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Abstract

The Er site in Er+Au-implanted silica has been investigated by x-ray ab-
sorption spectroscopy, in particular after annealing in reducing atmosphere
(H2(4%):N2(95%)) at temperature ranging from 100 to 800 ◦C. The EXAFS
analysis shows that Er ions are surrounded by a first shell of O atoms, while
the absence of signal from further coordination shell indicates a disordered
site. The Er-O distance is lower than that of the Er2O3; it is suggested that
the annealing in reducing atmosphere leads to a significant reduction of the
first shell coordination number. Correspondingly, in the XANES region of
the spectrum, it is observed a decrease in the white line intensity for anneal-
ing temperature higher than 400 ◦C; similar annealing treatments in inert
atmosphere did not result in significant changes of the near-edge region of
the x-ray absorption spectrum. These results enlighten that the annealing
procedure, normally used to tailor the size distribution of the metal clusters
present in the matrix and/or to modify the matrix structure, can also have
an effect on the site of the Er ions, and possibly on the rare-earth optical
properties.
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1. Introduction

Er site in silicon and silica-based matrices has been the subject of much
research work, because of the interest in optimizing the Er 1.5 µm photo-
luminescence in view of possible applications of these materials as efficient
light emitters for optoelectronics [1, 2, 3, 4, 5]. To overcome the intrinsically
small cross section of the PL emission, the co-doping with Si [6, 7, 8, 9, 10]
or few atoms metal aggregates [11, 12, 13, 14] has been demonstrated suc-
cessful: these nano or sub-nano structures, acting as sensitizers for the Er
ions, allow a broadband increase of the Er photoluminescence emission at
1.5 µm. Many different factors determine the photoluminescence emission of
these composite systems: besides the site of the Er ions [3, 15, 16], the size
distribution and density of the sensitizers [11] has to be finely tuned to opti-
mize the optical properties [11, 13, 17]. To this respect, the use of Au-based
structure is particularly interesting: in fact, due to the low reactivity of Au
with O atoms of the matrix, specific annealing treatments at relatively low
temperature can be efficiently employed to control the very early stage of the
Au clusterization and finally optimize the optical emission of these systems
[11, 17]. Nevertheless, these annealing processes can also have an effect on
the Er site, that can turn out into a modification of the emission efficiency
of the material.
In this paper, we have investigated by the x-ray absorption spectroscopy at Er
L3-edge (EXAFS, Extended X-ray Absorption Fine Structure, and XANES,
X-ray Absorption Near-Edge Structure) the Er site in Er+Au sequentially
implanted amorphous SiO2, in particular after annealing in reducing atmo-
sphere (H2(5%):N2(95%)) at different temperatures in the range 100-800 ◦C.
A modification of the Er site upon annealing at temperature higher than
400 ◦C has been evidenced as well as a corresponding decrease of the white
line intensity in the near-edge region of the x-ray absorption spectrum; the
comparison with similar treatments in inert atmosphere, that do not seem to
modify significantly the Er site structure or the electronic configuration, indi-
cates that the observed changes are due to a chemical effect of the annealing
atmosphere.

2. Experimental and data analysis

Pure silica slides were doped with Er and Au ions by sequential ion im-
plantation: to extend the implanted region and to obtain an almost flat
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concentration depth profile, a multiple energy implantation sequence was
adopted. First, Er ions were implanted at three different energies (50, 100,
190 keV), with total fluence of 7×1014 Er+/cm2. The Er-implanted slides
were then heated for 1 h in N2 atmosphere at T=900◦C to activate the lu-
minescence of the Er ions. Then, a sequence of Au implantations at three
different energies (60, 110, 190 keV) was performed with a total fluence of
7×1015 Au+/cm2. The implantation conditions of Au ions were chosen to
have a maximum overlap of the Au and Er depth profiles [18]. The co-doped
silica slides were then heated at different temperatures up to T = 800 ◦C for
1 h in reducing (5% H2:95% N2) or neutral (N2) atmosphere. The sample
labels indicate the heating treatment: i.e. the sample N600 was annealed
in neutral atmosphere at T=600 ◦C whereas the sample H100 in reducing
atmosphere at T=100 ◦C.
The EXAFS experiment was performed at the Italian beamline GILDA [19]
of the European Synchrotron Radiation Facility (Grenoble-France) at the
Er L3-edge. Two series of measurements were performed: in the first one
the monochromator was equipped with a couple of (311) Si crystals and in
the second with (111) Si crystals. The energy resolution is pretty different
in the two cases (≈0.2 eV and 1.2 eV, respectively); nevertheless, the fea-
tures of the x-ray absorption spectrum discussed in the following, including
the white line, are much broader than the worse energy resolution, so that
the comparison of spectra measured with different monochromating crystals
is anyway meaningful. In both cases, the harmonic rejection was achieved
by a couple of Pd-coated mirrors, working at an incidence angle of 3 mrad.
Due to low Er concentration, the x-ray absorption spectra were measured
in fluorescence mode with a 13-element high-purity Ge detector; the exper-
imental geometry was properly optimized to minimize the elastic scattered
radiation impinging onto the detector [20]. The EXAFS spectra of a Er2O3

and ErF3 crystalline powders were also measured in transmission mode as
standard references. The analysis of the EXAFS spectra was performed by
the FEFF8-FEFFIT 2.98 package [21, 22]. The value of the S2

0 parameter in
the standard EXAFS formula, mainly independent from the Er surrounding
atoms [23], was determined by the analysis of the ErF3 spectrum, that is a
system model since the atoms in the first shell are all located at the same
coordination distance (within 0.02 Å). The Er-O backscattering phase and
amplitude were calculated from a Er2O3 cluster, providing also to extend the
calculation for different interatomic distances down to REr−O = 2.15 Å. The
k2-weighted first shell EXAFS signal was selected by a Fourier filter, then
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fitted by a multiparameter single scattering fit into the R-space (the fitting
procedure in k-space led to the same results). To reduce the number of the
fitting parameters, the value of the edge energy was kept the same for all of
the spectra: this procedure did not alter significantly the fit results. More-
over, since the Debye-Waller (DW) factors of the spectra for the samples
annealed in the temperature range 100-400 ◦C were similar within the error
bars, the results reported hereafter are obtained by considering the same DW
for all of these spectra.

3. Results and discussion

In Figure 1 the EXAFS spectra of all the samples are shown and com-
pared to the spectra of Er2O3 and ErF3 crystalline powders. All the spectra
from the samples exhibit one main oscillation, dumped at high k values, that
is typical for a light backscatterer in the first atomic shell of the Er site. This
signal is all located in the 1-2.5 Å region of the Fourier transform moduli re-
ported in Figure 2(a). The quantitative analysis, whose results are shown in
Table 1, indicates that for all the samples the first shell is composed of O
atoms, at a distance that is shorter than that found in the crystalline Er2O3

oxide. The fits are superimposed to the experimental data in Figure 2(a)
and (b) in R- and k-space, respectively. Signal from further coordination
shell was not detectable, indicating that the Er site is strongly disordered.
Moreover, since no Er-Er coordination were detected, we conclude that the
most part of the Er ions are dispersed into the matrix and oxidized.
These results are well comparable with those obtained in other Er implanted
Si and SiO2-based materials [3, 2, 5], where Er ions surrounded by 5-7 atoms
at a distance of about 2.21–2.24 Å are observed. It has to be noted that
Er site in Er-implanted SiO2-based systems can also exhibit a different site,
characterized by a low coordination number (of about 2–3) and a short co-
ordination distance (of about 2.05–2.10 Å) [3, 5]: this case usually occurs at
low Er concentration, i.e. when the low radiation damage associated with the
Er implantation does not strongly favor the formation of Er-O bonds with
respect to Si-O ones [3]; in the present case the Er total fluence is low, but
after the Er implantation a sequence of Au implants have been performed:
the radiation damage associated could likely favored the formation of Er sites
with higher coordination number (and longer coordination distance), more
similar to the Er site in the corresponding oxide [3].
About the effect of the annealing in reducing atmosphere, the EXAFS re-
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sults indicate that the coordination number, that is about 7 after annealing
at T ≤ 200 ◦C, progressively decreases with the increase of the annealing
temperature, down to about 5 upon annealing at 800 ◦C. The Debye Waller
factor decreases above T ≥ 600 ◦C, indicating a progressive ordering of the
Er site. At this point, it has to be remarked that in the EXAFS analysis
the first shell coordination number and Debye-Waller factor are two strongly
correlated variables in the fit, so that the increase of one of the two could be
at least partially compensated by the increase of the other one. To better
investigate this point, in Figure 3 we compare the first shell-filtered signal
(in k-space) for the sample N800 with two different fits: the first one (a)
is the same as in Figure 2(b), i.e. N and σ2 were both fitting variables,
while the second (b) is obtained by fixing σ2 at the value estimated for the
samples annealed at T ≤ 400 deg (σ2= 0.021 Å2): it is clear that, while the
frequency of the EXAFS oscillation is pretty well reproduced by both, the
fit ’b’ does not reasonably reproduce the amplitude of the oscillations, since
the experimental signal in the high-k region is higher than the theoretical
curve that consider a high DW factor. Quantitatively, the R-factor [24] and
the reduced χ square is six times higher in case ’b’ with respect to case ’a’.
This indicates that actually the decrease of the DW factor observed for the
sample N800 is effective, i.e. the first shell signal is in agreement with an
ordered and low-coordinated site and cannot be properly simulated with an
O shell with the same structural disorder as for the sample H100.
To fully investigate any possible effect of the annealing atmosphere on the
Er site, further analysis are needed, in particular on two complete series of
samples annealed at different temperatures in the two atmospheres. Never-
theless, from our data a preliminary comparison can be made between the
Er average site in two samples (N550 and H600) that are annealed in a tem-
perature range where the silica matrix begins to re-arrange and recover from
the damage produced during the Au implantation process. The results (see
Table 1) suggest a chemical effect induced by the annealing atmosphere on
the Er site, in the sense that the Er site seems to remain more disordered
upon annealing in inert atmosphere (the DW factor is higher) than in reduc-
ing one and that, correspondingly, the coordination number is slightly higher
and the coordination distance longer upon N2-annealing.
Some interesting information on the chemical effect of the annealing at-
mosphere can be obtained by comparing the XANES spectra of Er+Au-
implanted silica measured after annealing in reducing or inert atmosphere
at different temperatures. In Figure 4(a) the XANES spectra recorded be-
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fore and after heating in neutral atmosphere at different temperatures are
reported, and compared to the spectra of Er2O3 and ErF3. The photoelectric
absorption edge from the 2p3/2 state (L3-edge) is characterized in all cases by
a sharp absorption (whiteline), due to the electronic transition to the empty
5d states. In the inset of the same Figure a zoom of the white line maximum
region is shown: it is clear that the white line intensity remain stable. In
Figure 4(b) the XANES spectra after annealing in reducing atmosphere are
shown: while the white line intensity is the same upon annealing in reducing
atmosphere up to 400 ◦C and after annealing in neutral atmosphere at 550 ◦C
a significant and progressive decrease of the white line intensity occurs after
annealing at T ≥ 600 ◦C in reducing atmosphere: after 800 ◦C annealing in
reducing atmosphere the white line is about the 80% of its original height.
To this respect it has to be noted that the white line intensity depends on
several factors, as the occupancy of the 5d state as well as the degree of dis-
order (i.e. the width of the first shell interatomic distance distribution). In
particular, a stronger white line is expected for a stronger ionic character and
more ordered sites. To this respect, we note that the white line is stronger
for the ErF3 than for Er2O3 (where two sites for Er ions are present) and that
the intensity of the white line for all the samples is in between the two (see
Figure 4). It has to be noted that we did not observe any energy shift of the
Er edge position with respect to the Er2O3 or ErF3, suggesting the absence
of major changes in the 3+ average oxidation state; moreover, in the present
case the white line intensity decreases for Er sites less disordered (low DW).
Our results suggest that the annealing in reducing atmosphere promotes a
partial progressive filling of the 5d-states of the Er ions. The decrease of the
white line intensity seems to be related to the electronic reconfiguration in-
duced by the decrease of the first shell coordination number; further analyses
are in progress to better investigate this point, also to evidence a possible
effect on the optical properties of the Er ions.

4. Conclusions

We have investigated by x-ray absorption spectroscopy the Er site in
Er+Au sequentially implanted silica, after annealing in reducing atmosphere.
The EXAFS analysis indicates a disordered site, where only a first Er-O dis-
tance is present. The Er-O distance and coordination number for annealing at
T≤400◦C are typical of Er-implanted silica-based materials. The annealing
at higher temperature induces a progressive decreasing of the coordination
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number; correspondingly, the XANES spectra suggest a progressive filling
of the 5d electronic states. It is shown that the same annealing in neutral
atmosphere did not induce similar changes, indicating a chemical effect of
the annealing atmosphere on the Er site. These results show that the ther-
mal treatments on Er- and/or Er+metal-doped silica-based systems, that
are normally performed to modify the matrix structure or the metal aggre-
gation state can have an effect on the Er site as well, and so possibly on the
rare-earth optical properties.
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Table 1: EXAFS results of the first shell of O atoms around Er: N is the coordination
number, R the Er-O distance and σ2 the DW factor. The results for the first shell of the
crystalline powders Er2O3 (Er-O coordination) and ErF3 (Er-F coordination) are shown
for comparison: the corresponding crystallographic values are reported in parenthesis
[25, 26].

sample N R σ2

name (Å) (×10−3Å2)
H100 6.8±0.7 2.23±0.02 21±3
H200 7.0±0.7 2.24±0.02 21±3
H400 6.1±0.6 2.20±0.02 21±3
H600 4.7±0.8 2.17±0.02 10±4
H800 5.0±0.7 2.22±0.02 6±3
N550 6.2±0.8 2.22±0.02 22±5
Er2O3 6 2.25±0.01 7±1

(3;1;1) (2.27;2.24;2.31) –
ErF3 8 F 2.28±0.01 9±1

(8 F) (2.28–2.30) –
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Figure 1: EXAFS spectra recorded at Er L3-edge of the Er+Au implanted silica samples,
after different heating treatments, compared to the spectra of Er2O3 and ErF3 crystalline
powders.
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Figure 2: (a) k2-weighted Fourier transform moduli (markers, in the range k = 1.8–7 Å−1)
and relative first shell fits (solid line). (b) Fourier filtered signals (markers, in the range
R = 1.2–2.3 Å) and relative first shell fits (solid line) in the k-space.
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Figure 3: EXAFS analysis for the N800 sample: the experimental first shell signal (solid
line) is compared to two different fits (dashed lines): in ’a’ the fit considered no con-
straint on N and σ2 parameters; in ’b’ the fitting procedure considered a fix DW factor
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Figure 4: (a) XANES spectra of Er+Au implanted SiO2, before and after annealing in N2

atmosphere at 400 ◦C and 800 ◦C, compared to the spectra of Er2O3 and ErF3 crystalline
compounds; in the inset the white line peak region for the implanted samples is zoomed.
(b) XANES spectra of Er+Au implanted SiO2 annealed in H2 atmosphere at 100 ◦C, 600
◦C and 800 ◦C are compared to the spectrum of the sample annealed at 550 ◦C in N2;
in the inset the white line peak region is zoomed. The spectra of the samples H200 and
H400, not reported, are identical to H100.
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