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Energy transfer to erbium ions from wide-band-gap SnO, nanocrystals in silica
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We give the spectroscopic evidence of energy transfer to erbium ions provided by SnO, nanocrystals in
silica. The spectral and time resolved analysis of the nanocluster luminescence resonant with Er’* transitions
demonstrates that erbium ions take part to energy-transfer mechanisms with an efficiency of about 20%. The
spectral features of erbium emission excited by energy transfer allow to ascribe it to Er’* sites in ordered
environments, nearby crystalline tin-dioxide nanoclusters.
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In the last past years, few studies' demonstrated that
energy-transfer mechanisms can occur from silicon quantum
dots to erbium ions in silica. Starting from this result, semi-
conductor nanoparticles in Er-doped silica were proposed as
a breakthrough in the attempt of implementing silica-based
erbium lasers in integrated optics.*> Indeed, energy transfer
from semiconductor nanoclusters to erbium ions can effi-
ciently compensate the small cross section of rare earth
transitions,%’ providing a realistic perspective of size reduc-
tion of Er amplifiers. The possible extension of this result to
wide-band-gap nanophases may be interesting because it can
confirm and clarify the models proposed to explain the pro-
cess, and it can also suggest improvements in specific appli-
cations. For instance, silica networks with wide-band-gap
nanophases are expected to take advantage, with respect to
glasses with narrow-band-gap nanoclusters, from the rela-
tively small difference of refractive index of the two phases,
with a relevant reduction of transmission losses by Mie scat-
tering.

In this framework, tin-dioxide nanoparticles appear inter-
esting for several reasons: (i) the optical gap lies in the range
3.5-4.5 eV;? (ii) the chemistry of tin dioxide permit to grow
nanocrystals in silica in a controlled way;”'? (iii) SnO, nano-
clusters makes silica photosensitive and suitable to design an
integrated device;'""'? (iv) rare earth doping in nanostruc-
tured SnO,:Si0, can be carried out up to a few mol % with-
out segregation.'>~!> In this work we demonstrate and quan-
tify the occurrence of energy-transfer pathways between
excited SnO, nanostructures and Er’* ions.

Samples of Er-doped silica with SnO, nanoclusters were
prepared by a sol-gel technique, with 8 mol % of SnO, and
1 mol % Er, by co-gelling tetraethoxysilane, dibutyl tin diac-
etate and erbium nitrate. After gelation and drying, xerogel
samples were heated (about 3 °C/h) in oxygen up to
1050 °C (Ref. 9) to induce SnO, nanoclustering and silica
densification. Optical grade bulk samples about 1 mm thick
were finally obtained. Nanostructure morphology were ana-
lyzed by means of transmission electron microscopy (TEM).
TEM image in Fig. 1 shows nanoclusters about 4—6 nm in
size homogeneously dispersed in the amorphous silica ma-
trix. High resolution images (see inset in Fig. 1) evidence
single domain features.

Figure 2(a) shows the optical absorption spectrum of the
nanostructured material, collected by means of a spectropho-
tometer with a spectral bandwidth of 1 nm. The narrow lines
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correspond to electronic transitions of Er’* ions from the
ground state *I,5, to the indicated excited manifolds. Band-
to-band transitions of the SnO, nanophase are instead re-
sponsible for the absorption edge at about 3.6 eV.%!! Photo-
luminescence (PL) signals were detected by a CCD camera
coupled with a polychromator with 1.5 nm bandwidth, and
by an InGaS photodiode in the IR range coupled with a
monochromator (5 nm bandwidth). PL-excitation (PLE)
spectra were obtained by collecting PL at different excitation
energies, exciting with a Xe lamp through a monochromator
with 5 nm bandwidth. All measurements were corrected for
the overall setup spectral response. Time resolved data in the
ns time domain were obtained by exciting with the second
harmonic of a tunable Ti:Sapphire laser. In the inset of Fig.
2, the absorption spectrum and the PLE spectrum of the
2.25 eV emission are compared. A broad excitation band at
3.6 eV arises from the low-energy tail of the absorption edge
of Sn0O,.

The PL spectrum [Fig. 2(b), curve A] excited within the
region of the SnO, band-to-band transitions, specifically at
3.70 eV where no intracenter Er’* transition is found, shows
two kinds of components: a broad unstructured band cen-
tered at 2.1 eV (curve B) ascribable to SnO, defect states,’
and a series of positive and negative narrow components
(curve C) at the energies of the erbium transitions. The Er**

FIG. 1. TEM image of nanostructured 1 mol % Er, 8 mol %
Sn0,:Si0,. Inset, high resolution image of a SnO, nanocrystal.
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FIG. 2. (a) Optical absorption spectrum of 1 mol % Er, 8 mol %
Sn0,:Si0,. The main Er’** transitions are labeled. Inset, absorption
and PLE spectra at E,,,=~2.25 eV around the absorption edge of
SnO,. (b) PL spectrum excited at 3.70 eV (curve A), Gaussian fit of
the broad component (curve B), and Gaussian fit of the difference
spectrum (curve C).

emission at 2.25 eV, due to the 453/2—>4115/2 transition, is
structured into two narrow lines. At 2.38 eV, the *I;5,
—2H,,,, transition gives rise to a strong negative compo-
nent, i.e., an intensity lowering of the nanophase PL. Other
negative components are found at 1.90 and 2.54 eV arising
from the Er** transitions 4115/2—>4F9,2 and 4115,2—>4F7,2.

The PL-PLE pattern in Fig. 3(a) clarifies the extension of
the resonance region: the broad emission band that domi-
nates the three-dimensional (3D) spectrum is excited within
the SnO, absorption edge at about 3.6 eV. This PLE band
also excites the narrow and structured 2.25 eV emission of
erbium. Another evident feature is the excitation-independent
lowering of PL intensity at 2.38 [vertical structure in Fig.
3(a)], ascribable to material self-absorption and/or energy
transfer processes. In Fig. 3(b) the time decay of PL excited
at 3.70 eV is displayed. At 2.38 eV, where the PL intensity
shows a drop, the decay appears faster, as evidenced by the
accumulation of isolines in the low intensity range.

Based on the PLE pattern, an interesting comparison can
be made among PL spectra excited at energies resonant with
Er’** transitions (e.g., at 2.38 and 3.27 eV) and spectra ob-
tained exciting within the nanophase excitation band at en-
ergies above 3.4 eV [Fig. 4(a)]. The erbium emission at
2.25 eV is narrow and structured when it is excited within
the nanoclusters excitation band (spectrum excited at
3.70 eV). Compared with the same emission excited at other
energies [2.4 and 3.27 eV in Fig. 4(a)], its shape suggests
that the responsible sites are characterized by a more ordered
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FIG. 3. (a) Contour plot of PL intensity vs excitation and emis-
sion energy of 1 mol % Er, 8 mol % SnO,:SiO,. (b) Contour plot
of PL time decay vs emission energy, exciting at 3.70 eV.

environment. In fact, spectra excited at 3.27 eV (‘I 5,
—*%G,,), transition) and 2.38 eV (*I 5, —>H,,, transition)
show the typical broadened features of intracenter excited
Er** ions in a glassy host. Figure 4(b) shows PL spectra in

3.27eV.
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FIG. 4. (a) PL spectra (curves, left axis) excited at the indicated
energies of 1 mol % Er, 8 mol % SnO,:Si0,. (b) Normalized ab-
sorbed and/or emitted photons ratio at the IR I, 3/2—>4I 15/ transi-
tion for two excitation energies.
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FIG. 5. Effective time decay constant from time resolved PL
measurements as a function of the emission energy. Inset, represen-
tative PL decay curves at two emission energies.

the infrared region, corresponding to the *I,3,,— *I,5/, elec-
tronic transition of erbium, excited at two energies: 3.40 eV,
inside the tail of the SnO, absorption edge, and 3.25 eV,
corresponding to the *I;5,— G, transition of erbium.
These spectra, collected in identical conditions of light de-
tection geometry and corrected for the absorption coefficient
and excitation intensity at the two energies, are reported in
units proportional to the ratio between the numbers of ab-
sorbed and emitted photons, allowing to compare the emis-
sion efficiency at the two excitation energies. Similar to Fig.
4(a), we note a change of shape and line narrowing when the
excitation lies within the tail of the SnO, absorption edge.
Moreover, the efficiency of the process is enhanced with re-
spect to intracenter excitation.

These results indicate that a fraction of the erbium popu-
lation is embedded in a crystalline surrounding, and only this
fraction contributes significantly to the erbium luminescence
when nanocrystals are excited. In fact, the observation of an
unstructured emission spectrum excited at 2.38 eV [Fig.
4(a)] indicates that the structured erbium emission excited at
3.70 eV cannot be caused by absorption by erbium ions of
2.38 eV photons emitted by nanoclusters. In other words, a
nonradiative pathway arising from excitation of nanoclusters
populates the *H, ,, state of the Er** ions through an energy-
transfer process from cluster to erbium.

Figure 5 shows the results and the analysis of time re-
solved measurements that further support the occurrence of a
cluster-to-erbium energy-transfer process. Values of decay
time 7 are estimated from the experimental decay curves (see
inset) at different emission energies. The decay curves are
not single exponential functions. The reported data, deter-
mined from the time at 1/e reduction of the PL signal, are
thus effective decay-time values. The spectral dependence of
7 throughout the emission band shows faster decays in the
high energy side of the emission energy range with respect to
the low energy side of the band. This dependence reflects the
higher probability of excitation migration from the high en-
ergy states within the ensemble of excited localized states
responsible for the nanocluster light emission, with a result-
ing shortening of the decay time with respect to the low lying
emitting levels.!® The increase of 7 at 2.25 eV is due to the
slow emission of erbium from the *S;, state. A narrow
abrupt decrease of 7 instead accompanies the PL intensity
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lowering at 2.38 eV [see Fig. 4(a)], resonant with the */,5,
—2H,,,, erbium transition. This clearly indicates an addi-
tional decay pathway that indeed is the energy-transfer pro-
cess from nanoclusters to erbium ions suggested by the com-
parison of spectra in Fig. 4.

A quantitative estimation of the efficiency # of the energy
transfer between the luminescent defect site of the nanopar-
ticle and the nearby Er** ion (respectively, the donor and
acceptor species in the energy-transfer process at 2.38 eV)
can be made from the data in Fig. 2(b). The efficiency 7 can
in fact be evaluated using the relation'® =1—-(Ig/I,) where
Igr is the PL intensity reduced by energy-transfer mecha-
nisms and [, is the value expected in the absence of energy
transfer [dashed spectrum in Fig. 2(b)]. From Fig. 2(b), the
experimental intensity lowering (Iy—Ie,)/1 at 2.38 eV is
about 70%. Since self-absorption by the material and energy-
transfer effects concur to the lowering, an estimation of /gy
requires the evaluation of the absorption effects. This evalu-
ation must take into account the experimental excitation
and/or detection geometry (approximately antireflection) and
the absorption coefficient at the excitation and emission en-
ergies. The expected PL intensity /g, after reduction by self-
absorption is approximately given by Iy[1-exp(—agL)],
where ag, is the absorption coefficient at 2.38 eV and L is
the effective optical path across the sample. Based on the
absorption spectra in Fig. 2(a), only a 50% +5% of PL turns
out to be self-absorbed by the material, whereas the relative
intensity Igp/l, in the presence of energy transfer is about
80% +5%, pointing to an energy transfer yield 7 between
excited donor and emitting acceptor of 20% +5%. The effi-
ciency of excitation transfer from the whole ensemble of
nanoclusters to the population of erbium ions is smaller since
we must consider the following factors: (i) Not all the ex-
cited localized states of the nanoclusters are resonant with
the 2.38 eV transition of erbium; thus, to account for this, the
efficiency 7 must be scaled by the ratio X, between resonant
and out-of-resonance donor sites. This factor is estimated 6
X 1072 from the superposition integral between the absorp-
tion band of erbium and the broad defect-related emission
band of nanoclusters; (i) a major fraction of Er’* ions is
dispersed in the glass and does not take part directly in the
energy-transfer mechanism even though, due to the large er-
bium concentration, Er-Er dipole interactions may partially
spread the excitation to the whole Er** population. On the
other hand, only one erbium per nanocluster can be excited.
As a result, the nanocluster concentration determines the up-
per limit of the number of Er** ions involved in the transfer
process. The concentration of nanoclusters, known as the
content of tin dioxide and the average cluster size resulting
from TEM analysis, is about 2 X 10'® cm™, to be compared
with the erbium concentration 2.25 X 102° cm=3. Therefore,
the fraction p of Er** ions participating in the transfer pro-
cess is only 1% in the investigated material. This result
clearly calls for an optimization of the material in view of
possible applications. Nevertheless, looking at the data in
Fig. 4(a), the result evidences a much larger emission quan-
tum yield of erbium excited by energy transfer in ordered
environment with respect to erbium in the amorphous matrix.
In fact, although the energy-transfer efficiency #» is only
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20%, further decreased by the estimated factors 2, and p, the
2.25 eV structured emission is the dominant erbium contri-
bution of the PL spectrum excited within the SnO, gap. By
contrast, 50% of nanocluster-emitted photons are self-
absorbed without any evident broadened unstructured contri-
bution due to emission of erbium embedded in the glass. A
large quantum yield of the erbium ions near the nanoclusters
is indeed confirmed by the spectra in Fig. 4(b) showing that
energy transfer gives rise to PL about a factor 3 more intense
than that excited by direct intracenter transitions.

In summary, the spectral and time resolved analysis of
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erbium photoluminescence demonstrates that SnO, nano-
crystals can really activate energy-transfer mechanisms in
silica. The wide-band-gap crystalline phase provides erbium
with an excitation path starting from decay transitions of
localized centers at the nanoclusters, and involving light
emitting ions with an environment clearly reflecting the crys-
talline features of the nanostructures.
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