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Evidence of oxygen-stabilized hexagonal interstitial erbium in silicon
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We report on the effects of codoped oxygen and thermal annealing on the evolution of lattice sites of erbium
in silicon. At low concentrations of codoped impurities, it is evident that Er prefers occupation of the tetrahe-
dral ~T! interstitial site after Er ion implantation. Oxygen codoping can substantially populate implanted Er
atoms onto the hexagonal~H! interstitial site. In the presence of oxygen, Er can be stabilized on theH site
during annealing up to 900 °C. Also interesting is that post-implantation annealing can greatly promote occu-
pation of theH site by Er in O-deficient Si, even though few Er atoms are found to be on theH site following
Er ion implantation.
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Doping erbium into silicon is a promising route for ci
cumventing the problem of Si being an inefficient light em
ter. The major advantage of Er-doped materials lies in
emission wavelength~1.54mm! of the intrtra-4f 4I 13/2-4I 15/2

transition of Er31, corresponding to the window of minima
loss for silica optical fibers used in telecommunications
has been shown that the luminescence properties of Er ca
significantly improved by adding other impurities in E
doped Si, e.g., oxygen, being the one that gives rise to
most significant improvements.1

Despite extensive study, the role played by codoped
atoms is still not clear. Particularly, the correlation of vario
Er luminescence centers and their microstructures has
been established. Information about Er lattice locations in
is very important for understanding the microstructures
Er-related centers. Previous theoretical investigations
dicted the substitutional~S! site2 or the tetrahedral~T! inter-
stitial site3 as the stable lattice location for isolated Er in S
The effects of O codoping on Er lattice locations were a
addressed theoretically, but no consensus has been rea
The simulations of Ganet al. suggested that O-related clu
ters with Er on theS site might be more stable than tho
involving Er on theT site.1,4 Wan et al. predicted that the
hexagonal~H! interstitial location should be the energetica
favored site for Er in O-rich Si.5 In contrast, a recent calcu
lation proposed that the stable lattice location of Er wo
evolve from theS site at low O concentrations, to theT site
at high O concentrations.6 Experimentally, the lattice site o
Er in Si was measured by charged particle channeling m
surements, with results suggesting occupation of Er on thS
site,7,8 theH site,9 or theT site,10 respectively. The effects o
codoped impurities on the lattice occupation of Er have
been clearly demonstrated in experiments.

The great disparities in experimental and theoretical
sults imply the great complexity of the issue and theref
warrant more investigations. In this Brief Report, we rep
on the effects of O codoping and post-implantation annea
on the occupation of Er lattice sites. Particularly, it is wo
pointing out that our work differs from previous investig
tions in two respects: ~1! the use of ion implantation an
solid-phase epitaxial growth~SPEG! for incorporation of O
in FZ-Si, allowing for an explicit study of the pure effects
O codoping, and~2! the use of hot implantation for Er incor
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poration in Si minimizing the influence of damage and e
tended defects on the determination of lattice sites. We
formed ion channeling experiments to determine
occupancy of various lattice sites of Er in Si with and wit
out codoped O. The samples were cut from ann-type
~phosphorus-doped, 1500–2000V cm! FZ-Si ~100! wafer.
The O-rich Si was prepared by O ion implantation into am
phous FZ-Si followed by SPEG. This processing allows us
eliminate the interference of other impurities~e.g., carbon! or
the complication due to additional lattice damage caused
O ions if they were directly implanted into crystalline Si.
uniform amorphous Si layer of;300 nm thickness was firs
produced by 77-K Si ion implantation with multiple energi
and doses. Oxygen ions of 50 keV (Rp5120648 nm) in
energy were implanted into the amorphized Si layer to va
ous doses between 1013 and 1015 cm22, producing O peak
concentrations;1018– 1020 cm23. The O-doped Si was re
grown via SPEG at 600 °C for 6 h, resulting in a crys
quality as good as virgin Si~from the perspective of ion
channeling!. Finally, the O-doped samples along with a
O-deficient ~FZ-Si! control sample were implanted wit
380-keV Er ions (Rp5127625 nm) to a dose of
531014 cm22. The Er ion implantation was conducted

FIG. 1. Rutherford backscattering~RBS! and channeling spectra
along the ^110& direction for O-deficient and O-doped~O dose:
531014 cm22) Si samples following Er implantation and therm
annealing at 900 °C, respectively. Note that the Si signals for
O-deficient and O-rich samples are almost identical.
©2003 The American Physical Society03-1
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FIG. 2. Normalized RBS yield as a functio
of tilt angles along three major crystal direction
in the O-deficient Si following Er ion implanta
tion. The solid lines represent the Monte Car
simulation results.
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300 °C, which helps suppress the formation of a highly da
aged layer in Si. Before ion implantation, samples w
rinsed with dilute hydrofluoric acid to remove the surfa
native oxide, preventing the unintentional incorporation
excess O due to recoil processes. The Er-implanted sam
were further subjected to furnace annealing in a tempera
range of 500–1200 °C for 30 min with a flowing nitroge
gas. Rutherford backscattering and channeling experim
were performed using a 2.5-MeV He1 beam. It should be
pointed out that the processes involving crystal amorph
tion via Si self-implantation followed by SPEG, excludin
the step for O incorporation, do not cause any measur
effects on the occupation of Er lattice sites.

After Er ion implantation, the crystals were slightly dam
aged in the region corresponding to the projected rang
implanted Er ions~Fig. 1!, e.g., the minimum yieldxmin of Si
in the damaged region~between channels 650 and 660!, be-
ing ;5% for both O-deficient and O-doped Si samples. Af
annealing between 700 and 900 °C, a small increase
dechanneling yields was detected in the region correspo
ing to the end of Er ion range, indicating the formation o
layer of extended defects, commonly observed follow
post-implantation annealing.1,9,11These extended defects di
appear as annealing temperatures>1000 °C. The channeling
spectra show almost identical Si signals for both O-dop
and O-deficient Si, indicating that the conditions for io
channeling in O-deficient and O-doped Si samples are vi
ally the same.

The normalized yields of Er~energy window: channels
1100–1150! and Si~energy window: channels 650–660! as
a function of tilt angle along three low-index crystalline d
rections ~^100&, ^110&, and ^111&! were monitored~Figs. 2
and 3!. To determine the percentage fraction of Er atoms
different lattice sites, we conducted Monte Carlo simulatio
using theFLUX7 code.12 The calculated angular scan curv
for the H-site andT-site Er have been presented in our p
vious work.13 They are similar in thê110& direction—i.e.,
showing peaks with intensity above 1.0 in the center of
03320
-
e

f
les
re

ts

-

le

of

r
of
d-

g

d

-

n
s

-

e

channel—but are dramatically different in the other two
rections~^100& and ^111&!. Along the^100& and ^111& direc-
tions, theT-site atoms are shadowed by substitutional h
atoms, resulting in the corresponding angular scan cur
same as those of theS-site or Si host atoms. TheH-site
atoms are viewed as large displacement atoms along^100& or
located at the center of the channel along^111&, leading to
the corresponding normalized yields higher than the c
~i.e., 1.0! for atoms on the random~R! site. The angular scan
curves for theS-site Er along three directions are exactly t
same as those of the host~Si! atoms. Our experimental dat
for the ^110& scan show a pronounced peak with the norm
ized intensity well above the unity. This strongly indicat
the occupation ofT and/or H interstitial sites by most Er
atoms, because flux peaking cannot be observed in the^110&
direction if Er were to occupy sites other than theT and/orH
site. As a result, occupation of theSsite, the corner~C! site,
and the bonding~B! or antibonding~AB! site, etc., by a
significant amount~.5%! of Er can be easily ruled out. Th
resultant peak concentration of Er in our experiment is
pected to be above the solubility of Er in Si, and therefo
the low symmetry or theR site corresponding to the phase
Er precipitates was considered in addition to theT and H
sites in our simulations to fit the experimental angular sc
curves. As compared to the case where ion beams are
aligned in the crystal direction, the scattering yields resul
from an off-center incidence could be more susceptible
crystal distortions induced by incorporation of impuritie
Consequently, an important criterion for the best fit of data
whether the data points in the center region of the chan
can be accounted for by the calculated angular scan cu
for all three crystal directions. The tolerance of the extrac
site occupancies was estimated by varying their fitting val
until the calculated normalized yields~in the region close to
the channel center! exceed the range set by the uncertainty
the corresponding data points.

Following Er ion implantation, the above-described fittin
procedure indicates that a large fraction~;45%! of Er is
n
s

nt
FIG. 3. Normalized RBS yield as a functio
of tilt angles along three major crystal direction
in the O-rich Si~O dose: 531014 cm22) follow-
ing Er ion implantation. The solid lines represe
the Monte Carlo simulation results.
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located at near-T sites~0.25 Å from theT site toward theH
site! and few Er atoms~,5%! on the H site in the
O-deficient Si. A similar conclusion has also been drawn
the work of Wahlet al.10 Both our work and the work of
Wahl et al. may provide evidence supporting the calculati
of Needleset al.,3 which proposes theT site as the equilib-
rium lattice site for Er in Si without any codopants. In add
tion, our data show that codoping O in Si:Er results in
small reduction of the normalized yield in the center of^110&
channel and a significant enhancement of the normal
yield in the^100& and^111& directions. Obviously, the poss
bility for a large amount of Er~.5%! occupying theSsite in
the presence of O can be eliminated, since theS-site Er
would give rise to a substantial decrease in the normali
yields for all three directions, contradicting our observatio
For Si:Er codoped with O to the dose of 531014 cm22, the
fitting results indicate that the fraction forT-site Er is re-
duced to;20% and the fraction forH-site Er enhanced to
;25%, as opposed to the case without O codoping. Figu
shows the occupancies ofH-site andT-site Er at various
codoped O contents following Er ion implantation at 300 °
As seen, codoping O in Si:Er leads to a conversion in
occupation of Er lattice locations from theT site to theH
site. At low O concentrations, more Er atoms occupy theT
site than theH site, but the concentration ofH-site Er ex-
ceeds that ofT-site Er as the codoped O dose>5
31014/cm2. The H-site concentration increases rapidly
low O doses and reaches a saturation beyond the O do
1014 cm22. This seems to suggest that about one O at
may be required to populate one Er atom onto theH site.

The enhancement in theH-site occupation resulted from
O codoping suggests that Er and O can interact strongly w
each other, possibly leading to the formation of Er-O co
plexes that may be stabilized as the involved Er atoms
placed on theH site. Our observations of O codoping effec
on Er lattice site occupation seem to support the theore
work of Wan et al.,5 which predicts that the energetical
stable location for Er in Si would evolve from theT site in
the case without codopants, to theH site as O is incorpo-
rated. We have also examined thermal annealing effects
the occupation of Er lattice sites. The data show that E
complexes, which are formed during ion implantation p

FIG. 4. Percentage fraction of Er on theT andH sites as func-
tions of codoped O doses. The lines are drawn to guide the ey
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cesses, can be stable against thermal annealing up to 90
As shown in Fig. 5, the concentration ofH-site Er in the
O-rich Si ~codoped O dose: 531014 cm22) sample re-
mains virtually unchanged after annealing up to 900 °C. T
annealing behaviors forH-site Er may be related to the an
nealing effects on photoluminescence intensity from
Si:Er:O system. It has been generally observed in previ
optical investigations that the Er luminescence intensity
creases sharply as the annealing temperature is elev
above 900 °C and the drop of optical activities was ascrib
to the dissociation of Er-O complexes.1 Our annealing study
may provide additional evidence for the breakup of Er
complexes at high annealing temperatures. As Er-O co
plexes are dissociated, Er is expected to become isol
from O and precipitation of Er should be enhanced. This
indeed reflected in our observations showing a reduction
H-site Er concentrations accompanied by an increase of
concentration ofR-site Er in the O-rich Si, following anneal
ing at temperatures.900 °C.

Another interesting feature of our data shows that
fraction ofH-site Er in the O-deficient Si can be considerab
enhanced after annealing, although few Er atoms appea
be on theH site following Er implantation. The fraction o
H-site Er in the O-deficient Si reaches a maximum of;35%
at 700 °C as opposed to the initial value of less than 5% p
to annealing. Unlike the case with O codopants, the fract
of H-site Er in the O-deficient Si drops rapidly at temper
tures higher than 700 °C, e.g., only about 7% of Er ato
occupying theH site after annealing at 900 °C. We specula
that interactions of Er with point defects~most likely Si va-
cancies!, released during post-implantation annealing, co
be responsible for the appearance ofH-site Er in the
O-deficient Si. At low temperatures~,700 °C!, vacancies are

.

FIG. 5. Occupancies of Er on different lattice sites after po
implantation annealing. The values at 300 °C correspond to the
following Er implantation~prior to annealing!.
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BRIEF REPORTS PHYSICAL REVIEW B68, 033203 ~2003!
emitted as a result of the dissociation of vacancy clusters
agglomerates.14,15 Our data indicate that low-temperatu
~,700 °C! annealing of the O-deficient Si decreases the fr
tion of randomly located Er atoms, but the fraction ofT-site
Er is not altered. This may suggest that point defects
likely coupling to those low-symmetry Er atoms, resulting
the formation of defect complexes with Er on theH site. As
annealing temperatures are above 700 °C, a supersatur
of Si interstitials should be present in the sample,16 resulting
in a vacancy concentration even lower than the equilibri
case and thus a reduced efficiency for Er to occupy theH site
in the O-deficient Si.

In summary, we have shown the effects of oxygen cod
ing and post-implantation annealing on Er lattice locations
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