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Photoluminescence of Er3¿-implanted amorphous hydrogenated silicon suboxides
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Erbium ions incorporated into amorphous hydrogenated silicon suboxides (a-SiOx :H) allow to overcome
the disadvantages of Er31 in c-Si such as the limited solubility, the strong quenching of the luminescence at
room temperature, and the need for co-doping with electronegative atoms.a-SiOx :H alloys have an enhanced
Er solubility and easily variable oxygen content, thereby providing favorable atomic environments for an
efficient Er luminescence and reduced excitation backtransfer due to deeper localized band-tail states. In the
present study, Er31 doses up to 731014 cm22 were implanted intoa-SiOx :H with oxygen content between 0
and 44 at. %. Optical properties such as the absorption coefficients and the photoluminescence~PL! spectra of
the Er31 ions and of the SiOx host were investigated as a function of erbium implantation dose, oxygen
content, defect density, temperature, and annealing treatment. It was found that annealing is a requirement for
activating the characteristic Er PL at 1.54mm mainly due to a reduction of implantation induced defects. The
intensity of both the intrinsic SiOx and the Er PL was found to be inversely proportional to the defect density
as measured by electron spin resonance or subgap absorption. The Er PL is additionally enhanced upon
annealing, probably as a result of better structural arrangements of the Er ions. The Er PL intensity increases
approximately linearly with the implantation dose. An increase of the oxygen content~and correspondingly of
the optical band gap! of a-SiOx :H causes no drastic changes in the erbium luminescence energy and intensity,
whereas the intrinsic PL shifts to higher photon energies according to the larger band gap. Already low O
concentrations of a few percent provide favorable Er environments. The main advantage ofa-SiOx :H as a host
matrix is revealed by temperature-dependent PL measurements. For high oxygen contents, the thermal quench-
ing of both the Er31 and the intrinsic PL is strongly reduced. In ana-SiOx sample with 44 at. % oxygen, the
Er PL is only quenched by 20% between 77 and 300 K. In contrast, the quenching of the intrinsic PL for all
@O# is roughly one order of magnitude stronger than that of the Er PL. These PL measurements were comple-
mented by PL excitation experiments over a wide spectral range. We have observed that the Er31 PL is excited
about one order of magnitude more efficiently when pumped with sub-band-gap light compared to band-to-
band excitation. The experimental results are discussed with regard to the two currently proposed Er31 exci-
tation models, the defect-related Auger effect and the Fo¨rster transfer mechanism.

DOI: 10.1103/PhysRevB.68.165207 PACS number~s!: 61.43.Dq, 61.72.Tt, 71.20.Eh, 78.40.Pg
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I. INTRODUCTION

Rare-earth erbium ions possess an incompletely filledf
shell that is screened by the 5s and 5p shells. In its 31
charge state, it exhibits a luminescence at approximately
mm, the transmission maximum of conventional silica-bas
optical fibers. This fact has made Er31 an interesting candi-
date for the incorporation into silicon-based semiconduc
materials. Owing to the screening mentioned above, the
minescence energy is rather insensitive to the chemical
ture of the host matrix. The photoluminescence~PL! origi-
nates from internal transitions of the excited4I 13/2 state to
the ground state4I 15/2 of the 4f shell. It usually consists o
many lines centered around 1.54mm that are caused by th
crystal-field splitting of the 4f levels. Owing to the disor-
dered surrounding in amorphous hosts, the luminescence
contrast to crystalline silicon1 (c-Si)—is rather featureless
with only the two main transitions at 1550 and 1538 n
remaining discernable. In the case of isolated ions,
4I 13/2→4I 15/2 transition is dipole forbidden. It was found tha
it becomes partially allowed by co-doping with impuritie
such as oxygen, carbon, fluorine, or nitrogen.2–4 The strong
0163-1829/2003/68~16!/165207~17!/$20.00 68 1652
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electronegativity of these co-dopants induces strong lo
fields with low symmetry around the Er31 ions and thus
admixes other orbital momentum states to thef wave func-
tion so that the selection rules are relaxed, the radiative
combination lifetimes are reduced, and the erbium PL int
sity is significantly enhanced.

Photoluminescence and electroluminescence of Er
crystalline silicon co-doped with oxygen have been dem
strated even at room temperature.2–7 However, the incorpo-
ration of Er31 into c-Si has certain drawbacks such as t
limited solubility ('1019 cm23), the low efficiency of the
room-temperature luminescence due to thermal quench
and the need for co-doping with oxygen or carbon. Us
amorphous materials such as amorphous silicon8–10(a-Si:H)
and amorphous hydrogenated silicon suboxide11

(a-SiOx :H) or also partially crystallized silicon oxides12

semi-insulating polycrystalline silicon~SIPOS! as a host for
erbium can help to reduce these problems. Er concentrat
above 1020 cm23 can easily be incorporated due to the fle
ibility of the amorphous network. Furthermore, the presen
of large fractions of electronegative oxygen ina-SiOx :H
~evena-Si:H already contains residual oxygen in the ran
©2003 The American Physical Society07-1
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of some 100 ppm! provides the desired strong local cryst
field with low symmetry, which enhances the PL by maki
the 4I 13/2→4I 15/2 transition partially allowed. Additionally,
the optical gap of silicon suboxides can easily be tuned
varying the oxygen content.11 Thus, it should be possible t
obtain optimal conditions for an efficient energy trans
from the host matrix to the luminescent Er ions—even
room temperature. The larger band gaps ofa-SiOx :H com-
pared toa-Si:H or c-Si and the correspondingly deeper l
calized states also help to reduce strong thermal quench
Finally, doping of SiOx :H is possible so that light-emitting
p-i-n diodes containing erbium can be fabricated
principle.11,13

The aim of this work is to study in detail the excitatio
mechanism of erbium ions in disordered silicon-oxygen s
tems. It is of particular interest to elucidate the energy tra
fer between the host matrix and Er31 as a function of the
optical band gap and of the oxygen environment. Also,
importance of structural defects for the excitation of the ra
earth ions and for competitive radiative or nonradiative ch
nels is an issue that requires thorough investigation. We
port the results of a systematic study of Er31 in a-SiOx :H
with oxygen contents between 0 and 44 at. %. Particular
tention has been paid to a comparison of the extrinsic E31

and the intrinsica-SiOx luminescence as a function of th
oxygen content, defect density, temperature, and excita
energy.

The results presented in this paper are expected also
of relevance for Er31 in the vicinity of silicon-oxygen inter-
faces in general. Disordered substoichiometric Si-O pha
are very likely to be present in materials such as SIPOS~Ref.
12! or in matrices containing Si nanocrystals14–17 as well.

II. EXPERIMENT

Amorphous hydrogenated silicon suboxides were dep
ited by plasma-enhanced chemical vapor deposi
~PECVD! from the source gases SiH4 , H2 , and CO2. By
varying the SiH4 /CO2 gas flow ratio, oxygen concentration
between 0 and 50 at. % can be achieved. This leads to op
gaps between 1.9 and 3.0 eV (E04, the energy where the
absorption coefficient reaches 104 cm21), which makes SiOx
a favorable material for applications in silicon-based op
electronics. The intrinsic SiOx thin films ~500–1000 nm!
were deposited on Corning 7059 glass at 250 °C. The oxy
contents were varied between 0 and 44 at. % and were d
mined by energy-dispersive x-ray spectroscopy~EDX!,
which was calibrated by quantitative elastic recoil detect
~ERD! analysis. All oxygen concentrations given in the te
refer to the atomic ratio@O#/(@O#1@Si#).

Erbium doses ranging from 4.531012 to 731014 cm22

were implanted at the Forschungszentrum Ju¨lich, resulting in
erbium peak concentrations between 1018 and 1020 cm23

~Table I!. Three single implantations at an ion energy of 2
keV and one multiple-energy implantation at 100, 200, a
400 keV were performed. The latter lead to a more homo
neous distribution of the Er ions within the first 200 nm
the SiOx film, which was confirmed byTRIM code simula-
tions @‘‘transport of ions in matter’’~Ref. 18!# at the For-
16520
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schungszentrum Ju¨lich. The single implants resulted in
Gaussian-shaped distributions at penetration depths
roughly 100 nm and with a full width at half maximum o
about 50–60 nm. The implantations were performed on Sx
films with oxygen contents from 0 to 44 at. %. Details can
seen in Table I. Annealing in N2 atmosphere for 1 h attem-
peratures between 100 and 450 °C was used to reverse
unwanted damaging effects of implantation, to passiv
dangling-bond defects, to study the effects of hydrogen o
diffusion, and to investigate the corresponding behavior
the Er and SiOx PL. Photothermal deflection spectroscopy19

~PDS! and optical transmission measurements were u
to determine the absorption coefficienta and the optical
gapE04.

The PL was excited by an argon-ion laser at waveleng
between 458 and 514 nm, a He-Ne laser at 632 nm an
titanium sapphire laser atlexc5920– 995 nm. The lase
beam was coupled into a glass fiber and directed onto
samples mounted in a liquid-nitrogen (T577 K) or a liquid-
helium cryostat (T54 – 300 K). For PL detection, an Orie
1
4-m monochromator combined with a Si avalanche dio
~1.2–2.0 eV! or a Ge detector~0.7–2.0 eV, cooled with liq-
uid nitrogen! was used. All PL spectra were corrected for t
sample absorption at the excitation wavelength and for
spectral response of the detection setup.

III. RESULTS

A. Defect absorption

Implantation of erbium ions causes significant damage
the a-SiOx :H layers. These structural changes can be mo
tored by measuring the sub-band-gap absorption coeffic
of the samples. From characteristic parameters such as
optical gapE04, the Urbach energyE0 ~the band-tail ‘‘steep-
ness’’ as a measure of the disorder in the material!, and the
dangling-bond density~derived from the defect absorption a
photon energies between 1.0 and 1.7 eV!, differences be-
tween and changes of samples subjected to different type
treatments can be quantified and compared. It should
pointed out that in this study we are not only dealing with t
damages after implantation and with the effect of different
doses at different ion energies~leading to different penetra

TABLE I. Compilation of the different Er implantation doses
the respective ion energies, the total implantation doses, the Er
concentrations, and the oxygen contents ofa-SiOx films investi-
gated.

Er31

implantation
dose~cm22!

Ion
energy
~keV!

Total
Er31 dose

~cm22!

Maximum Er31

concentration
~cm23!

Oxygen
content
~at. %!

4.531012 200 4.531012 1018 30, 40
4.531013 200 4.531013 1019 30, 40
4.531014 200 4.531014 1020 30, 40
1.531014 100

12.031014 200
13.531014 400 731014 731019 0–44
7-2
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tion depths!, we also have to take into account that the Six
thin films themselves possess quite different defect pro
ties at different oxygen contents. Furthermore, all th
samples—as deposited and implanted—were subjecte
different annealing procedures, which again alter the str
tural properties observed by absorption measurements. T
measurements do not only provide information about the
terial properties such as band gap, Urbach energy, or de
density, but also allow us to correct the PL spectra for
influence of the different sample properties, so that abso
comparisons become possible.

Figure 1 displays the sub-band-gap absorption spectra
a set of as-deposited, unimplanted silicon suboxides w
oxygen concentrations of 0, 29, 47, and 52 at. %. For
curve of thea-Si:H sample~0 at. %@O#! the three different
regions of absorption in amorphous semiconductors are i
cated. Region I corresponds to band-to-band absorption
gion II originates from absorption processes involving ba
tail states, and region III arises from absorption via dangli
bond defect states in the middle of the forbidden gapg
'2.0055, as known from ESR measurements!. These re-
gions are also discernible for the other curves, however,
become less distinguishable with increasing oxygen conc
tration. The value of the band gapE04 increases from ap
proximately 1.9 to 3.0 eV for@O# between 0 and 50 at. %
This is shown in more detail in the inset of Fig. 1. Here, t
slow linear increase ofE04 up to roughly 45 at. % corre
sponds to oxygen contents where the conduction~CB! and
valence ~VB! bands are still dominated by Si-Si bond
whereas above 45 at. % oxygen these Si-Si bonds are gr
ally replaced by oxygen lone pairs~VB! and Si-O bonds,
causing a more rapid increase of the band gap.20,21The band
tails ~region II! of our SiOx samples start out with an Urbac
energy of about 70 meV fora-Si:H ~nonoptimized!, broaden

FIG. 1. Absorption spectra of as-deposited, intrinsic, uni
planteda-SiOx :H with different oxygen contents of 0, 29, 47, an
52 at. %. The spectral regions of band-to-band~I!, band-tail~II !, and
defect absorption~III ! are indicated for the sample without oxyge
(a-Si:H). Straight dashed lines are fits to the band tails to de
mine the Urbach energy. The inset shows the dependence o
band gap on the oxygen content.
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significantly with increasing oxygen content and reach
value of roughly 200 meV for 50 at. % oxygen. Thus, t
presence of oxygen alone increases the disorder in the a
phous films. Also the defect absorption changes with incre
ing oxygen content. In the energy region between 1.0 and
eV, the sample without oxygen possesses the lowest de
absorption. Introducing oxygen creates defects and acc
ingly increasesa. Defect densities can be calculated fro
sub-band-gap absorption using a calibration procedure
scribed elsewhere.11,22However, this calibration is not trivia
because with increasing oxygen content the optical gap
also the region of defect absorption shift in energy. The
fore, the uncertainty in the deduced absolute defect conc
trationsND is approximately a factor of 2, whereas the re
tive errors between samples are much smaller.

The influence of different Er31 implantation doses and
subsequent annealing steps on the absorption spectra is
played in Fig. 2 for an a-SiOx :H sample with @O#
530 at. %. Figure 2~a! shows the unimplanted sample. Th
optical gapE04 is between 2.3 and 2.4 eV, the Urbach ener
E0 is about 100 meV, and the as-deposited defect densit
in the range ofND'1018 cm23. Annealing at 250 and
300 °C slightly reducesE04 and the Urbach energyE0 . How-
ever, the sub-band-gap defect absorption decreases by a
one order of magnitude (ND'1017 cm23). Implantation
with a low erbium dose@NEr54.531012 cm22, Fig. 2~b!#
produces few damaging effects in the spectra at all annea
steps in comparison with the unimplanted sample. Unfor
nately, Er doses below 1013 cm22 turned out to be insuffi-
cient to obtain any luminescence from the rare-earth ions
contrast, medium and high Er doses@Figs. 2~c! and 2~d!#
cause significant damage in the material. The band t

-

r-
he

FIG. 2. Absorption spectra of SiOx with 30 at. % oxygen after
Er implantation~solid lines! and after successive annealing for 1
at 250 °C~dotted lines! and 300 °C~dashed lines!. ~a! Without Er
implantation;~b! low Er dose,NEr54.531012 cm22; ~c! medium
Er dose, NEr54.531013 cm22; ~d! high Er dose, NEr54.5
31014 cm22.
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are broadened considerably in both cases, resulting in
bach energies above 200 meV. The band gap itself is u
fected, except for superimposed damage-induced band
states. Also, the dangling-bond absorption between 1.0
1.6 eV is increased by almost one order of magnitude (ND
'1019 cm23). Annealing enables a relaxation of disorder
the material and a reconstruction of dangling bonds. Th
the band tails steepen again and the Urbach energies
reduced to 120 and 140 meV for medium and high Er dos
respectively. The defect density is lowered by approximat
half an order of magnitude upon annealing, but especially
high erbium fluences the unwanted damaging effects of
plantation cannot be reversed completely, even for annea
at 300 °C. The Urbach tails are still broader~140 vs 100
meV! and the dangling-bond density is still more than h
an order of magnitude higher than that of the unimplan
annealed sample@thin dashed line in Fig. 2~d!#. Quite similar
results with regard to implantation damage and annea
were obtained for the implantation of different ions (Si1,
Ge1, H1, B1, P1, Ar1, Xe1, etc.! with energies up to 1
MeV into a-Si, a-Si:H, anda-SiNx :H.23–26 From such ab-
sorption measurements, no statement can be made abo
incorporation and microscopic environment of Er
a-SiOx :H. No direct absorption of Er ions is visible in th
absorption spectra even for the highest implantation dose
glass fibers where Er31 is completely surrounded by oxyge
~forming Er2O3 complexes!, the absorption cross section
only in the range of 10221 cm2.27 This value can also be
regarded as an upper limit for Er in SiOx . Therefore, even
for Er concentrations up to 1 at. %, resonant Er absorp
would be too weak to be seen above the background of
fect absorption ina-Si:H ~Ref. 28! or a-SiOx :H. Note that
the small absorption peak at 0.85 eV, which can be rec
nized in some of the PDS spectra, arises from the sec
harmonic of the O-H vibration of the glass substrate and
from Er or SiOx .29–31

Figures 3~a!–3~c! summarize the effect of Er31 implanta-
tion on silicon suboxides with varying oxygen content.
multiple-energy erbium implantation with a total dose of
31014 cm22 was performed ona-SiOx :H with oxygen con-
tent from 0 to 44 at. %. After implantation annealing w
performed for 1 h at 275 °Cunder nitrogen atmosphere. Th
is an annealing temperature sufficiently high to reverse m
of the damage by Er-ion bombardment, but still low enou
to prevent the out-diffusion of hydrogen above 300 °
which is known to deterioriate the structural quality. Show
in Fig. 3 are the optical gapE04, the Urbach energyE0 , and
the defect absorption as a function of the oxygen concen
tion. For each oxygen concentration the corresponding d
of an as-deposited sample before implantation~comparable
to Fig. 1!, directly after implantation and after implantatio
and annealing are plotted. Implantation reduces the valu
E04 by approximately 0.2 eV. As already mentioned, this
not due to a real reduction of the band gap, but rather du
the additional absorption of damage-induced band-tail st
extending toa'104 cm21 on the absorption curves. Thi
apparent shift disappears completely after annealing, wh
removes the additional band-tail states. The Urbach ener
@Fig. 3~b!#, which for as-deposited samples vary from 70
16520
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200 meV as a function of oxygen content, increase dra
cally after implantation. The Urbach energy of all implant
samples is around 200 meV, irrespective of the oxygen c
tent. This confirms that the same high Er dose introduces
same amount of disorder in all SiOx samples that are stil
characterized by a percolating Si-Si backbone structure.
ter annealing, the Urbach energies decrease again and
original dependence ofE0 on the oxygen content reappear
although the low values of the unimplanted samples can
be entirely recovered. The deep defect absorption is diffic
to extract for the implanted, unannealed samples becaus
spectral overlap with the implantation-induced tail stat
Therefore, only the defect absorption coefficient at a char
teristic energy is plotted in Fig. 3~c!. ~This characteristic en-
ergy increases from 1.3 eV for@O#50 to 1.7 eV for @O#
550 at. %; see Refs. 11 and 22 for details.! This figure con-
firms the overall trend that the defect density, which is
creased by roughly one order of magnitude after implan
tion, can be partly annealed out again. This beneficial ef

FIG. 3. ~a! Optical gapE04, ~b! Urbach energyE0 , and ~c!
defect absorption coefficient ofa-SiOx :H as a function of oxygen
content (NEr5731014 cm22). Each graph shows the data for th
samples in the as-deposited, unimplanted state~asterisks!, the as-
implanted state~solid squares!, and after implantation and annea
ing for 1 h at 275 °C~open circles!. The lines are guides to the eye
7-4
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of annealing is, however, less pronounced for SiOx with
higher oxygen content, which already contains more defe
and disorder.

B. Photoluminescence

In the following, the PL of the Er31 ions as well as that o
thea-SiOx :H host material will be discussed as a function
erbium dose, annealing, oxygen content, temperature,
excitation energy. Using the measured absorption coe
cients and the calculated Er depth profiles, all PL spectra
intensities presented below were normalized to the num
of absorbed photons and corrected for the fact that the
implantation affects only the optical and luminescence pr
erties of the first 100–200 nm of the SiOx layers.

1. Dependence on Er implantation dose and defect annealing

Particularly after heavy implantation, hardly any PL eith
from the SiOx host or from the rare-earth ions can be d
tected. Annealing of the induced structural damage tur
out to be crucial to activate both kinds of luminescence
fact that correlates well with partial removal of th
implantation-induced defects by annealing, already obser
in the absorption spectra~Fig. 2!. Figure 4~a! shows spectra
of a heavily implanteda-SiOx :H sample (@O#'30 at. %,
E04'2.3 eV, NEr54.531014 cm22, T577 K), where both
extrinsic and intrinsic PL maxima can be seen. The intrin
PL is situated at roughly 1.4 eV with a spectral width
about 400 meV. There is hardly any luminescence in
as-implanted state, but PL appears after a first annealing
at 250 °C for 1 h and increases further after a second ste
300 °C. The shoulders, which can be seen in some of
intrinsic SiOx spectra, are due to thin-film interference. T
narrow erbium luminescence at 0.8 eV on the left side of F
4~a! is shown on a larger scale in Fig. 4~b!. The two main Er
PL lines at 1538 and 1550 nm arising from4I 13/2→4I 15/2
transitions can be resolved. Similar to the intrinsic lumin
cence, the Er PL is completely absent in the as-implan
state, but increases with successive annealing. Thus, d
annealing is a requirement for activating and detecting
bium PL in a-SiOx . Comparable behavior was found in E
implanted and Er-cosputtereda-Si:H ~Refs. 10 and 32! with
low oxygen content~<1 at. %!. Therefore, most of the fol-
lowing spectra and data were measured for samples that
been annealed at optimum conditions~1 h at 250–300 °C!.
The systematic determination of these optimum conditi
will be discussed in more detail in conjunction with Fig.
below.

The dependence of the intrinsic and the Er photolumin
cence at 77 K on the Er dose is shown in Fig. 5, again for
oxygen content of 30 at. %. Annealing was performed
300 °C for 1 h. The displayed spectra were obtained fr
one unimplanted sample and from four samples with diff
ent Er implantation doses between 4.531012 and 7
31014 cm22. The intensity of the erbium PL@Fig. 5~a!# in-
creases monotonically with the implanted amount of
Doses larger than 1013 cm22, corresponding to peak concen
trations of 1019 cm23, are necessary for the detection of
effective PL. A similar critical Er concentration between 1018
16520
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and 1019 cm23 was found by Ku¨hne et al.28 These authors
suggested that in a dipole-mediated Fo¨rster energy transfe
process the distances to the Er ions would be too la
~.100 Å! for an efficient PL excitation at low Er concentra
tions. Fortunately, the solubility of erbium in SiOx exceeds
1020 cm23 and is in the range of some tenths of atomic %.
contrast to the Er PL, the intensity of the intrinsic SiOx PL
decreases for samples implanted with increasing Er d
@Fig. 5~b!#. This likely occurs due to a more persistant defe
density that cannot be eliminated completely by annea
and that favors nonradiative recombination. Thus, the int
sic PL intensity in Fig. 5~b! decreases by approximately
factor of 4 upon Er implantation with the highest dose,
agreement with the corresponding increase of the defect
sorption shown in Fig. 2~d!. Also, the intrinsic PL peak po-
sition is shifted from about 1.4 to 1.3 eV for higher Er dos
due to the band-tail broadening and the resulting band-
narrowing.

However, from these general observations it is still n
possible to quantitatively distinguish various contributions
the enhancement and quenching of the Er31 and the SiOx PL
as a function of implantation dose and annealing. For
ample, the Er PL could increase with annealing due to
reduction of implantation-induced defects and disorder a
thus a more effective energy transfer to the erbium ions.10 On

FIG. 4. SiOx and Er31 PL at 77 K of ana-SiOx :H sample
(@O#'30 at. %,E04'2.3 eV) implanted with high Er dose (4.
31014 cm22) as a function of annealing~as implanted, solid line;
annealed 1 h at 250 °C,dotted line; annealed 1 h at 300 °C,dashed
line!. ~a! Er anda-SiOx PL. ~b! Enlarged view of the Er31 PL with
the two characteristic lines at 1538 and 1550 nm.
7-5
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the other hand, also the formation of a more favorable
environment upon annealing or a different incorporation w
increasing Er doses might contribute to this effect.10,33As far
as the intrinsic SiOx PL is concerned, a nonradiative quenc
ing approximately proportional to the density of~existing
and implantation-induced! dangling bonds is suggested b
the data in Figs. 2 and 5. However, in addition a competit
energy-transfer mechanism between the intrinsic PL and
Er PL might contribute to the decrease of the intrinsic Six
PL with higher Er contents.28

In order to shed more light on this general question,
have investigated the behavior of both photoluminesce
signals and of relevant structural properties such as de
density and Urbach energy systematically as a function
annealing and Er dose. In Fig. 6, several relevant quant
of ana-SiOx sample with 30 at. % oxygen and an Er dose
4.531014 cm22 are displayed as a function of effusion tem
perature~linear heating rate ofb520 K/min) and of the cor-
responding characteristic annealing energyEth5kT ln(n0t)
~calculated for isothermal annealing fort51 h and tempera-
tures T5100– 475 °C).Eth is deduced from the rate of
thermally activated process and combines time and temp
ture, which allows us to compare isochronal and isother
annealing procedures. The rate constantn0 in this relation
was previously determined ton051010 s21.11,34 As already
shown in Fig. 4, the SiOx as well as the Er31 PL require an
appropriate annealing for the activation of their lumine
cence@Fig. 6~a!#. Note that forNEr54.531014 cm22 the in-
tegrated intrinsic PL at 77 K is roughly a factor of 20 larg

FIG. 5. Intrinsic and Er31 PL at 77 K fora-SiOx :H ~annealed at
300 K for 1 h! with 30 at. % oxygen and an optical gapE04

'2.3 eV as a function of Er implantation dose.~a! Detailed view of
the Er31 PL. The lines drawn indicate the two characteristic Er31

lines at 1538 and 1550 nm.~b! SiOx and Er PL.
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than the Er PL. Starting from the as-implanted state atEth
'1.0 eV, both curves increase in a similar fashion by m
than one order of magnitude upon annealing, show a p
around Eth'1.6 eV ~'1 h at 300–325 °C! and decrease
again towards higher annealing energies. Similar beha
was observed by Shinet al.10 for Er-implanteda-Si:H. Upon
closer inspection, however, one notices an earlier increas
the Er31 PL at lower annealing energies, which will be di
cussed below. These findings can be compared to the an
ing dependence of other quantities: Hydrogen is known
become mobile at annealing temperatures of about 250
thus favoring a reduction of disorder by structural relaxat
and the passivation of dangling bonds. This can be see
Fig. 6~b! as an initial decrease of the defect densityND from
1019 to 231018 cm23 and of the Urbach energyE0 from 200
to 120 meV. Upon further annealing, H begins to effuse fro
the samples as evidenced by a rise of the H partial pres
in effusion measurements@Fig. 6~a!#. From this point on the
material quality deteriorates again,ND starts to increase
again, and the luminescence intensities are drastically
duced. A weaker deterioration is observed for the Urba
energyE0 , i.e., the amount of disorder remaining after im

FIG. 6. ~a! Normalized SiOx ~open circles! and Er31 PL ~solid
squares!—both at 77 K—and hydrogen partial pressure~dashed
line! during thermal effusion.~b! Urbach energy~solid circles! and
defect density~open diamonds! from the absorption spectra as
function of annealing energy and effusion temperature. The sam
studied contained roughly 30 at. % oxygen (E04'2.3 eV) and was
implanted at an Er fluence of 4.531014 cm22. The dotted lines are
guides to the eye. The relative uncertainties of the respective q
tities are shown exemplarily by an error bar on one of the d
points of each data set.
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plantation and annealing. An optimized annealing proced
can be deduced from Fig. 6 to consist of an isothermal
nealing at about 300 °C for 1 h, which agrees very well w
previous findings.10,32,33 The principal limitation due to H
out-diffusion at higher temperatures makes this a quite g
eral value for amorphous Si alloys prepared by differ
techniques and containing various amounts of O and Er.

Upon closer inspection of Fig. 6~a!, however, only the
decaying edges of the two PL’s and of the H2 partial pressure
overlap sufficiently well within the given uncertainties of th
data. As for the rising edge, the Er PL increases distin
earlier with respect to the hydrogen effusion and the Sx
PL. Thus, in addition to the fact that the SiOx and also the Er
PL seem to be mainly affected by a competitive nonradia
recombination via midgap defects,35 which leads to an ap
proximately inverse dependence of both PL intensities
ND , apparently additional mechanisms exist below the o
diffusion temperature of H2 that have an enhancing effect o
the Er PL.

In order to account for the influence of the defect dens
ND on the PL intensityI PL , the product ofI PL and ND is
plotted as a function of the annealing energy in Fig. 7. Abo
Eth'1.6 eV, this productI PLND of both the host and the
rare-earth-ion PL is almost constant, which illustrates t
dangling bonds, generated by hydrogen out-diffusion,
mainly responsible for the quenching of the PL in this a
nealing regime:

I PL}1/ND for Eth.1.6 eV. ~1!

Below Eth'1.6 eV, in contrast,I PLND increases with suc
cessive annealing. This suggests the existence of non-de
related mechanisms that enhance the luminescence inte
For the SiOx PL, the increase ofI PLND below Eth'1.6 eV
comprises almost two orders of magnitude. The reduction
the Urbach energy for annealing up toEth'1.6 eV @Fig.

FIG. 7. Intensities of SiOx and Er31 PL at 77 K, multiplied with
the respective defect densitiesND ~obtained from sub-band-gap ab
sorption in PDS spectra! as a function of the annealing energy. Th
SiOx sample had 30 at. % oxygen and an optical gap of 2.3 eV.
Er31 implantation dose was 4.531014 cm22. The lines are guides
to the eye.
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6~b!# seems to be responsible for this behavior: Steeper
will allow a faster thermalization of geminate electron-ho
pairs and, on the average, will result in a larger separatio
thermalized photocarriers from nonradiative deep defects
to the reduced combined density of states. TheI PLND prod-
uct for Er31, on the other hand, increases by only one or
of magnitude, but the absolute rise is faster@see Fig. 6~a!#
and occurs at lower annealing energies. This gives rise to
assumption that the enhanced rare-earth-ion PL is du
Er31 incorporation into a more favorable environment su
as Er2O3 clusters or O-rich regions. Several studies ha
shown that the correct oxygen environment of erbium is c
cial for an enhancement of its PL due to the correspond
noncentrosymmetric crystal field.12,33,36–38 Annealing is
known to additionally improve this oxygen coordinatio
around Er.

In Fig. 8, the productI PLND at two different annealing
steps is plotted as a function of erbium dose. For the intrin
SiOx PL, this product yields a constant value irrespective
the structural damage caused by the different implanta
doses and irrespective of annealing at the two selected
peratures. The intensity of the Er31 PL, when multiplied
with ND , shows the expected roughly linear increase w
the amount of implanted ions at both annealing steps
played:

I PL~Er31!}@Er#/ND . ~2!

However, for annealing at 300 °C, the productI PLND of the
Er luminescence is enhanced by roughly a factor of 2 co

e

FIG. 8. Product of the intensities of SiOx and Er31 PL at two
different annealing steps and of the respective defect densitiesND

~obtained from sub-band-gap absorption in PDS spectra! as a func-
tion of Er implantation dose. The SiOx samples had 30 at. % oxyge
and an optical gap of 2.3 eV. The uncertainties of theI PLND prod-
ucts are shown by an error bar on one of the data points for e
data set. The dotted line indicates a linear increase in this dou
logarithmic plot. The other lines are guides to the eye.
7-7
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pared to the 250 °C anneal for all Er doses, which is not
case for the intrinsic PL. This again leads to the conclus
that the Er31 PL is not only increased due to defect anne
ing, but that it is also activated by the incorporation of
bium into a more favorable structural environment.

2. Influence of oxygen content and temperature

a-Si:H usually is subject to a residual oxygen contamin
tion in the range of some tenths of atomic %.9,10,37This may
already be helpful for the Er31 luminescence because erbiu
ions can act as oxygen getters that only react with Si w
the accessibility or the amount of O is limited.36,37,39The Er
PL is further enhanced when the fraction of oxygen is
creased above 1 at. %.10,40,41In the present study on silico
suboxides the range of oxygen contents was extended u
values of 44 at. %. Figure 9 shows the Er31 and intrinsic PL
at 77 K for oxygen concentrations between,1 and 44 at. %.
Owing to the screening of the erbium ions by their 5s and
5p shells, the main peak of the Er PL remains rather cons
at about 0.8 eV. Also, a small spectral feature due to

FIG. 9. Er31 and SiOx PL spectra at 77 K for oxygen conten
between 0 and 44 at. %. The solid curves refer to samples that
multi-implanted with an Er dose ofNEr5731014 cm22 and an-
nealed afterwards at 275 °C for 1 h. The dashed SiOx PL spectra are
those of unimplanted, as-deposited samples with identical oxy
contents. The Er31 luminescence is shown on a larger scale for
implanted samples on the left side of the diagram. The relev
erbium 4f transitions4I 13/2→4I 15/2 and 4I 11/2→4I 15/2 are indicated
by dashed straight lines.
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4I 11/2→4I 15/2 transition from the second excited state to t
Er31 ground state can be recognized on top of
a-SiOx :H(Er) PL spectra at 1.265 eV. This will be discuss
in more detail later. A closer look at the better-resolved Er
spectra in the left part of Fig. 9, however, reveals sub
changes of shape and position as a function of@O#. With
increasing oxygen content, the two Er31 peaks of the4I 13/2
→4I 15/2 transition tend to narrow and thus become bet
resolved. Additionally, their wavelengths shift from 1551
1549 nm and from 1538 to 1534 nm, when the oxygen c
centration increases from 0 to 30 at. %. No further chan
are noticeable for@O#.30 at. %. This leads to the conclu
sion that the bonding environment of the Er ions in annea
a-SiOx :H changes for oxygen contents 0,@O#,30 at. %.
Nevertheless, the intensity of the Er31 PL at 77 K does not
show significant changes as a function of the oxygen cont
Thus, it seems that after adequate annealing, even sm
amounts of oxygen~below 1 at. % for the showna-Si:H
sample! approximately satisfy the requirement of an erbiu
surrounding with sufficiently low symmetry for efficient lu
minescence. Furthermore, other studies ona-Si:H~Er! have
suggested that the oxygen content and correspondingly
Er environment are not the most important factors for the
enhancement in disordered Si, but that the main effec
rather a structural modification of the network that may le
to a reduction of defects and an improvement of the ene
transfer.36,42 Unfortunately, a detailed analysis of the Er e
vironment is not possible ina-SiOx :H. The intrinsic disor-
der in the layers leads to random variations of the local bo
ing structure and stoichiometry~e.g., network position of
oxygen atoms and local hydrogen content!. This gives rise to
a statistical broadening of the Er transition~full width at half
maximum'10–15 meV!, which is larger than that in crys
talline hosts.43,44 As a consequence, similar studies as
c-Si~Er! are difficult in our case. Restrictions also exist for
structural investigation by extended x-ray absorption fi
structure since this technique does not allow us to clarify
influence of hydrogen atoms.

The right half of Fig. 9 shows the intrinsic SiOx PL of the
Er-implanted, annealed samples~solid curves!, and addition-
ally of an unimplanted, as-deposited set of samples~dashed
curves! with the same oxygen contents. The peak energy
the as-deposited SiOx PL ~dashed curves! is shifted from
roughly 1.3 to 1.75 eV when@O# is increased, correspondin
to an increase of the optical gapE04 from 1.9 to 2.7 eV. The
increasing energy difference betweenE04 and the PL maxi-
mum represents the energetic distribution of the band-
states involved in the intrinsic PL. Photoexcited charge c
riers first thermalize into the band tails before they reco
bine radiatively.11 In addition, a broadening of the intrinsi
PL can be seen for higher@O#, again due to the broader tails

The main difference between the SiOx PL spectra of im-
planted compared to unimplanted samples is a decreas
the PL peak energy by roughly 0.2–0.3 eV. In comparison
the unimplanted state, strong implantation leads to additio
disorder in the samples that cannot be annealed out c
pletely. Thus, photogenerated charge carriers can therm
into deeper band-tail states and the PL peak energy is acc
ingly smaller. This tail broadening can already be identifi
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PHOTOLUMINESCENCE OF Er31-IMPLANTED . . . PHYSICAL REVIEW B 68, 165207 ~2003!
in Fig. 2~d! as a shift of the band-tail absorption of the a
nealed implanted samples to lower photon energies by
proximately 0.2 eV. Note that the shoulders at roughly
eV, which can be seen in some of the PL curves in Fig
arise from a distinct spectral feature in the response of
detection system, which could not be removed comple
and has no special significance. Also, no intrinsic defect
minescence was observed in any of the PL spectra at 77

The fact that the Er31 PL intensity is rather insensitive t
the increase of the optical gap with increasing@O#, whereas
tail-to-tail transitions of course change their average ene
depending on the band gap~as seen in Fig. 9!, leads to the
question, which transitions are responsible for the excita
of the first excited Er state? In particular, the energy sep
tion of the Er31 and the SiOx PL peaks becomes larger wit
increasing oxygen content, without causing a decrease o
Er31 PL intensity. This qualitatively contradicts a dire
resonant excitation of the erbium4I 15/2→4I 13/2 transition via
SiOx tail-to-tail recombination. In Fig. 10, the ratio of th
Er31 and the SiOx PL intensities I PL(Er31)/I PL(SiOx) is
plotted as a function of the difference between the two
maximaEPL,max(SiOx)2EPL,max(Er31). By using this ratio,
the dependence of the luminescence intensity on the diffe
defect densities for the different oxygen contents is elim
nated to first order and a direct comparison is possible. Th
is a small decrease ofI PL(Er31)/I PL(SiOx) with increasing
@O#, but it only comprises a factor of about 2 for@O#
50 – 44 at. %. If resonance or only approximate resona
between intrinsic and erbium PL at 0.8 eV were required
the energy transfer, this weak dependence would not s
consistent with the large energy separation ofEPL,max(SiOx)
2EPL,max(Er31)50.75 eV at the highest oxygen conten
This suggests that other mechanisms, such as the en
transfer to higher excited Er levels such as4I 11/2, may sig-
nificantly contribute to the excitation of the rare-earth-ion

FIG. 10. Ratio of the Er31 and the SiOx PL intensities
I PL(Er31)/I PL(SiOx) at 77 K as a function of the energy differenc
between the two PL maximaEPL,max(SiOx)2EPL,max(Er31). The
samples have oxygen concentrations between 0 and 44 at. %,
multi-implanted with an Er dose ofNEr5731014 cm22 and an-
nealed afterwards at 275 °C for 1 h. The line is a guide to the e
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at 0.8 eV. As a matter of fact, there is a considerable spec
overlap of the intrinsic SiOx PL with the transition energy
from the Er31 ground state to the second excited sta
(4I 15/2→4I 11/2) at 1.265 eV~980 nm!, as indicated by a
dashed line in Fig. 9. Further details will be discussed bel

Figure 11 displays the Er and SiOx PL intensities as a
function of the inverse temperature. The sample contains
at. % oxygen, is highly implanted, and was annealed
300 °C for 1 h. There is a clear difference between the te
perature dependencies of the two luminescence intensi
The thermal quenching of the intrinsic PL starts at low
temperatures and is more pronounced than that of the Er
For example, the inset of Fig. 11 shows that for increas
temperature from 77 to 300 K the intrinsic PL is quenched
a factor of 7, whereas the Er PL is only reduced by a fac
of 2. Similar differences between host and rare-earth-ion
have been observed also by others for Er-doped amorph
host materials such asa-Si:H, a-SiOx :H, and
a-Si12xCx :H.10,28,32,40,45In general, the extent of the therma
quenching depends on the material properties and is sm
for larger band gaps~higher @O#! and correspondingly
broader band tails~see Fig. 12!. Kühne et al.28 for their
a-Si:H~Er! samples detected not only the intrinsic and the
PL but also the deep-defect-related PL at about 0.9 eV
displayed a temperature quenching similar to the Er P
which lead to the conclusion that the Er excitation mec
nism is defect-related. However, for none of the silicon su
oxides studied here is a defect-related PL close to the Er p
detected~see Fig. 9!. Thus, the results of Ref. 28 cannot b
generalized toa-SiOx , where the luminescence intensity o
Er is even higher. In fact, the Er PL is still quite strong at 3
K, when most of the SiOx luminescence has vanished. Th
demonstrates that the excitation of Er ions has only a mi
influence on the SiOx PL, which is determined by other pro

ere

e.

FIG. 11. Normalized SiOx and Er PL intensities of ana-SiOx :H
sample with 44 at. % oxygen and a band gap of 2.7 eV as a func
of the inverse temperature. The sample was multi-implanted with
Er dose ofNEr5731014 cm22 and annealed afterwards at 300 °
for 1 h. The lines are guides to the eye. The inset shows intrin
and Er PL spectra of the same sample at 77 and 300 K. The que
ing factors for both PL are indicated next to the arrows.
7-9
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JANOTTA, SCHMIDT, JANSSEN, STUTZMANN, AND BUCHAL PHYSICAL REVIEW B68, 165207 ~2003!
cesses such as nonradiative recombination.
In order to be efficient and stable at room temperature,

thermal quenching of the Er luminescence in the respec
host has to be minimized. This can be achieved by a fa
able Er31 environment that reduces the radiative lifetime,
by an increase of the host band gap that prevents the d
citation of Er ions via backtransfer of the excitation energy
the host matrix. The thermal quenching of the SiOx and Er
PL from 77 to 300 K@ I PL(300 K)/I PL(77 K)# as a function
of oxygen content is displayed in Fig. 12. The quenching
the SiOx PL for @O# ranging from 0 to 44 at. % is conside
ably reduced as the oxygen content increases. For@O#
50 at. %, the quenching is about three orders of magnit
and decreases to a factor of 3 at@O#'44 at. %. This can be
understood from the widening of the optical gap and
increased density of deep localized band-tail states, alre
known for unimplanteda-SiOx :H.11,46

In crystalline Si,4 the Er31 PL is quenched between 7

and 300 K by 21
2 orders of magnitude~Fig. 12!. Co-doping

with oxygen,4 however, results in a quenching by only 11
2

orders of magnitude, a value comparable toa-Si:H~Er!,28,45

which always contains residual small amounts of oxyg
~,1 at. %!. In comparison to these host materials, the erbi
luminescence ina-SiOx :H is quenched much less. Startin

from a quenching of 112 orders magnitude for@O#
,1 at. %, the reduction factorI PL(300 K)/I PL(77 K) is only
0.8 at the highest oxygen content studied here~44 at. %!.
This is in good agreement with values obtained in Er-dop

FIG. 12. Temperature quenching of SiOx and Er31 PL from 77
to 300 K for oxygen contents from 0 to 44 at. %. The erbium i
plantation dose was 731014 cm22 ('1020 cm23). The samples
were annealed at 275 °C for 1 h. The lines are guides to the
Also shown for comparison is the thermal quenching of the E31

PL (NEr51019 cm23) in crystalline silicon with and without codop
ing by oxygen (1020 cm23) ~Ref. 4!, in a-Si:H(Er) ~Ref. 45!, and
for a magnetron-sputtereda-SiOx :H~Er! sample (NEr'4
31019 cm23) ~78!. The uncertainties of the quenching factors a
shown by an error bar on one of the data points for each data
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semi-insulating polycrystalline silicon12 ~SIPOS! and
magnetron-sputtereda-SiOx :H(Er), which also contain
large oxygen concentrations.

Qualitatively, the Er31 PL thermal quenching shows th
same tendency as that of the intrinsic PL, but it is sign
cantly smaller for all oxygen concentrations and also ha
smaller variation with oxygen content. Thus, a major ben
of increasing oxygen alloying is the significant reduction
the thermal quenching of the Er31 PL ~and of the SiOx PL,
as well!. With the knowledge of the relative PL intensitie
~Fig. 9! and using a suitable calibration procedure, the qu
tum efficienciesh of the SiOx and Er31 PL at an excitation
wavelength of 458 nm can be estimated. Starting fr
known values ofh for a-Si:H and taking into account the
different defect densities and the observed quenching at
respective temperatures,35,46,47 the quantum efficiencies fo
both PL at 77 and 300 K were estimated and are shown
Fig. 13. The SiOx quantum efficiency@Fig. 13~a!# was deter-
mined for the as-deposited unimplanted set of samp
~dashed curves in Fig. 9!. At 77 K, h(SiOx) is roughly 0.1
for all oxygen contents, whereas at room temperature,
oxygen dependence of the PL quenching results in an
crease ofh(SiOx) over two orders of magnitude from below
1023 for @O#,1 at. % to above 1022 for @O#544 at. %. The
PL quantum efficiency of Er31 @Fig. 13~b!# in the highly
implanted annealed SiOx samples~solid curves in Fig. 9! is
in the range of 0.01–0.02 at 77 K and shows no signific
variation with oxygen content. At 300 K,h(Er31) is reduced
to values around 1023 for @O#,10 at. %, but reaches a valu
of approximately 0.01 for@O#.15 at. %.

3. Influence of higher-level Er3¿ transitions and excitation
efficiency

Although the most desirable transition for applications
Er ions in Si is the one from the first excited state4I 13/2 to
the ground state4I 15/2 (l51.54mm), also transitions from
or to the higher levels4I 11/2 and 4I 9/2 can be observed unde
appropriate conditions. Transitions from the second and th
excited state to the ground state (4I 11/2→4I 15/2 and 4I 9/2
→4I 15/2) result in luminescence lines at about 1.265

-

e.

t.

FIG. 13. Quantum efficiencies at 77 and 300 K as a function
@O#, for ~a! the intrinsic PL of unimplanted, as-deposited SiOx

samples and~b! for the Er31 PL of samples, which were multi-
implanted with an Er dose ofNEr5731014 cm22 and annealed
afterwards at 275 °C for 1 h. The lines are guides to the eye.
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PHOTOLUMINESCENCE OF Er31-IMPLANTED . . . PHYSICAL REVIEW B 68, 165207 ~2003!
~5980 nm! and 1.55 eV~5800 nm!. As a matter of fact, in
erbium-doped optical fiber amplifiers a population invers
of the first excited state4I 13/2 is generated by pumping the E
ions embedded in the fibers either directly at 1.5mm or via
the second excited state4I 11/2.48–50 So far, evidence for
higher-level Er transitions has been reported only in a f
previous publications, where Si~Er! nanocrystals were em
bedded ina-Si:H ~Ref. 32! or SiO2 films ~Refs. 51–53!.

For the erbium-implanteda-SiOx :H samples studied
here, Fig. 14 shows a spectral feature at 1.265 eV~980 nm!
superimposed on the intrinsic PL, which can be seen on
PL curves of highly-Er-implanted and annealed samples
respective of the oxygen content. At closer inspection, it
tually can be identified in all PL spectra of Fig. 9~solid
curves!, as well. Its origin is the transition from the secon
excited state to the ground state of the Er 4f shell 4I 11/2
→4I 15/2, schematically depicted in Fig. 14. There are tw
possible explanations for the excitation of this transitio
One possibility is that the energy of a tail-to-tail transition
the SiOx matrix is transferred more or less effectively to t
Er ion and excites the4I 11/2 state. This would imply that the
intrinsic luminescence is quenched to a certain extent at
ergies slightly higher than 1.265 eV, which should lead t
Fano-type spectrum.54 On the other hand, also an up
conversion process involving two Er ions is possible. Su
an Er-Er interaction is known from Er-doped Y2O3, Al2O3 ,
yttrium aluminum garnet YAG and glasses such as soda-l
silicate and phosphosilicate glass.55 Here, the energy of the
0.8-eV Er transition (4I 13/2→4I 15/2) is transferred nonradia
tively to another Er atom~already in the4I 13/2 state!, which
is thereby excited into the third excited4I 9/2 state. From
there, thermalization occurs to the4I 11/2 level and radiative
recombination withl5980 nm takes place. Unfortunatel
the small signal intensity of this transition on the backgrou
of the large intrinsic SiOx PL does not allow a definitive

FIG. 14. Er and SiOx PL spectra of samples containing 30 a
44 at. % oxygen (NEr5731014 cm22, annealed 1 h at 300 °C! at
77 K. The inset shows the spectral feature at 1.265 eV~980 nm!,
which is situated on top of the intrinsic luminescence and origina
from the transition of the second excited to the Er31 ground state
4I 11/2→4I 15/2.
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identification of the relevant excitation process. No su
resonant feature is observed for the4I 9/2→4I 15/2 transition at
800 nm~1.55 eV!.

Although higher-level Er transitions have so far main
been seen in host materials containing Si nanocrystals,32,51–53

there are no indications for nanocrystals in oura-SiOx :H
samples, which are deposited at conditions where the m
rial growth is amorphous. Subsequent to deposition, the
terial was only subjected to annealing temperatures be
300 °C, where hydrogen is the only mobile component.
evidence of nanocrystalline Si~nc-Si! PL can be seen in any
of the a-SiOx :H spectra. Also, the Er anda-SiOx PL have
qualitatively similar temperature dependences, which co
late well with the oxygen content of thea-SiOx host ~see
Fig. 12!. Thus, we conclude that the observation of high
excited Er31 states ina-SiOx :H(Er) is independent of the
formation of Si nanocrystals.

In order to find out whether the second excited erbiu
state4I 11/2 acts as an intermediate state for the population
the 4I 13/2 level, a SiOx sample with 20 at. % oxygen wa
excited with resonant sub-band-gap light from a Ti-sapph
laser (lexc5920– 995 nm). Despite the weak absorption
the sample in this energy range, the main Er PL~at 1.54mm!
could still be detected. In the spectra of Fig. 15, there is
abrupt change of the Er PL intensity when the excitat
wavelength was tuned from values lower to values hig
than 980 nm ~51.265 eV, 4I 15/2→4I 11/2). Previous
results10,28,45also reported no enhancement of the 1.54-mm

s

FIG. 15. Spectra of the 1.54-mm Er PL for different excitation
wavelengths between 948 and 993 nm (T577 K). The data are
corrected for the pump intensity at the respectivelexc. The solid
lines result from a smoothing of the spectra. For comparison the
luminescence atlexc5458 nm is shown as well~not corrected for
lexc). The SiOx sample contains 20 at. % oxygen, was highly
implanted (NEr5731014 cm22), and was annealed for 1 h at
275 °C.
7-11
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Er PL aroundlexc5980 nm, which agrees well with the lac
of direct light absorption by erbium ions in the absorpti
spectra. However, for a population of the erbium4I 11/2 level
via the SiOx matrix, a Stokes shift is very likely to exis
between the absorption of the SiOx matrix and the energy, a
which excitation to the4I 11/2 level occurs.

At 1.265 eV~980 nm!, there is a strong spectral overlap
the second excited Er level with the SiOx PL for all @O#
~indicated by a dotted line at 980 nm in Fig. 9!. Therefore, a
population of the first excited Er level4I 13/2 via the second
excited level 4I 11/2 is a possible contribution to the 0.8-e
Er31 PL. For @O#,20 at. %, there also exists a resona
overlap of the broad intrinsic SiOx PL with the first excited
4I 13/2 Er level ~0.8 eV; see Fig. 9!, which has been discusse
as an important mechanism for resonant Er excitation in
case ofa-Si:H. This partial overlap, however, is reduced a
finally is negligible for larger oxygen contents, which shou
result in a strong decrease of the Er PL with risi
@O# ~cf. discussion of Fig. 10!. However, the ratio
I PL(Er31)/I PL(SiOx) decreases only by a factor of 2 in Fig
10. Thus, other pathways for the excitation of the first e
cited Er 4I 13/2 level, presumably via the second excited4I 11/2
state, are likely to contribute at higher@O#.

Evidence for a direct excitation of the4I 15/2→4I 11/2 tran-
sition via the SiOx matrix can be found in Fig. 16, which
shows the excitation efficiency of the erbium luminescen
for an annealed highly implanted SiOx with 20 at. % oxygen
at 77 K. The data were obtained by normalizing the intens
of the Er31 PL to the flux of absorbed photons at the resp

FIG. 16. Relative quantum efficiency (Er31 PL intensity at 77 K
normalized to the amount of absorbed photons! as a function of
excitation energy. The SiOx :H sample contains 20 at. % oxyge
was implanted with an Er fluence of 731014 cm22, and was an-
nealed for 1 h at 275 °C. The Er PL at1.54mm was excited with an
Ar-ion laser ~458–514 nm!, a He-Ne laser at 632 nm and a T
sapphire laser~920–995 nm!. The dashed vertical line indicates th
position of the second excited Er31 level 4I 11/2. The dotted line is
a guide to the eye.
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tive excitation wavelengths. The relative Er31 PL quantum
efficiency is more than one order of magnitude larger
sub-band-gap excitation between 1.2 and 1.3 eV than
band-to-band absorption around 2.5 eV. There is an incre
by a factor of 2 for excitation energies slightly above 1.2
eV ~980 nm!, which allows us to quantify the contribution o
the second excited Er level to the 0.8-eV Er PL in the
samples. As conjectured above, a Stokes shift of at least
eV exists between the most favorable excitation energy
the erbium 4I 15/2→4I 11/2 transition at 1.265 eV. This addi
tional excitation path, contributing at all@O#, can also ex-
plain the weak decrease of the Er PL intensity with incre
ing oxygen content ~cf. Figs. 9 and 10!. A similar
enhancement of the Er PL for sub-band-gap excitation
also been reported by Fuhset al. for a-Si:H~Er!.45 Based on
the estimated absolute quantum efficiencies for excitation
the Er31 PL with 458-nm laser light~roughly 1% at 77 K, cf.
Fig. 13! and the relative spectral dependence ofh in Fig. 16,
we obtain a total quantum efficiency for Er31 in a-SiOx :H
at 77 K close to 10% for excitation at 970 nm.

Owing to the already large parameter space we have
performed detailed excitation spectroscopy measurem
for all @O#, which nevertheless is an interesting topic f
future studies. This would allow us to quantify the contrib
tion of the different Er31 levels as a function of their reso
nance with the intrinsic SiOx PL ~as adjusted by the optica
gapE04 and @O#, respectively!. However, as seen in Figs.
and 10, the Er PL intensity decreases weakly as a functio
@O#, which suggests that such an optimized overlap betw
the Er levels and the broad SiOx PL band only would have a
minor influence.

IV. DISCUSSION

Due to the fact that its 1.54-mm luminescence is rathe
independent of the host matrix, Er31 has been incorporate
into a large number of host systems. The respective exc
tion mechanisms for the desired Er31 PL turn out to differ
considerably depending on the host properties. Erbium
bedded in SiO2 fibers can be directly excited by means
resonant pumping,27,48–50 whereas in crystalline and amo
phous semiconductors the excitation prevalently occurs
absorption by the host and subsequent energy transfer to
rare-earth ions. In the case ofc-Si, erbium is believed to be
excited by an Auger process. An electron from the cond
tion band is trapped at an Er-related level~0.15 eV below the
conduction-band edge!. After recombination with a hole the
energy is transferred to the Er ion by means of an Au
effect.56–60Auger recombination has also been reported as
excitation mechanism for Er in III-V semiconductors such
In-Ga-P~Ref. 61! or Al-Ga-As ~Ref. 62!. Interactions of ex-
citons and rare-earth-metal ions have been observed
CsCdBr3 , as well.63 In amorphous materials, the determin
tion of the Er31 excitation mechanism is more complicate
due to the larger density and variety of tail and defect sta
that are located in the band gap. Luminescence from erb
ions has so far been detected in hydrogenateda-Si and its
alloys a-SiOx and a-SiCx ,28 but also in chalcogenide
glasses64 or sputtereda-GaN.65 The energy-transfer mecha
7-12
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PHOTOLUMINESCENCE OF Er31-IMPLANTED . . . PHYSICAL REVIEW B 68, 165207 ~2003!
nisms, however, are still under discussion. For the cas
amorphous silicon, two different excitation models ha
been suggested:

~i! Fuhset al.45 and Yassievich, Bresler, and Gusev66 pro-
posed a defect-related Auger effect~DRAE! as the main ex-
citation path of Er31 in a-Si:H. An electron from the
conduction-band tail is captured by a neutral dangling-bo
defect state and excites an Er31 ion (4I 15/2→4I 13/2) by a
nearly resonant Auger process~process 1 in Fig. 17!. This
occurs in competition with radiative recombination@leading
to a defect PL band around 0.9 eV~Ref. 28!# and a nonradi-
ative multiphonon process. This model is based on the c
vicinity of Er ions and dangling-bond defects that are su
posed to be introduced in large numbers as a result of erb
incorporation in the amorphous matrix. The model is su
ported by the similar temperature quenching of the de
and Er luminescence and by the fact that the tempera
quenching of the rare-earth-ion PL can be simulated q
well based on the competition between the DRAE excitat
process and nonradiative multiphonon recombination at
fects. A band-tail–to–band-tail Auger recombination, exc
ing the Er 4I 13/2 via the 4I 11/2 state is unlikely because of th
different temperature dependence of the intrinsica-Si PL at
1.3 eV and the Er luminescence.

~ii ! The second model for Er excitation is a dipol
mediated resonant energy transfer originally proposed
Förster67,68 for the interaction of molecules in gases and l
uids. This mechanism is also evoked for the energy tran
in photosynthesis69 and between semiconductor quantu
structures and organic matrices.70,71 In rare-earth doped
a-Si:H, it resembles a resonant Auger transfer and is e
cient for large distances up to 50 Å—as suggested by Ku¨hne
et al.28 The necessary dipole moment of the Er31 ion is pro-
vided by local fields in its surroundings, i.e. the oxygen
oms are situated close by. For tetrahedrally coordina
amorphous silicon, the conduction-band and band-tail st

FIG. 17. Schematic diagram of possible transitions leading
the excitation of the4I 13/2 Er31 level via the amorphousa-SiOx

host matrix. Process~1! shows a defect-related excitation of th
erbium 4I 13/2 level caused by a transition of a conduction-band
electron to a dangling-bond defect (D0/D2). Process~2! represents
an excitation of the4I 13/2 state via tail-to-tail recombination from
deep localized band-tail states and in process~3! the first excited Er
state 4I 13/2 is populated via an excitation of the second excit
erbium state4I 11/2.
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exhibit predominants character, whereas valence-band a
band-tail states as well as dangling-bond states havep char-
acter. Thus, the required dipole moment in thea-Si host is
provided by electron-hole pairs. In contrast to the DRA
where excess recombination energy can be taken up
phonons, resonance is necessary for a Fo¨rster transfer, which
of course narrows the energetic window for efficient exci
tion. On the other hand, this mechanism does not requi
close proximity of Er and dangling bonds. Since the Er co
centration in amorphous hosts is generally one to two ord
of magnitude higher than the defect concentration, an ove
close neighborhood of Er and defects is unlikely. Thus
transfer over larger distances is more favorable and expl
the observed threshold for the detection of Er PL, nam
when the transfer distance exceeds 50 Å at low Er conc
trations ('1018 cm23). These considerations imply that no
only transitions involving defects~process 1 in Fig. 17! but
also transitions between deep localized tail states~processes
2 and 3 in Fig. 17! can play a role for the Er excitation.

A third possible excitation path is the existence of char
transfer levels of Er31 in the bands or the band gap of th
amorphous host material. Little insight exists so far in t
electronic structure of Er in Si hosts and most theoreti
work has concentrated on Er inc-Si. Depending on how
strong the bonding and interaction of Er31 with its surround-
ings is, the resulting energy of the Er 4f levels ranges from
far below the band gap~;20 eV! to a position directly in the
band gap ofc-Si.58,72–75As far as amorphous silicon is con
cerned, recent experimental results by Tessleret al.,76 using
ultraviolet photoemission spectroscopy~UPS! on a-Si:H~Er!
samples, found a binding energyEB , attributed to the Er31

4 f levels, which is roughly 10 eV below the Si valence-ba
maximum. This feature in the UPS spectra, however, co
only be seen as a rather weak peak at high excitation ph
energy ~140 eV!. It cannot be excluded that othe
Er 4f –related peaks with smaller binding energies exist
the UPS spectra, which are too weak to be resolved. S
levels might be energetically closer to the band maxima
the gap and could therefore allow for a direct excitation
the rare-earth ions by charge transfer from the amorph
host material.

For the evaluation of the relevant excitation mechanism
Er31 in a-SiOx :H, the following experimental observation
have to be taken into account:

~i! No direct absorption of the erbium ions at resona
transitions between Er31 levels (4I 15/2→4I 13/2 at 0.8 eV and
4I 15/2→4I 11/2 at 1.265 eV! could be observed in absorptio
spectra. Thus, Er ions are excited mainly by an energy tra
fer from the SiOx matrix.

~ii ! The thermal quenching is roughly one order of ma
nitude smaller for the Er31 PL than for the intrinsic SiOx PL.
There is a comparable reduction of the quenching for b
PL with increasing@O# since the reexcitation of charge ca
riers into the bands is more unlikely for samples with high
@O#, which possess deeper tail states~Fig. 12!. But, generally,
there is a large quantitative difference in the temperat
quenching of Er and SiOx PL. In particular, for low oxygen
contents (@O#<10 at. %), Er PL can still be observed at 30

o

l
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K, when the intrinsic recombination is almost complete
quenched.

~iii ! Upon sub-band-gap excitation, i.e., in the absence
band-to-band absorption as well as intrinsic tail-to-tail
combination, the 1.54-mm Er luminescence is still detec
able, with a quantum efficiency approximately one order
magnitude higher than that for band-to-band pumping~see
Figs. 15 and 16!. An additional resonant increase of the Er31

PL by approximately a factor of 2 was observed for pump
slightly above 1.265 eV~980 nm!, the transition energy from
the erbium ground state to the second excited state (4I 15/2
→4I 11/2).

~iv! There is an inverse correlation between the density
defects in the host and the intensity of the Er31 PL, i.e., the
PL is significantly increased when defects are reduced
appropriate annealing~Fig. 6!. Also, an incorporation into
more favorable Er-O environments seems to occur upon
nealing~Fig. 8!. Furthermore, the erbium peak concentrati
is around 1020 cm23, whereas the defect density is 1–2 o
ders of magnitude lower (1018– 1019 cm23) in annealed
samples.

Among these results, points~i! and ~ii ! agree very well
with DRAE. In a-Si:H~Er!, Fuhset al.45 found an intrinsic
defect PL at roughly 0.9 eV with a thermal quenching simi
to the Er31 PL. These authors suggested that defect-rela
transitions ina-Si:H were the dominant process in the ex
tation of erbium ions~DRAE, process 1 in Fig. 17!. How-
ever, no such defect PL is detectable in amorphous sub
ides. Even in oura-Si:H~Er! samples, it cannot be resolve
due to the large intensity of the erbium luminescence
0.8 eV.

As for point ~iii !, a higher Er31 PL excitation efficiency
for sub-band-gap-pumping has also been found by F
et al.45 and does not contradict the DRAE model. Howev
unlike in a-SiOx , no contribution of the4I 11/2 Er level to the
population of the4I 13/2 level has been observed ina-Si:H.
Thus, the conclusions of the DRAE model cannot be rea
transferred to the case ofa-SiOx :H~Er!. Other possible ex-
citation pathways of Er31 in silicon suboxides have to b
taken into account.

An important argument against the DRAE applies also
the case of Er31-implanted SiOx :H @item ~iv!#. The Er ions
outnumber the defect states by 1–2 orders of magnitude
the Er PL intensity increases almost linearly with the total
concentration~Fig. 8!. This is incompatible with a one-to
one correlation of active erbium atoms and dangling bo
throughout the sample. Similarly, it is difficult to explain b
DRAE that annealing reduces the number of defects by
most one order of magnitude and at the same time the E31

PL is strongly enhanced—as shown in Fig. 6. Last but
least, the DRAE model does not consider the role of E
complexes, which exist ina-SiOx and to a smaller extent in
a-Si, as well. Tessleret al.40 suggested that these complex
might help to increase the number of defect states around
erbium ions. This, however, would require the existence
two types of defects, one that is associated with Er-O co
plexes and another that represents the ordinarya-Si:H dan-
gling bond. So far, there is no spectroscopic evidence
such a second type of defect.
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In contrast to the DRAE model, most of the experimen
findings for erbium in amorphous silicon suboxides can
reasonably explained in the framework of a Fo¨rster transfer.
Such a dipole-mediated process can occur over larger
tances~up to 50 Å!. Thus, the existence of an Er thresho
concentration can be explained. The Er density in the h
should be large so that the distance between an Er atom
the electron-hole dipoles~which transfer the excitation en
ergy! is smaller than 50 Å. For defect-related transitio
~process 1 in Fig. 17!—if contributing to the energy transfe
to Er31—neither a close vicinity nor equal numbers of Er31

ions and defects are required. Moreover, the Fo¨rster mecha-
nism opens the possibility of alternative excitation pathwa
which—unlike defect-related transitions—do not contrad
the observation that annealing enhances the erbium PL w
simultaneously reducing the defect density. Transitions
tween deep localized conduction- and valence-band
states are likely to excite the Er4I 13/2 ~0.8 eV! and 4I 11/2
~1.265 eV! states~processes 2 and 3 in Fig. 17!. In this case,
annealing helps to reduce nonradiative recombination p
via defects and makes process 2 and 3 more likely. T
assumption is corroborated by the finding of a resonant
hancement of the 0.8-eV Er PL~according to process 3 in
Fig. 17! when the pump wavelength approaches resona
with the second excited erbium level~Fig. 16!.

One condition required by a Fo¨rster process is resonanc
between the exciting electron-hole dipole and the exci
rare-earth ion. It was shown in Fig. 9 that for oxygen co
tents below 15 at. %, the SiOx PL overlaps partly with the
first excited state of erbium4I 13/2 at 0.8 eV. In addition, there
is always a sufficient overlap of the intrinsic PL with th
second excited erbium state4I 11/2 at 1.265 eV, which pre-
vents a strong decrease of the Er31 PL at larger@O#, when
resonance at 0.8 eV is unlikely~see Fig. 10!. Note, however,
that the temperature quenching is one order of magnit
weaker for the rare-earth-ion PL than for the intrinsic PL
both host materials,a-Si:H and a-SiOx :H. On the other
hand, the Er31 excitation process at the resonance energie
not necessarily expected to correlate strongly with the Sx
PL or its quenching. Even at temperatures where the intrin
PL is almost completely quenched due to reexcitation
trapped charge carriers into the bands, the energy tran
from deep band-tail states to Er31 can still be faster and
more effective, which should lead to a weaker therm
quenching by nonradiative recombination processes.
small size of the spectral feature at 1.265 eV, superimpo
on the SiOx PL spectra~see Fig. 14!, could indeed be an
indication for the minor influence of the Er excitation pr
cesses on the SiOx PL.

We conclude that the interpretation of the experimen
results in the framework of a defect-related model~DRAE!
leads to several inconsistencies concerning the ene
transfer process from thea-SiOx :H host to the Er31 ions.
On the other hand, most of these contradictions can be
sonably resolved by a dipole-mediated Fo¨rster mechanism. A
certain contribution from defect states or from Er31 charge-
transfer levels in vicinity of the band gap, however, cann
be entirely excluded.

The presented results also have some relevance for o
7-14
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Er-doped Si-O systems, e.g., those that are parti
crystallized12 ~SIPOS! or contain Si-nanocrystals~nc-Si! em-
bedded in a~sub!oxide matrix.14–17,32,51–53In these materials
Er31 is likely to be located in the vicinity of the disordere
Si-O phase, which is believed to surround the
crystallites.16 Correspondingly, one common feature of t
Er PL in all these hosts (a-SiOx :H, SIPOS, nc-Si! is the
similar broad luminescence that only allows one to dist
guish two main transitions~'1538 and 1550 nm! and thus
differs significantly from the well-resolved spectra obtain
for c-Si~Er!. But also the Er31 PL temperature quenchin
~from 77 to 300 K! of SIPOS~Ref. 12! and nc-Si~Ref. 17! is
less than a factor of 10, which agrees quite well with t
findings presented in this article~cf. Fig. 12! and points to-
wards a reduced backtransfer due to larger optical band g
Furthermore, SIPOS samples containing compara
amounts of erbium as SiOx show a similar activation of thei
luminescence upon annealing at moderate temperat
~300–400 °C!. Presumably, this is due to an incorporation
Er31 into a favorable oxygen environment and defect pa
vation. The Er PL quantum efficiency of annealed SIP
~Er! is roughly 1023, which also compares well to the cas
of a-SiOx :H(Er) ~cf. Fig. 13!. Unfortunately, no PL lifetime
data have been recorded for oura-SiOx :H samples so that a
comparison to the respective findings for SIPOS is not p
sible.

On the other hand, amorphous SiOx and partially crystal-
lized Si-O systems are only comparable to a certain ext
First, the various deposition methods are known to prod
materials with different structural properties. Second, the
drogen content initially present in some samples effuses
ing the annealing procedures used for crystallizationT
.300 °C). Thus, the structure of the samples becom
somewhat different upon crystal formation, which comp
cates a direct comparison. In order to investigate the in
ence of Si crystallites on the rare-earth-ion luminescen
some of oura-SiOx(Er) samples were subjected to inten
Nd:YAG laser pulses (l5355 nm, tpulse58 ns, I L
'300 mJ/cm2). Applying this procedure lead to the forma
tion of Si crystallites embedded in a suboxide matrix.77 How-
ever, no further improvement of the Er PL compared to t
of amorphous samples~annealed at optimized conditions!
has been observed. Nevertheless, disordered Er-d

*Author to whom correspondence should be addressed. Electr
address: janotta@wsi.tum.de
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silicon-oxygen alloys can be regarded as a model system
also provides a better understanding of the processes oc
ring at c-Si/a-SiOx interfaces.

V. CONCLUSIONS

Effective erbium PL ina-SiOx :H was detected at room
temperature for varying oxygen contents and Er31 peak con-
centrations up to 1020 cm23. The intensities of SiOx and
Er31 PL scale inversely with the defect density and, to
smaller extent, also with the structural disorder in the h
matrix. Annealing at 300 °C for 1 h was found to be optima
for the activation of both luminescence processes. Our
sults suggest a reconstruction of implantation-induced d
gling bonds as well as an incorporation of erbium ions in
more favorable environments. As there is no strong dep
dence of the Er31 PL intensity at low temperatures on th
oxygen content, already small oxygen concentrations of
order of 1 at. % seem to provide an optimal Er environm
with low local symmetry. The temperature quenching of t
Er31 PL is roughly one order of magnitude smaller than th
of the intrinsic SiOx PL. A major advantage of alloying with
increasing oxygen content is the fact that for the highest@O#
the temperature quenching from 77 to 300 K is significan
reduced for both the Er~a factor of 2! and the SiOx PL ~a
factor of 10!. Measurements with different excitation wav
lengths showed that the main Er PL at 1.54mm is excited
roughly one order of magnitude more efficiently whe
pumped with sub-band-gap light compared to band-to-b
excitation. The excitation of Er31 via the second excited
level 4I 11/2 at 1.265 eV contributes to the population of th
4I 13/2 level and enhances the Er PL by a factor of 2. Based
these results, we argue that the excitation mechanism of
Er31 ions in a-SiOx :H can be explained by a resona
dipole-mediated Fo¨rster transfer to the Er4I 13/2 and 4I 11/2
levels. On the other hand, some of the experimental findi
also agree with a DRAE, whereas others do not. This c
some doubts on the relevance of the DRAE model, at le
for Si-O alloys with high oxygen contents@O#.20 at. %.
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