the long
preirradiation anneal at 800 °C. The preanneal should den-
sify the films and release most of the residual hydrogen con-
tamination, thereby reducing irradiation-induced film
compaction.19

Both the S and W parameters for the films are plotted in
Fig. 3 for various irradiation fluences. The S and W param-
eters have apparently saturated even for the sample receiving
the lowest irradiation fluence, since there is no further de-
crease in the S parameter for higher fluences. This means that
all of the positrons entering the film become trapped before
they annihilate and the addition of further trapping defects
with higher irradiation fluence has no impact on the value of
S. This makes the PAS data somewhat difficult to compare
with the as-irradiated PL data since the positron saturation
occurs at a lower fluence than the PL saturation.

Examination of Fig. 3 reveals that the S parameter �and
the W parameter� within each film shows two different re-
gimes. The first is a knee-shaped region from 0 to 100 nm,
while the second is a linear section that extends into the
substrate. To look for Ps formation, difference spectra were
obtained by subtracting the raw gamma photopeak spectrum
of the c-Si standard �at a positron energy of �40 keV� from
the spectra of the film specimens such that the positron en-
ergy resulted in a mean implantation depth consistent with
the first region of the film ��2.5 keV�. Figure 4 shows such
difference spectra for an unirradiated film and one irradiated
to a dose of 1�1015 cm−2. The narrow central peak in the
difference spectrum can be attributed to the 2-� annihilation
of p-Ps.20 The unirradiated film shows much more Ps forma-
tion than the irradiated material.

A possible explanation for the two apparent regimes of
the S parameter in as-irradiated films is the presence of Er-
related positron-trapping defects. It has been suggested7 that
Er3+ suppresses Ps formation by trapping positrons and/or
occupying spaces where Ps might be formed. The film under
study has a nonuniform Er concentration profile, as revealed
by the Rutherford backscattering data. In fact, the Er concen-
tration uniformly decreases from a value of 1.7 at. % near the
film surface to 0.9 at. % near the substrate, meaning that the
region with the most Er is also the region showing an
anomaly in the S parameter. This could suggest that there is
a positron-trapping defect associated with the Er incorpora-
tion in these films. We note though that this interpretation is
somewhat speculative and complicated by the decreasing
resolution of the slow positron technique with increase pos-
itron implantation energy.

B. Annealing-induced changes in irradiated films

Figure 5 depicts the recovery of the PL in both spectral
bands for two representative samples �implant fluences of 2
�1013 and 1�1015 Si+ /cm2�. Parts �a� and �c� show the
spectra obtained after annealing at various temperatures,
along with the preirradiation PL spectrum. Parts �b� and �d�
plot the integrated intensity, normalized to the preirradiation
PL yield, as a function of the anneal temperature.

The PL signal in the infrared band shows a monotonic
increase in intensity with anneal temperature up to a maxi-
mum at 800 °C, beyond which there is a gradual decrease,
likely resulting from Er precipitation. The spectral content of
the Er3+ transition �part �a�� shows no variation with anneal-
ing temperature, and the PL intensity recovers almost com-
pletely to its preirradiation value following annealing to
800 °C. Although not shown in this figure, annealing at
800 °C for 3 h results in only a marginal increase in the PL
over the 10 min anneal. The recovery of the PL follows a
smooth trend throughout; it does not show any sharp in-
creases associated with the articulated disappearance of a
specific defect at a particular temperature �such as an E�
center at 300 °C or a NBOHC at 600 °C�.17 In this sense,
the PL does not exhibit sensitivity to any single specific non-
radiative defect type. This was true for all of the irradiation
fluences studied.
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Given that the most common irradiation-induced elec-
tronic defects in SiO2 and Er-doped SiO2 �i.e., those that are
detectable by ESR� are generally repaired by annealing to
600 °C,17 the fact that the Er3+ infrared PL signal is only
76% recovered by 600 °C suggests that there are other de-
fect centers in these films which require a higher temperature
to anneal. The destruction of Er-luminescence complexes by
the displacement of Er and O during irradiation should not
be the main effect since these displacements account for only
about 0.5% of the total Er and O populations at an implant
fluence of 2�1013 Si+ /cm2. Another consideration is the
damage of the sensitizing centers themselves. While studies
of Si ncls/nanocrystals that have been damaged by ion irra-
diation suggest that they can fully recover their luminescent
emission at an anneal temperature as low as 800 °C,5 the
film in the present study should contain a small �or even
zero� concentration of Si clusters because there is a negli-
gible Si excess. Nonetheless, there are other sensitizing cen-
ters in the films, and these must be limiting the Er3+ PL. This
can be investigated by considering the visible band PL.

The recovery of the visible PL �at a fluence of 1
�1015 Si+ /cm2� with annealing, as shown in Fig. 5, follows
a much different trend than the infrared PL. For example, the
visible PL yield increases steadily with increasing anneal
temperature above the as-irradiated value. In fact it recovers
59% beyond the preirradiation yield after annealing at
900 °C. There are two notable changes in the spectral con-
tent relative to the preirradiation spectrum. The first is the
relatively slight redshift of the defect PL peak from 403 nm
to 410–415 nm �tentatively ascribed to the weak oxygen

bond� following the irradiation, which remains throughout
the annealing. This may be due to changes in the dielectric
constant of the film �as evidenced by a change in color of the
film following irradiation� as a result of the near-complete
destruction of the Si-O network. The second is the variation
in the ratio of the intensities of the peak centered at 410 nm
and the broad feature centered near 600–650 nm. While this
ratio is nearly constant between 3 and 4 for the other irradia-
tion fluences �throughout annealing�, in this sample it begins
at a factor of 0.86 �indicating that the 600–650 nm PL is
slightly more intense than the blue-violet PL� in the as-
irradiated film and increases to a factor of 6 after annealing
to 800 °C, following a smooth trend. This ratio is plotted in
Fig. 6 as a function of anneal temperature for irradiation
fluences of 1�1013 and 1�1015 Si+ /cm2. The broad PL
near 650 nm does not recover as quickly as the violet peak,
and it decreases in relative intensity beyond 500 °C. This
suggests that the defect responsible for the broad feature near
650 nm is related to the NBOHC and is largely repaired at
the higher anneal temperatures.

1. Role of the irradiation fluence

Figure 7 compares the recovery of the integrated PL in-
tensity in the infrared and visible bands for various implant
fluences. The intensities have been normalized, for each tem-
perature, to the unirradiated control sample which was an-
nealed �and remeasured after each anneal� along with the
irradiated samples.

It is clear from Fig. 7 that the trend in the Er3+ infrared
PL recovery is dependent on the irradiation fluence. For ex-
ample, the very slight reduction in the PL intensity in the
sample irradiated with 1�1012 Si+ /cm2 has recovered by
400 °C. The intermediate fluences up to 1�1013 cm−2 fol-
low similar smooth PL recovery patterns; in these cases,
most of the increase in the signal occurs between 300 and
700 °C, with a flattening of the recovery at higher tempera-
tures. The PL eventually recovers very close to the value of
the unirradiated control sample for all fluences except the
highest irradiation fluence �1�1015 Si+ /cm2�. In the latter
case, the PL recovers to a maximum of only 61% of the
control sample and the required annealing at 1000 °C. Inter-
estingly, while the sample irradiated at 4�1013 Si+ /cm2 ex-
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FIG. 5. �Top� Infrared PL spectra and integrated intensities �inset� shown at
various anneal temperatures for film irradiated at 2�1013 cm−2; �bottom�
visible PL spectra and integrated intensities �inset� shown at various anneal
temperatures for film irradiated at 1�1015 cm−2.

FIG. 6. Ratio of the blue-violet PL peak intensity to that of the broad PL
peak centered near 650 nm �PL450 nm /PL650 nm� as a function of postirradia-
tion anneal temperature for the sample irradiated with a fluence of 1
�1015 cm−2.

053517-5 Blakie et al. J. Appl. Phys. 105, 053517 �2009�

Downloaded 17 Mar 2009 to 130.113.119.8. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



hibited an initial PL quenching to the same value as the
highest fluence, this sample exhibited close to a full recov-
ery.

Comparing the recovery of the infrared band PL to that
of the visible band PL, it is apparent that the latter depends
less on the fluence. Thus, as the irradiation fluence increases,
there is an increase in the difference between the degree of
recovery of the PL in the infrared and visible wavelength
ranges �i.e., there is a widening of the gap between the two
curves�. The lowest fluence results in almost no PL quench-
ing and this yield effectively returns to the preirradiated state
after a 400 °C anneal. The intermediate fluences all show a
fast PL increase up to 500 °C and then a slower increase up
to full recovery beyond this. The highest fluence, however, is
anomalous yet again, though in a manner that contradicts its
behavior in the infrared band. With the exception of this
fluence, the similarity of both the annealing trends and shape
of the PL recovery curves suggests that the PL near 1540 nm
and that near 410 nm must be related. The increasing differ-
ence between the PL recovery curves for the infrared Er3+

and visible defect PL bands suggests that increasing the irra-
diation fluence may have the effect of inflicting a progressive
decoupling of sensitizing defects �associated with the 410nm
band� from the Er3+ ions.

The strong PL recovery observed in both wavelength
ranges for the intermediate fluences in the 300–700 °C
range is consistent with a reduction in defects such as the E�
center, peroxy radical, and NBOHC. The continued, though
slower, PL recovery in these samples at even higher tempera-
tures suggests that the damaged Er-O complexes are repaired
by high temperature annealing. However, this also suggests
that there is damage in the film which is still more persistent.
Can these defects be identified concurrent with a model in

which the Er3+ PL is sensitized by radiative defects �other
than Si ncl�? The peculiar results obtained for the highest
irradiation fluence provide a clue in this regard. Consider
that the Er-related PL at 1540 nm is not recoverable by an-
nealing to 1000 °C, while the visible defect PL recovers be-
yond its preirradiation value. It is tempting to suggest that
the irradiation has introduced further radiative electronic de-
fects into the film which result in the observed enhancement
of the oxide defect PL. However, this does not seem likely
because the spectral shape of the PL in the region of en-
hancement �350–500 nm� is unchanged. It appears, rather,
that the irradiation has allowed a population of defects,
which were already present, to emit photons when they were
inhibited from doing so before. This could be the set of oxide
defects which couple as sensitizers to the Er3+ ions. Indeed,
there is a 60% reduction in the PL at 1540 nm �relative to the
preirradiation PL� for the 900 °C anneal of the 1
�1015 Si+ /cm2 fluence. This corresponds with a 60% in-
crease in the visible band PL �relative to the preirradiation
PL� in the same sample at the same anneal temperature—
which happens to be that at which the defect PL is a maxi-
mum. This implies that the enhanced oxide defect PL in the
sample receiving the highest irradiation fluence is due to the
decoupling of these oxide defects from the Er3+ ions, causing
a decrease in the Er3+ PL at 1540 nm. This would confirm the
role of the oxide defects as sensitizers and suggests that as
sensitizing defects, they may be unable to emit light when
coupled to an Er3+ ion. This further suggests that the cou-
pling is very strong, which implies, within the framework of
a Förster-Dexter transfer, that the defects must be located
close to the Er3+ ions. Any observable oxide defect PL must
correspond to centers not strongly coupled to an Er3+ ion.

It is not obvious why the high fluence irradiation forces
a partial decoupling of the Er ions and their sensitizers. It has
been previously reported7 that an Er-doping implant fluence
exceeding 1�1015 Si+ /cm2 in a thermal SiO2 thin film pro-
duced a cathodoluminescence quenching at 1.54 �m, which
was unrecoverable with annealing. This was ascribed to the
presence of persistent defects �not detectable by ESR� result-
ing from the complete destruction of the SiO2 network by the
high fluence implant to the point where a complete regrowth
at 1100 °C would be necessary to repair the structure. Al-
though it was not addressed in that report, one wonders if the
reduced PL at the higher irradiation fluence might have been
the result of concentration quenching. This explanation may
not apply to the films of the present study, however, because
it contradicts the extremely strong visible PL being emitted
from the films. Figure 7 shows that while the visible PL can
indeed be quenched by irradiation-induced electronic de-
fects, it is fully recoverable by annealing at 800–900 °C. On
the contrary, as the high irradiation fluence illustrates, the
films ultimately yield the same total luminescence, but the
relative PL yield in each spectral range shifts to favor blue-
violet emission. In other words, the irradiation-induced non-
radiative damage is gone but the network itself has been
permanently modified. The work of Brusa, et al.6 on
Ar+-irradiated Si-rich SiOx films suggests that this �persis-
tent� structural modification of the network consists of open-
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volume defects. This could explain why in the present study
we only observe the effect of this modification at the highest
implant fluence.

2. PAS measurement with in situ annealing

To investigate the possible formation of open-volume
defects at the highest irradiation fluence, two samples were
annealed in situ during positron annihilation measurement.
Figure 8 depicts the recovery of the S parameter as a function
of the instantaneous anneal temperature for irradiation flu-
ences of 1�1013 and 1�1015 Si+ /cm2. These measure-
ments were performed at a constant positron energy of 2 keV,
corresponding to a mean depth of �47 nm, i.e., within the
oxide film. The recovery has been expressed as a percentage
of the difference between the �normalized� S parameter for
the as-irradiated and unirradiated samples. Figure 8 also de-
picts the recovery of the corresponding integrated PL inten-
sity in the 1400–1650 nm band, normalized in the same way
as the S parameter. The comparison is somewhat indirect
since the PL measurements were made at room temperature
following annealing and not at elevated temperature.

The S value in both samples ultimately underwent a full
recovery to that of the unirradiated sample. Before we dis-
cuss the correlation of PL yields with the S parameters, the
effect of temperature on Ps formation must be reviewed.21,22

The in situ measurement of the S parameter is complicated
by the enhancement of Ps formation �even in the presence of
electronic defects� at elevated temperatures, which results

from the tendency for thermal detrapping of positrons from
electronic defects. This produces an “artificial” enhancement
�increase� of the S parameter which is not necessarily related
to the actual repair of electronic defects. The dashed line in
Fig. 8 attempts to portray the “real” S-parameter recovery as
it pertains to the recovery of electronic defects, that is, with
Ps thermal effects removed. This is based on the room tem-
perature measurement of the S parameter following anneal-
ing up to 600 °C. The apparent more rapid rise of the S
parameter with anneal temperature for the higher fluence
sample �and associated total recovery of 190% at high tem-
peratures� is in fact an indication of more Ps formation �both
at room temperature and at 600 °C�. We conclude then that
this sample contains significant open volume compared to
the sample subjected to the lower fluence.

The PL at 1540 nm recovers faster than the S parameter
in the sample receiving the lower fluence of 1�1013 cm−2,
while it recovers much slower than the S parameter in the
sample receiving the highest fluence. Given that the Ps for-
mation data in Fig. 8 indicate that the open-volume defect
population is the major structural difference between the two
films, it seems that the Er3+ luminescence is severely
quenched by those particular defects. Since these open-
volume defects appear to be persistent to 900 °C, the fact
that the PL for the sample receiving the lower implant flu-
ence recovered completely means that this sample is likely
dominated by electronic defects �which are expected to an-
neal by 900 °C� with comparatively few defects of a va-
cancy type. It is difficult to extend the correlation of the PL
to any defects other than these. This is because the electronic
defects are driving the S parameter down while the vacancies
are driving the S parameter up; the electronic defects and the
vacancies do not anneal identically at a given temperature,
and the PL near 1540 nm appears to have a particular sensi-
tivity to the vacancies.

The question remains as to whether the vacancylike de-
fects are forcing a decoupling of sensitizer and Er3+ PL cen-
ters. If this is the case, it remains to be determined how this
occurs. It may be related to the decoration of vacancies with
other defects or a clustering of Er ions in the vicinity of the
vacancies.

IV. CONCLUSIONS

This study investigated the PL centers in Er-doped
SiyO1−y �y�1 /3� thin films deposited by ECR-PECVD with
in situ Er doping. An analysis has been made of the impact of
damaging ion irradiations on the Er3+ PL near 1540 nm and
the PL from point defect centers responsible for sensitizing
Er3+ ions. It has emerged that �1�1012 Si+ /cm2 at 1 MeV
is required to produce measurable PL quenching, while a
fluence of �4–5�1013 Si+ /cm2 produces a saturation of
the PL quenching, at a wavelength of 1540 nm, to a value
�10%–20% of the preirradiation optimized yield. At these
fluences, the PAS Doppler broadening S and W parameters
saturate due to the introduction of a large concentration of
electronic defects. Increasing the irradiation fluence to 1
�1015 Si+ /cm2 initially gives rise to a large number of
NBOHC defects and finally results in an apparent decoupling

FIG. 8. Integrated infrared PL intensity recovery plotted alongside the pos-
itron S-parameter recovery as a function of anneal temperature. The upper
panel depicts irradiation fluence 1�1013 cm−2; the lower panel shows 1
�1015 cm−2. The dashed line shows the effective S-parameter recovery
without the effect of the enhanced thermal formation of Ps. Circles—
integrated PL intensity �1400–1650 nm band�; solid diamond—S parameter
measured at room temperature following annealing up to the designated
temperature; hollow square—in situ measurement of S parameter during
annealing.
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of the Er3+ ions from their sensitizing centers. This is mani-
fested by an enhancement of the PL emission from the sen-
sitizing defects, upon annealing to 800 °C, by 60% beyond
the maximum attainable value prior to irradiation; this is
accompanied by an unrecoverable quenching of the Er3+ PL
near 1540 nm. PAS measurements carried out under in situ
annealing suggest that the main difference between the
samples irradiated to �1013 Si+ /cm2 versus 1015 Si+ /cm2 is
the predominance of open-volume defects in the latter. While
it is not clear that these open-volume defects cause the de-
coupling of the Er3+ ions from their sensitizers, it seems,
nonetheless, that the Er3+ emission is highly sensitive to the
presence of this type of defect.
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