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ABSTRACT

The optical and structural properties of Er-doped Silicon oxide based thin films elaborated by RF magnetron
sputtering were investigated as a function of annealing treatment. Atom Probe Tomography and
Transmission electron microscopy were used to analyze the position of rare-earth ions as well as the phase
separation occurring in the layer in order to provide a complete picture of the nanostructure. The emission
properties of Er** ions were investigated using cathodoluminescence (CL) spectroscopy. The high doping
level of Er ions in silicon oxide matrix leads to a phase decomposition of pure SiO, and Er,Si,0; phases with
a nanostructure which is influenced by the annealing treatment. It results on different emission intensities
in ultraviolet or infrared ranges. The relationship between the nanostructuration observed and the optical
properties is discussed in regards of annealing treatment.

1. Introduction

Rare earth doping of oxides is of particular interest for the de-
velopment of new technologies in the fields of optoelectronics and
photonics [1-4]. In particular, the case of erbium doping of silicon
oxide is a material of choice due to its effective luminescence at the
1.54 pm wavelength used for optical communication fibers [5-8]. In
addition, the excitation of Er-doped insulating materials cannot be
effective due to the small effective cross section for resonant ex-
citation [9]. In recent years, the main approach to improve the effi-
ciency of Er luminescence and avoid the need for high excitation
powers has been to take advantage of energy transfer from silicon
nanocrystals [8,10-13]. However, it has been shown that only ions in
close proximity to Si-ncs can be excited and that the optically active
concentration of rare earth ions remains very low [14].

Moreover, the solubility limit of erbium in the silica-based matrix
as well as the processing and thermal annealing parameters strongly
limit the increase of Er concentrations and enhancements of lumi-
nescence. Indeed, high Erbium doping leads to the formation of
precipitates which are responsible for signal extinction [15-17]. It
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has been recently demonstrated that in 1-2 at. % Er doped silicon
rich silicon oxide, the annealing treatment leads to the formation of
Si-ncs but also to the formation of Er-rich particles which are re-
sponsible for the luminescence quenching. However, structural and
chemical analyses at the atomic scale have shown that under certain
conditions, these particles correspond to Er silicate phases of na-
nometric dimensions. This last phase is known to be optically active
and allows to reach high Erbium concentrations (10?2 at./cm?). In
particular, Erbium disilicates Er,Si;O; can exhibit an intense lumi-
nescence which depends of the polymorph [18,19]. Moreover, it was
recently demonstrated that pyrosilicate C-Er,Si>O7 can present near-
infrared up-conversion emission [20]. But to control the optical
properties of these phases, it is also necessary to control finely their
crystallization and avoid the presence of defects that can quench the
luminescence [21-23].

In this paper, we propose to study the diffusion of Er ions in silica
matrices containing very high concentrations of erbium in order to
control the formation of nanometric Er silicate phases. Phase evo-
lution was studied by microscopy at the atomic level and correlated
with the optical properties.
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2. Experimental

Er-rich doped SiO, containing ~10 at. % of Er were deposited on
(100)-oriented and double side polished 2- Si wafer by RF magne-
tron co-sputtering of pure 2- SiO, and Er,Os targets in a pure Ar
plasma. The power densities applied on the targets were 4.4 and
2.8 W.cm 2, respectively, while the substrate has been maintained at
500°C during the deposition run. The refractive index at 1.95 eV has
been determined from ellipsometery measurements by fitting the
measured y and A ellipsometric angles as a function of the energy
using DeltaPsi software provided by Horiba company. The refractive
index of the film after deposition is found to be 1.61 at 632 nm. The
value higher than that of SiO, (1.45) attests of the incorporation of Er
atoms in the host matrix. The wafers were cut in three pieces, with
one kept as as-deposited film (AD) whereas the two others were
submitted to an annealing treatment at a temperature of 1000°C
during 4 h by classic treatment annealing (CTA) or 1200°C during
30 s by rapid annealing treatment (RTA), both under pure N, at-
mosphere. Atom Probe Tomography (APT) experiments were per-
formed using a laser-assisted wide-angle tomographic atom probe
(LAWATAP - CAMECA) including femtosecond laser pulses in UV
range (343 nm, 350 fs) and a 0.62 detector yield. For these analyses,
samples were previously prepared using Plasma-FIB - Helios (FEI) by
the lift out and annular milling process in order to have a radius
curve smaller than 50 nm [24]. The APT data were treated with the
software GPM3dSoft.

TEM observations were performed on cross-sectional (CS) spe-
cimen using a field emission FEI TecnaiTM F20 microscope operating
at 200 kV, equipped with a spherical aberration corrector.

The photoluminescence (PL) spectra in the Vis-NIR region were
obtained using an 280 nm excitation wavelength that is non-re-
sonant with Er** ions.

The cathodoluminescence (CL) measurements were performed
on a HORIBA HCLUE system in situ of a JEOL 7900 F scanning elec-
tron microscope (SEM). The optical emissions were collected in ul-
traviolet-visible (UV-vis, 300-1000 nm) and infrared (IR,
1100-1750 nm) ranges using 600 and 150-grooves grating, respec-
tively. The high voltage was 10 kV and the probe current was 20 nA.
The spectral resolution is lower than 0.7 nm.

3. Results and discussion
3.1. Optical properties

The PL spectra acquired on as-deposited and annealed samples in
the Vis-NIR region (500-1200 nm) are reported on Fig. 1. The highest
PL intensity is detected for the sample annealed by rapid thermal
annealing approach at 1200°C for which two broad luminescence
bands are detected. The first one is centered at around 710 nm and
has a full width at half maximum (FWHM) of 150 nm whereas the
second is centered at around 950 nm with a FWHM of 155 nm. These
two luminescence bands can be attributed to intra-4f transitions of
Er** ions and will be discussed later. The PL emission drops by a
factor 8 between RTA and CTA samples and by decreasing annealing
temperature. In the as-deposited state, no luminescence is detected.

CL emission has been studied taking advantage that electron
excitation is broadband compared to photons, which leads to dif-
ferent recombination pathways and corresponding spectral sig-
nature. In addition, the high energy deposited by the electron beam
generally favors a better luminescence yield. Fig. 2 shows the cath-
odoluminescence spectra of Er doped silicon oxide in the UV-vis
region (300-1000 nm) for the three distinct samples at room tem-
perature (300 K).

To compare the intensities, all of the spectra were acquired under
the same conditions. In all the case, the recorded optical emission
exhibits several groups of well-resolved luminescence peaks
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Fig. 1. PL spectra in Visible-NIR range of Er**-doped SiO, thin films as deposited, CTA
and RTA samples in the range 500-1200 nm.

associated to intra-4f transitions of Er* ions. The wavelength and
the associated intra-4f transitions are reported in Table 1. Most of
the CL peaks involve transitions to the “I;5,, ground state.

The as-deposited sample showed six large CL peaks attributed to
the transitions in Er>* ions. The most intense correspond to the
doublet located at 547-557 nm which can be attributed to the
transition 2Hy;,2 — “I15,2. This peak is the most intense in all our
samples (Fig. 2.a). The other bands are located at 382, 408, 523, 659,
701 and 850 nm and correspond to the transitions *Gy;,2 — *l15,2,
Hos = *hiss2, *Hi12 = *l15/2, *Fa 2 = 152, 2Ho 2 = *I11,2 and %S5 1,
= iz, respectively. It should be noted that all the transition cor-
responds to a de-excitation to the ground state except for the
emission at 701 and 850 nm.

The CL spectrum of the sample annealed with a classical method
(CTA) is similar to that of the as-deposited sample. With annealing,
however, the CL intensity of all the peaks increases by a factor of
about 1.4-1.5. This increase can be attributed to a reorganization of
the host matrix with temperature which results in the recovery of
the non-radiative defects that are present in the non-annealed
sample. This atomic rearrangement has also favored the appearance
of an additional broad line that is detected at 980 nm, associated to
the *li1,» — “li5,» transition. After an annealing at 1200°C, the
emission spectrum exhibits more sharp peaks than for the two
others samples which can be related to a different environment of
Er>* emission centers in the films (Fig. 2.b, ¢ and d). Moreover, it can
be noted that emission peaks previously detected at 382 and 408 nm
have disappeared after such a high annealing treatment. An addi-
tional luminescence signature is detected in the band 753-769 nm
region corresponding’s to the transition 2P;,, — S5, transition. To
observe more precisely the splitting of CL line emission with the RTA
process, spectra of CTA and RTA samples on selected wavelength
ranges are presented on Fig. 2.b, ¢ and d. The sharpening of CL peaks
after RTA annealing is clearly visible. Such a feature could be the
result of the modification of Er>* ions environment, specifically a
crystallization of the matrix and/or of the phase containing Er atoms.
A significant decrease of the intensity of the luminescence peak at
523 nm is also observed (Fig. 2.b). Simultaneously, a rise in the
980 nm emission is seen (Fig. 2.d).

CL spectra show more numerous and more resolved emission
lines related to the difference of recombination mechanism between
PL and CL. The photon excitation can only probe a broad band
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Fig. 2. CL spectra in UV-vis range of Er**-doped SiO, thin films: a) as deposited, CTA and RTA samples in the range 300-1000 nm. b), ¢) and d) correspond to selected wavelength

ranges for CTA and RTA samples.

Table 1
Electronic transitions observed in CL for Erbium ions in the three samples.

Transition Wavelength (nm)

As-deposited CTA RTA
G112 =*hs 2 382 382 N.V
2Ho 2 =*hs,2 408 408 N.V.
4F3/2-5,2 =152 432 432 N.V
*Hi12 =*hs/2 523 523 525-535
S32 >*hs 2 547-557 547-579 544-565
4Fo,2 =152 659-670 659-670 651-660-676
2Hy,y =2 701 701 694-702
%P3, +%S3,2 N.V. N.V. 753-769
oy =52 815 815 N.V.
4S5, »32 849-860 849-860 843-869
Iz >*hs N.V. 980 966-996
13,2 >*hs /2 1533-1547 1533-1547 1460-1575

including *Fs,> — “I15,2 and *Hg,» — *I11,- and a band related to the
*l1,2 = 4115, transition.

CL spectra recorded in the infra-red range for the 3 samples are
presented on Fig. 3. As previously observed in the UV-vis range, the
as-deposited and CTA samples exhibit a similar optical response in
CL experiment. An IR-luminescence emission located at 1533 nm
with a shoulder at 1550 nm is recorded with a more intense re-
sponse after a CTA annealing treatment. Theses peaks can be at-
tributed to the *l;3,» — “I;5,» transition. According to the behavior
observed in the UV-VIS range, we observed more resolved peaks in
the region 1460-1575 nm for the layer annealed by means of RTA
setup, as well as an increase of the emission intensity around 1.55
um. The differences observed on the CL spectra between the two
annealed samples, in particular the evolution from broad peak to
narrow ones in the emission spectra, can be due to a crystallization
of the sample leading to a change on the Er** atoms environments
on the RTA sample.
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Fig. 3. CL spectra in IR range of Er**-doped SiO, thin films in as deposited, CTA and
RTA-samples.

Thus, AD and CTA samples have a classical luminescence spectral
signature of Er in a SiO, matrix with or without Si-ncs [25] or sili-
cates [26]. In terms of spectral signature, it is not possible for these
samples to formulate hypotheses on the amorphous or crystallized
nature of the sample, and/or the presence of secondary phases like
erbium silicates [27]. On the contrary, the spectral response of the
RTA sample, i.e. the splitting of the peaks and in particular the
transition in the infra-red allows us to suggests the presence of a
crystalline phase of Erbium pyrosilicate. Y. Gao et al. have recently
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Fig. 4. Cross-section TEM images of the as-deposited Er-rich SiO, layers (a) at low magnification (Bright Field imaging) and (b) in High Resolution mode.

evidenced the influence of the polymorphic form of Er,Si, 0 silicates
phases in the IR range allowing a spectral identification of poly-
morph in Erbium doped silicon oxide [23,28]. Based on the IR-CL
spectrum, we can expect the presence of the monoclinic phase y-
Er,Si05, or a-Er,Si,0- or mixture of both [26,29]. These findings can
be explained by the influence of the crystal field surrounding Er3*
ions related to the evolution of the structure under annealing
treatment. It is widely known that erbium doping of silica or silicon
rich silica can result in: i) dopant precipitation [30] ii) silicon na-
nocrystals formation 8] iii) Er silicates phases formation [16], de-
pending on the fabrication conditions and annealing process.

3.2. Composition and structures at atomic scale

Chemical and structural characteristics of the three samples (as
deposited, annealed by classical or rapid treatment) have been in-
vestigated by Transmission Electronic Microscopy and Atom Probe
Tomography. Fig. 4 presents cross-section TEM images of the sample
in the as-deposited state. At low magnification (Bright Field ima-
ging), the sample appears to be inhomogeneous and elongated
bright contrast structures can be observed along the growth direc-
tion (Fig. 4.a) No interfacial layer is detected at the interface with the
Si substrate. At higher magnification (High Resolution imaging),

8 T

d) Si

~ [ ]
X L _
- L ]
L | | | I I | \ \
o s T T T I | \ I I
R, e) Er =0 -
(S . |
» g _|
°r \\‘\‘\‘\‘\Ha
4 i
3_ —
2_ —
1_ p—
ol | | l I | \ L]

0 50 100 150 200 250 300 350 400

block size

Fig. 5. a) 3D mapping of Er atoms, b, c) cross-sectional views extracted from 3D volume, d and e: statistical tests of randomness of Si atoms (d) and Er atoms (e) in the as-

deposited sample.
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Fig. 6. Cross-section TEM images and diffraction patterns (inset) of the Er-rich SiO, layers after CTA (a) or RTA (b, ¢ and d) annealing.

Fig. 4.b reveals bright and dark contrasts zones that are the signature
of inhomogeneities at the nanometer scale. The darkest contrast
corresponds to Er richer zones. Note that TEM experiments on the
as-deposited sample have evidenced an amorphous nature of the
grown layer (not shown here). This characteristic may be the reason
for the broad CL emission observed (Figs. 2 and 3) and therefore in
coherence with the fact that the signal of the AD sample is the
lowest of the three ones.

Fig. 5 shows the result from APT analysis of the AD sample. The
3D mapping of the Er in the analyzed volume (Fig. 5.a) and cross-
sectional views extracted from 3D reconstructed volume (Fig. 5.b
and c) yield similar results to TEM analysis. We used the Thuvander
approach [31] to perform statistical tests on randomness based on
the mapping of each species in the analyzed volume, and the results
for Si and Er atoms are shown in Fig. 5.d and e, respectively. The
main objective of this test is to compare the standard error (s) of the
frequency distribution of an element (Si or Er in this case) computed
from 3D volume obtained by APT and the standard deviation (sigma)
of the binomial distribution (random case). The results of the test
(Fig. 5.d and e) evidenced a non-random distribution of Si and Er
atoms which can explain the inhomogeneity observed in TEM mi-
crographs (Fig. 5). This reveals a preferential affinity between Er and
Si atoms from the deposit in the case of high Er concentration. This
phenomenon has already been observed before and can be explain
by the introduction dopant cell which is at 600 °C, favoring the
migration and aggregation of Er atoms [16,17]. In addition, the mean

chemical composition of the analyzed sample was computed from
APT analysis. The measured concentrations are: Xs; =21.8 + 1.0at. %;
Xo =689 + 1.0at. % and Xg =9.3 + 1.0at. %. We can note that the
overall composition of the sample analyzed by APT does not vary
between AD-, CTA- or RTA-samples.

Fig. 6 presents cross-section TEM images of the samples that
have been annealed using either classical or rapid methods. Fol-
lowing an annealing treatment at 1000°C (CTA) or 1200°C (RTA), the
two annealed samples are obviously inhomogeneous. Both presents
an interfacial layer at the interface with the Si substrate. The pre-
sence of bright and dark contrast in the layers is due to phase se-
paration into Er poor (bright) and Er rich (dark) zones. The phase
separation results in the presence of two sublattices in both the CTA
sample (Fig. 6.a) and the RTA sample (Fig. 6.b), but the bright and
dark observed zones have larger dimensions in the last case. In ad-
dition, the amorphous and crystalline natures of the CTA- and RTA-
samples are demonstrated by the selected area electron diffraction
patterns displayed in the inset of Fig. 6. A closer observation by HR-
TEM of the RTA sample (Fig. 6.c and d) evidenced the presence of an
amorphous Er-poor phases (bright contrast) and crystallized Er-rich
phases (dark contrast). These TEM observations confirm the struc-
tural evolution suspected to be at the origin of the results obtained
in CL.

The diffraction pattern shown in the inset of Fig. 6 can be indexed
with respect to the triclinic (B-type P1) polymorph erbium disilicate
Er,Si;0; phase. A detailed description of the polymorphs for rare-
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Fig. 7. Three dimensional mapping cross section of CTA (a) and RTA (b) samples and composition profile accross silicon and erbium rich zones (c,d).

earth disilicate compound can be found in the paper of Felsche [32].
The triclinic structure is caracterized by lattice constants:
a =6.583 A, b =6.609 A, ¢ =12.000 A, «=94.50", 5=90.57" and
y=91.79°[32,33]. The associated (100) and (002) planes of the B-type
Er,Si,0 are visible on Fig. 6.c and d. Our finding are in agreement
with those of Kepinski et al. who have previously evidenced by XRD
and TEM the formation of B-Er,Si,05 in Er,03:Si0, systems annealed
at 1000°C or higher [34]. Gao et al. have also observed that the tri-
clinic phase is the most stable one for annealing temperatures above
1100°C. Traces of Er,SiOs phases have never been observed although
this phase is often observed when growing on silica or silicon [35].
Also, no other polymorph were identified in the TEM analysis.

In order to get a better understanding of the evolution of the
nanostructure of the samples after annealing, it is necessary to
perform 3D mapping and composition measurements. Fig. 7.a and b
present cross sections mapping of CTA and RTA samples obtained by
APT analyses. We note a segregation and the presence of two phases,
one Er poor and one Er rich whose structure is thinner in the CTA
sample and wider in the RTA one in agreement with TEM observa-
tions. Compositions profiles, presented in Fig. 7.c and d, were com-
puted across the two zones in order to determine the chemistry of
the Er poor and rich zones as well as its characteristic dimensions.
Whatever the annealing process, the Er-rich phase corresponds to
the Erbium silicate Er,Si,07, with a width of 2-4 nm in the case of
CTA reaching 15-20 nm after a RTA process. The Er-poor zones can
be attributed unambiguously to the SiO, phase.

3.3. Discussion

Plentiful studies on Er doped silicon oxide have already shown
that the optical properties of Er>* ions are directly governed by the

structural evolution depending on dopant concentration, composi-
tion of silicon oxide and/or annealing strategies. For the case of high
Er concentration, i.e. greater than the solubility of Er in silica, all of
them agree that rare-earth atoms segregate to form Er-oxide [36] or
Er-silicates particles [ 16]. Here, the nanostructures and its evolutions
under annealing treatment observed in this work by transmission
electron microscope and atom probe tomography help us to un-
derstand the optical properties obtained by photo- and cathodo-
luminescence spectroscopy (Figs. 2 and 3). Whatever the type of
annealing treatment, rapid or classical, the Er ions diffused until the
formation of the stable silicate Er,Si,0; interconnected to a silica
one. Both the 3D atomic mapping obtained by APT and the TEM
images confirm the presence of these two phases in the two an-
nealed samples. Furthermore, the conventionally annealed sample
has a coalescence leading to a honeycomb-like structure of the er-
bium-rich phase while the fast annealed one at higher temperature
has a higher coalescence leading to a larger erbium-rich phase. We
found that CTA and RTA samples show a similar luminescence in-
tensity in CL indicating that even the structure remains amorphous
in classical annealing treatment, Er ions are mainly optically active in
Er,Si,0; amorphous phase. For RTA process, the Er-related cath-
odoluminescence presents multiple peaks for each transition lines
due to the Stark splitting of the energy levels of Er>* ions which can
be explained by the crystallization of the Er-silicate with RTA
process.

Controlling the growth of the B-type Er,Si,0; phase at the
nanometer scale can be promising for the development of Er-based
optical materials. Lo Savio et al. have shown that triclinic phase is
the most promising candidate for efficient luminescence in IR range
[28,35]. However, exact nature of the phase which provides the
more intense emission is still matter of debates since some authors
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claim that the monoclinic phase provide most efficient lumines-
cence [29].

4. Conclusion

Correlative analyses of the optical, structural and chemical
properties at the nanoscale allowed us to identify the luminescence
properties of nanostructures erbium disilicate phases in silica ela-
borated by magnetron sputtering. First, the results show an im-
portant effect of annealing strategy on the phase separation between
SiO, and Er,Si; 0 phases, and on the crystallization of the latter. We
highligthed the formation of an original honeycomb Er-silicates
compound presenting an amorphous nature using a classical an-
nealing at 1000°C and triclinic Er,Si;O; for RTA at 1200°C. Besides,
the enhancement of luminescence in the IR range resulting from the
crystallization of the erbium disilicate phase has been clearly de-
monstrated.
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