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Structure of Er-O complexes in crystalline Si
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The local structure around Er ions in E+O doped silicon has been investigated by extended x-ray
absorption spectroscopy. By comparing samples obtained by molecular-beam epitaxy and ion implantation a
common structure comes out. Er is linked to five or six O atoms at around 2.24 A and there is a well defined
Er-O-Si bond angle of 135° and an Er-Si separation of 3.6 A. The Er-Si distance is appreciably longer than that
found in the more stable structures frah-initio calculations and a discussion on the possible site for Er is
presented.
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[. INTRODUCTION Ref. 11 the hexagonal interstitial sitel{) is found to be the
most stable, whereas in successive stutfiédthe T; site is
Er doped Si has been extensively studied in the recerroposed for the Ercomplex. On the experimental side,
years due to its potential application in optoelectrofifhe  electron paramagnetic resonar&PR studies*'* evidence
41 13/ 4l 15 transition, indeed, occurs at 1.54m, coincid-  two centers for the B ions: one of monoclinic symmetry
ing with one of the minimum absorption windows of com- having the rare-earth ion in &; site and one of trigonal
mercial silica based optical fibers. The transition is forbiddersymmetry with a RE ion in the middle of &#; site or in an
by electrical dipole selection rules, but becomes possibl& decorated hexavacan® in the host crystalline Si. These
whenever the Er ion is embedded in a noncentrosymmetritindings are confirmed by recent Rutherford back-scattering
environment. This transition can be excited both optically (RBS) and channelling studie$, where coexistence of;
and electrically in such systems. The major problem with andH; sites is found, and the occurrency of Er in tetrahedral
the Er:Si system is the low solubility of this rare earth ion in substitutional sitesT) is stated to be less than 5%.
the matrix, being of the order of>210' Er/cn?.* At this The x-ray absorption fine structutEXAFS) techniqué’
concentration theoretical calculatidrisnd the tetrahedral in- has revealed to be effective in describing the local site of Er
terstitial site of the diamond structur@;j as the more prob- in crystalline S&**~?*amorphous hydrogenated GRefs.
able site for Er. Experimental studies, based on the emissiodl and 22 and Si nanoparticles’ These studies, mainly
channelling techniqu&have indeed found Er in the tetrahe- based on the single scattering approximation for the data
dral site. A successive investigation, based on the Zeemagnalysis;’ show that Er is generally six coordinated to O
effect on the 1.54.m emission, has shown the presence of aons at a distance of 2.24-2.26 A. When Er is coordinated to
well defined site for optically active Er centers with ortho- less O ions;! the Er-O bond length shrinks to 2.09-2.14 A.
rhombic 1(C,,) symmetry’ However, this concentration The use of the multiple scattering approximation on the other
level is unsuitable for the fabrication of devices. Using non-hand, revealed extremely effective in describing the site of
equilibrium techniques to raise the Er concentration abov&r and Yb beyond the O shell in glassy matrices like
the solubility limit (namely, ion implantation leads to the ~sSilicaté**and phosphat8 glasses.
precipitation of Er in Er silicide forni:® This compound, The aim of this study was to determine the site of the Er
having cubic symmetry around the Er ion, produces no luion in differently prepared ErO doped crystalline Si
minescence from the rare eartRE). An efficient way to  samples by EXAFS. The results will be compared with the
enhance the solubility of Er is in Si is the codoping with O. findings of theoretical calculations.
In this way Er binds to O ions and concentrations as high as
10" Er/cn? can be incorporated in crystalline 8i.In
samples with Er:O ratio equal to 1:10, strong luminescence
at 1.54um has been observed at 77 K, with a moderate Samples used for this study were prepared both by mo-
quenching as the temperature is increased up to room tenecular beam epitaxyMBE) and ion implantatior(ll) as re-
perature. sumed in Table |. MBE samples were grown o@01) ori-
In the case of ErO doped system, theoretical studies ented Czochralsky Si wafers. Si evaporation, at a rate of 0.1
exist proposing different sites for Er and its O cage in Si. Innm/s, was performed by electron gun in presence of an Er

Il. SAMPLE PREPARATION
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TABLE I. Description of the preparation and thermal treatments T N I L B
of the samples used in the present investigations. ol AR
8
Nominal molar Annealing Annealing - 3
Sample Method ratio O/Er  temperaturg°C) time E f,
. <A
33 MBE 18 ] 3
33C MBE 1.8 900 1lh 2 s
33D  MBE 18 1000 1h 3 g
33E MBE 18 900 30s 3 = P
49 MBE 5 g R (ang)
49C MBE 5 900 1h 2 \_/\/'\N”"“M"“’“""‘
49D MBE 5 1000 1h 2
49E MBE 5 900 30s
145AD Il 10 900 12h
92AB Il 10 900 30s I I |

8200 8400 8600 8800 9000

.. . Energy (eV)
flux arising from an effusion cell and a molecular oxygen

leak into the MBE chamber. A pure Si buffer layer 100 nm  FIG. 1. Example of a typical measured absorption coefficient:
thick was always deposited prior to the Er:O codoped layersample 3&. The peaks due to Bragg scattering present in the spec-
whose thickness was in the range 240—270 nm. The substratt@m at 8652 and 8699 eV were included in the background using
temperature during the growth was kept at 550 °C, to ensurthe FITHEO codé! Inset: the Fourier transform of the EXAFS data

a good epitaxy, as always confirmed by in situ RHEE®- of sample 3E&. The transformation range wés=2.4—-8.0 A with a
flection high-energy electron diffractionWith this tech-  k* weight.

nigue, we have grown Si:Er:O layers with Er concentrations

ranging in between #8-10%° Er/cm 3 and O in between was carried out by using thenxas code?”?8The theoretical
(1-2)x10%° O/cm™3. As far as the ion implantatiofil) is  signals were calculated from a cluster derived from the crys-
concerned, samples were prepared by multiple implants of Belline structure of EiSi,0,.?° Data were analyzed in the
(Eimpi=0.5-5 MeV) and O Ejy,=0.15-1.4 MeV) into rangek=2.5-9 A~* directly on the absorption spectrum.
(001) Si. In this way we produced a 2,8m thick amorphous For the data analysis, we considered a model where each O
layer with constant concentrations ofk1L.0*® Er/cn® and 1 around Er is linked to a Si atom. This is in agreement with
X 10%° O/cn?. After implantation, the samples underwent the description of Er:O:Si complexes given in previous the-
thermal processes at 900 °C for a sh@@ 9 and a long(12

h) time, to improve the crystalline quality and to promote the ]
diffusion of O atoms around the Er sites.

IIl. EXPERIMENTAL DETAILS AND RESULTS

Units)

The experiments at the Ey;, edge were carried out at the
GILDA CRG beamline at the European Synchrotron Radia- £
tion Facility. The sagittally focusing monochromator was \
equipped with a pair of $811) crystals, and used in dynamic '\ Total I 0.050
focusing mode. Harmonic rejection was achieved by using g, \ e
pair of Pd coated mirrors with an energy cutoff of 21 keV. g . )
The incoming beam was monitored by a nitrogen filled ion & W
chamber, the absorption coefficient was measured by collect / Residual full model
ing the fluorescence yield from the samples using a 13 ele: ‘
ments hyperpure Ge detector. In order to enhance the signal
from far coordination shells, the measurements were carriec Residual only Er—0
out at liquid nitrogen temperature. two to four scans per L. o ... .1, .. .0 .., 1001
sample were collected and averaged; powdere®Ewas R 6 8 10
collected in transmission mode as reference compound. A k (1/8)
typical absorption spectrum is shown in Fig. 1 whereas an g, 2. Example of fit of a typical spectrum, sampleE33rhe
example of EXAFS spectrum with the relative fit is shown in contributions from the Er-O and Er-O-Si atomic configurations are
Fig. 2. From the Fourier transforrinset of Fig. 1 it is  shown, as well as the experimental data and the total fit. The bottom
evident the presence of a coordination peak just below 2 Agurves shows the residual when using the full model or only the first
due to the Er-O bond plus a further peak at 3.2 A, that can ber-0 shell. Note how, in the latter case, the residual strongly re-
ascribed to an Er-Si coordination. Quantitative data analysisembles the MS signal.
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TABLE II. Results of the quantitative fits. For all spectRy_g=1.60 A, o3,_,=0.0001 & and
03— o-si=230 ded. Errors were determined by @ analysis with a confidence level of 95%.

Ner-o Rer-o Uér—o Og—o-si Rer-si O'Er—si
Sample +0.6 +0.02 A +0.003 A2 +4 deg +0.03 A +0.007 A2
33 5.7 2.22 0.015 134 3.55 0.020
33C 5.6 2.22 0.014 137 3.59 0.018
33D 5.7 2.23 0.012 135 3.62 0.014
33E 5.5 2.23 0.014 137 3.60 0.018
49 5.0 2.23 0.013 135 3.58 0.019
49C 5.8 2.22 0.016 136 3.58 0.018
49D 5.8 2.23 0.015 137 3.59 0.024
49E 4.8 2.24 0.013 136 3.59 0.017
145AD 5.5 2.23 0.012 138 3.62 0.019
92AB 5.9 2.25 0.015 136 3.63 0.021

oretical studies!~*3and can be parametrized with the fol- appears to be five or six fold oxygen coordinated, with a

lowing paths. bond length of 2.24 A. The high Er-O coordination, present
1. A single scatteringSS Er-O path described by a bond also in the sample with a nominal low O/Er ratiBample
lengthRe,_ o and Debye-Waller factooZ, . 33), could be ascribed to the diffusion of O species from the

2. A multiple scattering(MS) Er-O-Si path(including  Czochralsky Si substrate. A similar effect has already been
both the multiple scattering path and the Er-Si SS peth  evidenced in literaturBA well defined Er-O-Si bond angle is
scribed by the first shell parameters plus the Si-O bondound, of around 135°, leading to an Er-Si distance of 3.58
lengthR_s;, the Debye-Waller factos,_ and the angu- A. The Er-O bond length falls in the typical range of previ-
lar parameter®g,_o_s; and 03¢, o . The Er-Si bond 0US EXAFS investigation$”182°A comparison with the ex-
length and Debye-Waller factors were derived from thesdSting theoretical predictions is provided in Table Ill. The
data. first shell bond lengttRg, ¢ is slightly longer than that cal-

Each Er-O bond is associated to one Er-Si and one triarculated in the more stable structures in Refs. 11 and 12,
gular Er-O-Si bonds. This comes from the fact that, being OVhereas it results appreciably shorter that indicated fofrthe
bound to both Er and Si, a well defined Er-O-Si bond ang|esite in Ref. 13. More striking differences with the theoretical
should exist as indeed found in glassy matrié.In a predictions are evident in the second coordination shell: here,
geometrical picture, this also means that Er is linked to théhe experimentally measured Er-Si separatier3(6 A_) is
SiO, tetrahedron by a corner. In the fitting procedure all thedPpreciably longer than that foreseen for heor H; sites,
cited parameters plus the Er-O coordination nunibgr_o whereas it seems in a closer agreement with the Er-Si sepa-
and the energy origifE, were varied with the exception of rations found in theT site. However, it must be noted that
o3, (fixed to literature datar3,_,=0.0001 & Ref. 30, Ts is fo_und to be the mostgstablle.site only in theoretipal
and theRy_g; and o, o g parameters, defined in the fit calculations for Er@ clusters; and it is excluded by experi-

— — -_— ] L

¢ | hen fixed for the others. T . mental studies like EPRRefs. 14 and 15 or RB®.A pos-
of sample 3Elandt' en Ixe.d or the others @ pararr; sible way to concile EXAFS data with the EPR and RBS
eter was defined in the fit of the f&; compound §;

. . tudies is to consider the model proposed in Ref. 15. It con-
:?1'92) ar;d Ithen keptlflxed. Thde resultsl are slhokwg in Table IEists of an Er ion in and; site sittliangpin the middle of a O
Other models were also tested, namely Er linked to a tetra; L Y]
hedron edge2 Er-0-Si paths for 1 Er-Si paltor to a tetra- decorated/q hexavacancyAb initio calculationd! show that
hedron facg3 Er-O-Si paths for 1 Er-Si pathobtaining in

. . TABLE IIl. Local structure parameters in a series of models
all cases appreciably worse fits.

proposed for the ErQunits in crystalline Si. In the case of Ref. 13
the data were derived from Fig. 3 of the paper. The astdfigk

IV. DISCUSSION marks the phase indicated by the authors to be the more stable one.
First of all, it shquld be noted that all the s_amples exhibitgeference Site Re, o(A) Re, si(A)

the same local environment, despite of the different prepara

tion conditions. This means that, by preparing the sample bj1 T, +0 2.47 251
MBE, an equilibrium configuration is attained already during11 Ts+ O 2.18 3.86
the growth process and that successive thermal treatments (*) H; + O 2.18 2.60
have only minor effects on the local structure. Such structura2 (*) T,+0 2.17 3.05
is, moreover, the same obtained in ion implanted sampleg3 (*) T, +0 2.45 2.89
after a suitable annealing. Being Il a markedignequilib- 13 T+ 0O 238 3.33
rium technique, thermal treatments have, on the contrary, a3 T, +0 2.20 3.33

noticeable effect, as shown in Ref. 9. In all samples, the RE
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such a vacancy is disk shaped, with a radiosnter-to- AFS. Data analysis evidenced that erbium is bound to O
silicon distancg of R,=3.9 A, sufficient to allocate a cen- atoms at 2.24 A and that there is a well defined Er-O-Si
tral ErQy cluster. The Er-Si separation should be nearso  bond angle of about=135° and an Er-Si separation of
compatible, considering possible relaxation, with our data. ~3.60 A. The results are compared with the findings of the-
oretical calculations, evidencing that a too short Er-Si dis-
V. CONCLUSION tance is in general foreseen in the proposed structures. On
the other hand, structures based on Er sitting inside
In this work we have studied the local structure aroundO-decorated hexavacancies appear to be in agreement with
Er* ions in EHO doped crystalline Si, by means of EX- our findings.
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